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Preface

New uses are already being found for existing crops (e.g. bioethanol 
and biodiesel from oil crops) and “new” crops are being developed 
(e.g. willow/poplar for biomass production, and primrose for 
pharmaceutical uses). Advanced biotechnologies will enable 
breeders to produce a whole generation of new crops for specialist 
needs (“designer crops”), including raw materials for the energy, 
chemical and pharmaceutical industries.

In this book, the advances gained in different fields of research are 
reviewed. In particular, research carried out on the application of 
biotechnology in order to: i) produce new compounds by expressing 
foreign heterologous genes in specific parts of a plant, ii) or modify 
pathways to influence quality and/or yield of existing indigenous 
target molecules, iii) or bioprocess plant or organic waste stream 
into value-added products. The gained know how is basical to 
identify bottlenecks in the major production chains and to propose 
actions for moving these issues forward. 

This book gives an overview of recent research and technological 
development in biotechnology and biobased products and addresses 
the following thematic priorities: Metabolic engineering. Work on 
gene sequencing (genomics) and cataloguing the proteins that genes 
express (proteomics) has reached relevant advances in recent years. 
Unfortunately, research on plant metabolic pathways attracted, 
during the 1990s, much lower levels of funding than genomics. 
Consequently, a paucity of knowledge in the area of plant metabolic 
processes is identified as the main scientific constraint to the rational 
development of bio-based products using biotechnology. Plant
breeding tools. Conventional breeding can dramatically increase 
yields and improve biomaterial qualities. Moreover, genetic markers 
can now assist plant breeders by identifying lines with genes linked 

vii
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to particular traits. However, genetic manipulation offers the greatest
potential for producing raw materials in a volume and of a quality 
attractive to industry. It is also a tool for producing novel 
biomaterials which are unobtainable in plants by any other means. 
Renewable biomass for energy generation. Comparison of different 
provision chains with respect to bioethanol and biodiesel fuel 
production has been investigated. Cogeneration of biomass-based 
products as substitutes of fossils in the frame of greenhouse gas 
reduction strategies was explored. Vegetable oil-based solvents and 
lubrificants are already used in many industrial niche markets, but 

derived oils as alternatives to fossil-based oils. Biotechnology will 

to improve oil quality, and engineering novel oils for specific 

fibre qualities could exploit new markets for biodegradable 

improve the efficiency of wood and pulp processing by reducing the 
content of lignin and other polymers in woody plant tissue. Fibres 

used by industry. Biopharmaceuticals. The plants have great 

and they have been explored to produce vaccine components, such 

as “biofactories” for the massive production of the product of 

plant-based production systems used to synthesize recombinant 

Conclusively, the new book provides concerns useful to promote 

molecular, cellular and whole plants) and the improvement of 

materials percent and recovery). 

industry may soon be looking for a much greater range of plant-

play a key role in raising oil yields, fine-tuning metabolic processes 

applications. Fibres and composites. Modified plants with improved 

composites, textiles and fabrics. Biotechnology is also helping to 

from novel crops are replacing petroleum-based composite materials 

potential for economical, large-scale biopharmaceutical production 

as antigens and/or adjuvants; in this field, plants can be used merely 

interest or, in addition, as a tool for vaccine delivery. The different 

antibodies are discussed and the merits of plants compared with 
other platforms evaluated. 

an increase of the productivity of crops by using functional 

photosynthetic efficiency (to design new plants with enhanced raw 

genomics (to understand the regulation of plant metabolism at 
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from all around the world. Consequently, the book is expected to be 
of great interest for scientists, researchers, farmers, processors and 
retailers, but also for students, technocrats and planners interested in 
the progress made with the development of new industrial crops.

Paolo Ranalli 

The Chapters of this book have been written by experts 
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The use of functional genomics to understand 
components of plant metabolism and the 
regulation occurring at molecular, cellular and 
whole plant levels

Paolo Pesaresi1,2

1Parco Tecnologico Padano, Via Einstein, Loc. Cascina Codazza, 26900, 

Lodi, Italy 

Dipartimento di Produzione Vegetale, Università Statale di Milano,
Via Celoria 2, 20133 Milano, Italy (e-mail: paolo.pesaresi@tecnoparco.org)

1. Introduction 

The completion of the genome sequence of the small weed plant Arabi-
dopsis thaliana (The Arabidopsis genome initiative 2000), and more re-
cently of rice (Goff et al. 2002; Yu et al. 2002, 2005), has greatly changed 
the face of plant biology. Knowing the exact sequence and location of all 
the genes of a given organism is the first step towards understanding how 
all parts of a biological system work together. Information about the hy-
pothesized function of an unknown gene may be deduced from its se-
quence homology to other genes of known function. However, genome se-
quencing projects have revealed the existence of a tremendous amount of 
biological diversity, with large proportion of genes sharing no homology to 
genes with known or hypothesized functions. In this respect functional ge-
nomics is the key approach to transforming quantity into quality (Borevitz 
and Ecker 2004; Holtfort et al. 2002). Functional genomics is a general 
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approach toward understanding how the genes of an organism work
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2      Paolo Pesaresi

function analysis, researchers can choose from a multitude of different 
methods, most of them derived from genomic research performed on 
model organisms such as yeast, nematodes, flies and mice, not forgetting 
the technological spin-offs that were inspired by the human genome pro-
ject. Arabidopsis populations, mutagenized by random insertion of T-DNA 
or transposon elements, have been generated with the aim to perform high-
throughput reverse genetics studies and comprehensive forward genetics 
studies of the entire gene compendium (Alonso et al. 2003). Additionally, 
information about the spatial and temporal expression pattern of a gene can 
be gained from analysis of qualitative and quantitative changes of messen-
ger RNAs, proteins, and metabolites. These techniques, able to simultane-
ously analyze large numbers of transcripts, proteins and chemical constitu-
ents, have led to the creation of new research fields within functional 
genomics, named transcriptomics, proteomics, and metabolomics. Each 
method has its inherent limitations and none of them alone is sufficient to 
assign a function to a gene of interest. However, the organization of the 
vast amount of data from the various approaches into central databases al-
lows easy extraction and comparison of meaningful information.

This chapter has the aim to highlight the major approaches that makes 
up modern plant functional genomics and to describe how they add a new 
dimension to the comprehension of plant biology with particular emphasis 
to the model plant, Arabidopsis thaliana.

2. Plant genome sequences

The public effort to sequence the genome of the model flowering plant, 
Arabidopsis thaliana, was completed in December 2000 (The Arabidopsis 
genome initiative 2000), and it was the third complete genome of a higher 
eukaryote, after Drosophila melanogaster, and Caenorhabditis elegans.
This tiny mustard plant, a common weed of the Brassicaceae family, had 
been chosen as the first reference plant to be sequenced, because it has 
several advantages over other species. Its nuclear genome is very small 
with 115 million base pairs (Mb) of euchromatin out of the estimated 125 
Mb total, its generation time is very short, and it is genetically very well 
characterized. The total number of Arabidopsis genes revealed by the five 
chromosome sequences was initially estimated at 25,490 and later revised 
to 30,700 (version 5 annotation), resulting in 11,000-15,000 gene families, 
with about one quarter of genes believed to be plant specific. The entire 
Arabidopsis genome dataset has been stored and can be retrieved from 

together by assigning new functions to unknown genes. For efficient gene 
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(Table 1.1). In 2002, two groups released the second plant genome se-
quence, rice. A four time shotgun coverage of Oryza sativa ssp. indica
covered 361 Mb of the estimated 466 Mb (Yu et al. 2002). Oryza sativa
ssp japonica was sequenced to five times shotgun coverage (Goff et al. 
2002) and resulted in 372 Mb of non-overlapping sequence from the 12 
rice chromosomes and 55,890 genes were identified (version 4 annotation). 
More recently, improved whole genome shotgun sequences for the ge-
nomes of indica and japonica rice have been reported (Yu et al. 2005). Se-
quences and analysis details of rice genome are available at several data-
bases including TIGR, and Rice Genome research Program (Table 1.1). 
The completely annotated reference genomes of Arabidopsis and rice cer-
tainly serve as a starting point for the large-scale functional analysis of 
other plant genomes. Indeed, many other plant species have entered the 
genomics era. In particular, the Joint Genome Institute (JGI) has essen-
tially finished a deep draft genome sequence of the model tree Populus
trichocarpa (cottonwood). Ten-times shotgun coverage, amounting to 5.5 
Gb, is now available for download and BLAST searches at the JGI data-
base (Table 1.1). Moreover, approximately 80,000 ESTs have been se-
quenced and will certainly be helpful for gene annotation. Medicago trun-
catula has been chosen as the model legume plant for genomics studies. 
The complete genome of the first legume will certainly speed up the com-
prehension of the molecular mechanisms responsible for the conversion of 
molecular nitrogen into usable organic forms (legume/Rhizobium symbio-
sis). Another crop plant that has been used as a model for decades is Ly-
copersicon esculentum (tomato). The genome is about 900 Mb and its se-
quencing is a priority according to the National Plant Genomics Initiative. 

at Cornell University (Table 1.1), are available. Additionally, the sequenc-
ing of all twelve chromosomes has been initiated.

3. Genome-wide insertional mutagenesis 

be predicted. An essential tool for the functional analysis of these com-

Here observation of similar phenotypes in both alleles makes sure that the 

different user-friendly databases, including TAIR, TIGR, MIPS and NCBI 

At the moment more than 150,000 Lycopersicon esculentum ESTs, stored 

vide a crucial second allele when only a single EMS allele is available. 

One of the most significant findings revealed through analysis of plant ge-

pletely sequenced genomes is the ability to create loss-of-function muta-

correct gene was identified. The null genetic background is suitable for 

tions for all the genes (Borevitz and Ecker 2004). A knockout line can pro-

nomes is the large number of genes for which no function is known or can 
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transgenic studies that investigate altered expression patterns or test altered 
proteins. Often redundancy can confound genetic studies by masking phe-
notypes. This problem can be dealt with by creating double, triple, or 
greater knockout mutations among multiple gene family members. Al-
though, targeted gene replacement via homologous recombination is ex-
tremely facile in yeast, its efficiency in plants does not yet allow for the 
creation of a set of genome-wide gene disruptions (Gong and Rong 2003; 
Parinov and Sundaresan 2000). Additionally, gene silencing via the RNA 
interference (RNAi) method has several drawbacks, including the lack of 
stable heritability of a phenotype, variable levels of residual gene activity, 
and the inability to simultaneously silence several unrelated genes (Han-
non 2002). Because of these disadvantages, the random insertions of T-
DNA or transposon elements has become the strategy of choice to generate 
loss-of-function Arabidopsis populations. In particular, Alonso and col-
leagues (2003) have generated about 150,000 transformed plants carrying 
one or more T-DNA elements. After sequencing analysis, about 88,000 T-
DNA integration sites were identified, resulting in the disruption of 21,799 
genes, about 74% of the Arabidopsis gene repertoire (T-DNAexpress, Ta-
ble 1.1). Several other studies have created sequence-index collections of 
knockout mutations, including the French program Inra/Genoplante (Sam-
son et al. 2002), the German project GABI-Kat (Li et al. 2003), the Japa-
nese group in RIKEN (Kuromori et al. 2004), and the Cold Spring Harbor 
Laboratory (Table 1.1). Nowadays, there are more than 360,000 Arabidop-
sis flanking sequences that hit more than 90% of the currently known 
genes. Nearly all sequences can be searched at the signal T-DNAexpress 
website and corresponding seeds can be ordered both at the European 
Arabidopsis stock center and at the Arabidopsis Biological Resource Cen-
ter (ABRC), located at the Ohio State University (Table 1.1). 

Plant genomic databases 

The Arabidopsis Information Resource 
(TAIR)

http://www.arabidopsis.org/

The Institute for Genomics Research 
(TIGR)

http://www.tigr.org/plantProjects.shtml

Munich Information center for Protein 
Sequences (MIPS) 

http://mips.gsf.de/projects/plants

National Center for Biotechnology In-
formation (NCBI) 

http://www.ncbi.nlm.nih.gov/

Rice Genome research Program (RGP) http://rgp.dna.affrc.go.jp/ 
Joint Genome Institute (JGI) http://www.jgi.doe.gov/ 
Tomato Expression Database http://ted.bti.cornell.edu/ 

Table 1.1. Websites relevant to plant functional genomics.
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T-DNAexpress http://signal.salk.edu/cgi-bin/tdnaexpress 
Inra/Genoplante http://urgv.evry.inra.fr/projects/FLAGdb

++/HTML/index.shtml
GABI-Kat http://www.gabi-kat.de/ 
RIKEN http://rarge.gsc.riken.jp/dsmutant/index.pl
Cold Spring Harbor Laboratory http://genetrap.cshl.org/ 
European Arabidopsis Stock Center  http://arabidopsis.info/  
Arabidopsis Biological resource center 
(ABRC)

http://www.arabidopsis.org/abrc/

Microarray databases 

NASCArrays http://affymetrix.arabidopsis.info/narrays/
experimentbrowse.pl

ArrayExpress http://www.ebi.ac.uk/arrayexpress/ 

Gene Expression Omnibus (GEO) http://www.ncbi.nlm.nih.gov/geo/ 

GENEVESTIGATOR https://www.genevestigator.ethz.ch/

Proteomics databases 
Swiss-prot http://www.expasy.org/sprot/ppap/ 
Plastid Proteome Database (PPDB) http://ppdb.tc.cornell.edu/ 
Arabidopsis Mitochondrial Protein 
Database (AMPD) 

http://www.plantenergy.uwa.edu.au/appli
cations/ampdb/index.html

Aramennon database http://aramemnon.botanik.uni-koeln.de/
Protein-GFP fusions http://deepgreen.stanford.edu/ 
Subcellular location database 
Arabidopsis (SUBA) 

http://www.plantenergy.uwa.edu.au/appli
cations/suba/index.php

Plant Phosphorylation database (PlantP)http://PlantsP.sdsc.edu. 

Metabolomics databases and Compu-
tational tools 
Golm Metabolome Database (GMD) http://csbdb.mpimp-

golm.mpg.de/csbdb/gmd/gmd.html
Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) 

http://www.genome.jp/kegg/

BRaunschweig ENzyme DAtabase 
(BRENDA)

http://www.brenda.uni-koeln.de/

AraCyc http://www.arabidopsis.org/tools/aracyc 
MAPMAN http://gabi.rzpd.de/projects/MapMan/ 
MetNet http://metnet.vrac.iastate.edu/ 

Table 1.1. Websites relevant to plant functional genomics.



6      Paolo Pesaresi

understanding gene function 

The classical or “forward genetics” approach to gene function analysis 
aims to identify the sequence change that underlies a specific mutant phe-
notype (Ostergaard and Yanofsky 2004). In the recent past, the starting 
point involved mutagenesis of a large number of wild-type seeds by treat-
ment with chemical reagents or irradiation. Such treatments typically in-
troduced single nucleotide changes or small deletions in the genome, re-
sulting in mutant collections to be screened for the phenotype of interest 
(Feldmann et al. 1994; Greene et al. 2003). Even today, there are still good 
reasons to screen for mutants in chemically mutagenised populations, in-
cluding the possibility to have an allelic series, allowing for strong, inter-
mediate and weak alleles of genes that otherwise would produce lethal 
phenotypes when inactivated. Such conventional forward approach is, 
however, inefficient when it comes to performing high-throughput func-
tional genomics analyses. Indeed, despite the existence of genetic and 
physical maps, the map-based cloning still remains a laborious approach 
(Peters et al. 2003). Screening of populations generated by random inser-
tion mutagenesis, in contrast, has the advantage to allow the isolation of 
the disrupted gene, causing the observed phenotype, in a much more direct 
way. Indeed, the precise chromosomal location of individual inserts can be 
easily obtained by PCR-based methodologies, such as thermal asymmetric 
interlaced PCR (TAIL; Liu and Whittier 1995), and amplification of inser-
tion mutagenised sites (AIMS; Frey et al. 1998).

Whereas forward genetics starts with the mutant and then leads to the 
gene, reverse genetics starts with the gene of interest and ends with the 
corresponding mutant. As mentioned above, databases containing se-
quence information of Arabidopsis DNA stretches flanking the insertion 
sites are available and they can be easily searched for the knockout of in-
terest. This approach is particularly useful to verify the role of genes 
whose functions are already known in other species (Bellafiore et al. 
2005). However, loss-of-function lines not always exhibit an evident phe-
notype. Meinke et al. (2003) estimate that of all the predicted Arabidopsis 
genes only about 10% of them are expected to result in a detectable loss-
of-function phenotype. Indeed, about 65% of Arabidopsis genes appear to 
be members of families with two or more members, and functional redun-
dancy among closely related genes often obscures their phenotypes. To 
circumvent this problem, reverse genetics allows mutations in all members 
of a gene family to be identified. Indeed, simple crosses can be performed 
to combine mutations in closely related genes, resulting in phenotypes that 

4. Forward and reverse genetics-essential steps towards 
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would otherwise remain hidden. In addition, some phenotypic characteris-
tics may be hard to detect unless the mutated gene is studied in a certain 
mutant background that more clearly reveals its loss-of-function phenotype 
(Roeder et al. 2003). Assessing a possible phenotype may also depend on 
the assay conditions. For instance, mutations in genes that are involved in 
stress responses may only display a detectable phenotype when subjected 
to certain environmental challenges. Reverse genetics largely facilitates 
these kinds of studies by allowing scientists to make qualified guesses on 
which combination of mutations would give rise to phenotypic changes. 

5. Transcriptomics - depicting the expression level of 
genes

Obtaining mutations in genes of interest is an important and necessary 
step, however is just one of many powerful tolls that are needed to 
understand how the function of a gene is carried out. Genome-wide 
analysis of gene expression can be used as a powerful methodology to 
provide further information on gene activity. In this sense the development 
of full genome oligonucleotide-based microarrays, such as the ATH1 by 
Affymetrix, which represents approximately 23,750 Arabidopsis genes, 
allow to monitor at the same time the abundance of thousands of mRNA 
molecules (Redman et al. 2004). The classical experiment involves the 
simultaneous measurement of the relative concentration of a given 
transcript in two different samples by competitive two-colour 
hybridization. Most experiments use reverse transcription for labeling the 
cDNAs of both samples. cDNA molecules are labeled with different 
fluorophores (e.g. fluorescein, Cy5, Cy3). After hybridization to the 
arrayed target molecules the relative measure of gene expression for each 
gene analyzed is determined with the help of a high-resolution laser 
scanning device. Scanning is conducted using two different wavelengths, 
giving a quantitative fluorescence image for the two different probe 
populations (Lockhart and Winzeler 2000). Expression profiling 
experiments employing microarrays can be used to address diverse 
biological problems. For instance, by monitoring different tissues and 
developmental stages, an atlas can be created that describes the expression 
pattern of every gene in the genome (Borevitz and Ecker 2004). 
Knowledge of the timing and expression pattern of genes allows potential 
network to be created. The biological function of unknown genes in such a 
network can be inferred under the assumption that genes expressed 
similarly will be involved in a similar process (Brown and Botstein 1999; 
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Oliver 2000). Additionally, by looking at the changing expression patterns 
in response to abiotic or biotic stresses, one can identify the complete set 
of genes that is involved in a certain biological process. Defining such sets 
of genes, which are co-regulated under defined conditions, also allows for 
the identification of “marker genes” that are diagnostic for certain 
developmental or environmental processes (Holtorf et al. 2002). 
Alternatively, comparison of the expression profiles of wild-type plants to 
mutant lacking the activity of a stress- or development-induced 
transcription factor gene allows the identification of genes modulated by 
that transcription factor. Since the microarray-based expression profile 
technology has been established, thousands of arrays have been processed, 
of which a significant number are publicly available through services and 
repositories (Table 1.1). The Nottingham Arabidopsis Stock Centre 
Transcriptomics Service, NASCArrays, is one of them. Currently the 
database contains 40 experiments made up of about 400 GeneChips from 
Affymetrix system, but the number is increasing rapidly (Craigon et al. 
2004). Other repositories include the ArrayExpress at the European 
Bioinformatics Institute (Brazma et al. 2003), and the Gene Expression 
Omnibus (GEO; Edgar et al. 2002) at the National Center for 
Biotechnology Information. However, the combination of multiple datasets 
still raises a number of questions concerning their compatibility, in 
particular when comparing data from different platforms. To overcome this 
problem, GENEVESTIGATOR (Table 1.1), a database and Web-browser 
data mining interface, has been created with the peculiarity to contain 
exclusively data from Affymetrix GeneChip (Zimmermann et al. 2004, 
2005). Although data from different experiments may not be pooled for a 
rigorous expression profiling analysis, one can assume that the large scale 
combination and analysis of expression data from a single platform like the 
Affymetrix system allows the identification of biologically meaningful 
expression patterns of individual genes. Currently, the database covers 
more than 150 experiments, 28 plant organs and ten growth stages, in 
addition to responses to 68 environmental factors and to more than 100 
genetic modifications. The dataset can be presented in the context of plant 
development, plant organ, environmental conditions, and mutated genetic 
backgrounds, both for individual genes or for families of genes, thereby 
answering questions such as “which other genes are coexpressed with the 
one of interest?”, “in which organ or tissue is expressed the gene of 
interest?”, “in which section of the life cycle the gene of interest is 
expressed?”, or “which environmental stimulus induces the expression of 
the gene of interest?” The resulting answers can be used to confirm 
previous hypothesis or generate new hypotheses about gene expression 
network structures and genetic regulatory networks, resulting in the design 
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of more precise and targeted experiments aimed to gene function 
discovery.

6. Proteomics – protein compendium and interacting 
partners

It is mostly proteins that carry out cellular functions, therefore, for a com-
prehensive understanding of biological functions, the proteome of organ-
elles, cells, and tissues has to be systematically characterised. The promise 
of proteomics is the precise definition of the function of every protein, and 
how that function changes in different environmental or developmental 
conditions, with different modification states of the protein, and with dif-
ferent interacting partners (Roberts 2002). The sequencing of the Arabi-
dopsis and rice genomes has greatly aided the scope for the discovery and 
exploitation of the plant proteome (Swiss-prot; Table 1.1). Large-scale 
transcript analysis now allows high-fidelity assessments of the tissue and 
developmental profiles of probable Arabidopsis proteomes, albeit with the 
caveat that differences in transcript abundance underlie differences in pro-
tein abundance. However, even these experimental approaches largely ne-
glect the cellular compartmentalization of plant cells. The products of 
thousands of genes in plants are efficiently targeted to particular parts of 
the cell by elaborate targeting machinery that uses targeting information 
within the amino acid sequence of proteins (Heazlewood et al. 2005). Iden-
tifying protein locations within the plant cell is thus an important step to-
ward a broader understanding of cellular function as a whole, and provides 
vital assistance in identifying the role of the many proteins currently as-
cribed to unknown function in plant genome databases. Several routes can 
be taken to place this cellular compartmentalization perspective on plant 
genomic data. The use of bioinformatics targeting algorithms to predict 
where gene products will be located is a simple, low-cost, and rapid way to 
tackle this issue. An array of such programs, able to predict protein local-
ization into the nucleus, mitochondrion, plastid, peroxisome, and endoplas-
tic reticulum, exists. However, a significant limitation of this approach is 
the lack of prediction capabilities for compartments, such as the Golgi, 
vacuole, and plasma membrane. A first prediction aimed to identify nu-
clear-encoded proteins targeted to chloroplasts was performed by Abdallah 
et al. (2000). These authors analysed the, at that time, partially sequenced 
genome of A. thaliana, employing the neural network-based program 
ChloroP (Emanuelsson et al. 1999), and extrapolated a total number of 
around 2,200 proteins having a chloroplast transit peptide (cTP). Based on 
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the ChloroP algorithm, the TargetP program was, subsequently, developed 
by Emanuelsson et al. (2000), and it was estimated that more than 3,000 
genes of the nuclear genome of A. thaliana encode for proteins featuring a 
cTP. More recently, the accuracy of the four most-widely used cTP predic-
tors, iPSORT (Bannai et al. 2002), TargetP (Emanuelsson et al. 2000), 

predotar/predotar.html), was re-evaluated on a test set of 2,450 proteins 
with known subcellular location, and was found to be substantially lower 
than previously reported (Richly and Leister 2004). A combination of cTP 
predictors resulted to be superior to any one of the predictors alone and 
was employed to estimate that around 2,000 different cTP-proteins should 
exist in A. thaliana. Clearly, the large discrepancies among different type 
of predictors highlights the need of direct experimental approaches to bet-
ter identify organelle and compartment proteomes. The strategies most 
commonly used involve cellular fractionation, centrifugation-based purifi-
cation of an organelle, or cellular compartment and mass spectrometry 

in-depth analyses of chloroplast proteome. Norbert Rolland, Jacques 
Joyard and colleagues have analyzed a mix of inner and outer envelope 

membrane proteins were identified. In their latest, more extensive study 
with mixed A. thaliana chloroplast envelope membranes, more than 100 
proteins were identified (Ferro et al. 2003). Almost one third of the identi-
fied proteins was reported to have no known function, whereas more than 
50% were very likely to be associated with the chloroplast envelope, based 
on their postulated function or because they were already known envelope 
proteins. Wolfgang Schröder, Thomas Kieselbach and colleagues also ana-
lyzed the lumenal proteome of A. thaliana and spinach (Kieselbach et al. 
1998; Schubert et al. 2002), resulting in the identification of thirty-six pro-
teins. Similarly, several groups have contributed to the investigation of the 
mitochondrial proteome (Eubel et al. 2003; Herald et al. 2003; Kruft et al. 
2001; Millar et al. 2001; Werhahn and Braun 2002). Recently, a large 
analysis using non-gel proteomic approaches based on liquid chromatogra-
phy and tandem MS (LC MS-MS) has provided a set of more than 400 
non-redundant proteins from Arabidopsis mitochondria (Heazlewood et al. 
2004). The proteome of nuclei, vacuoles, and peroxisomes has also re-
ceived attention in recent reports (Carter et al. 2004; Fukao et al. 2002; 
Pendle et al. 2005). A series of studies has also identified proteins among 
the other intracellular membrane systems, including plasma membranes, 
Golgi, and endoplasmic reticulum (Alexandersson et al. 2004; Prime et al. 
2000; Santoni et al. 1999). 

PCLR (Schein et al. 2001) and Predotar (http://urgi.infobiogen.fr/

2002; Seigneurin-Berny et al. 1999). Several known, as well as novel, 

(MS) to identify peptides (Millar 2004). A series of reports has provided 

membrane proteins of chloroplast from spinach and A. thaliana (Ferro et al. 
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A complementary approach to MS in identifying protein location is the 
expression and visualization of fluorescence proteins (FPs) attached to pro-
teins of interest. A range of differently coloured fluorescent proteins have 
been used, including green fluorescent protein (GFP), red fluorescent pro-
tein (RFP), yellow fluorescent protein (YFP), and cyan fluorescent protein 
(CFP), with GFP being the dominant choice. Increasingly referred to as 
clone-based proteomics, single–protein studies, medium throughput ap-
proaches, and even high-throughput GFP screening of protein locations us-
ing this technique are currently under way in Arabidopsis (Cutler et al. 
2000; Koroleva et al. 2005). Many hundreds of proteins have been visual-
ised in this manner to date and form an important dataset for determining 
subcellular localization. Concerning Arabidopsis, it has been calculated 
that all the different approaches have resulted in the localization of 4,418 
proteins, representing approximately 15% of the whole predicted pro-
teome. All these information distributed in a large set of databases (Table 
1.1) have been recently collected in the Subcellular location database for 
Arabidopsis proteins (SUBA; Heazlewood et al. 2005), which provides an 
integrated understanding of protein localization, encompassing the plastid, 
mitochondrion, peroxisome, nucleus, plasma membrane, endoplasmic re-
ticulum, vacuole, Golgi, cytoskeleton structures, and cytosol. Of course, 
the subcellular localization data alone are not sufficient to determine the 
function of the protein of interest, however they represent an additive value 
towards the determination of gene function. 

Another important aspect of proteomics concerns the characterization of 
covalent processing events, such as proteolytic cleavages and/or addition 
of modifying groups to one or more amino acids, responsible to change the 
properties of a protein (Huber and Hardin 2004; Mann and Jensen 2003). 
Far from being mere “decorations”, post-translation modifications of a pro-
tein can, indeed, determine its activity state, localization, turnover, and in-
teractions with other proteins. Despite the great importance of these modi-
fications for biological function, their study on a large scale has been 
hampered by a lack of suitable technologies. Indeed, proteomics has been 
very successful in identifying proteins in complexes and organelles since 
only few peptides are needed for protein identification, but they are not 
enough for complete primary-structure determination. A central considera-
tion in the characterization of the modifications is the need for as large an 
amount of the protein as possible. Protein modifications are typically not 
homogenous, and a single gene can give rise to a bewildering number of 
gene products as a result of different modifications. Up to now most of the 
protein modifications have been analysed on a one-by-one basis and in 
many cases by using recombinant expressed proteins, but the real promise 
of proteomics is to asses systematically the modifications of large number 
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of proteins (Jensen 2000). Recent technological developments has made it 
increasingly feasible to directly analyse very complex peptide mixtures by 
LC MS-MS, and a single chromatographic run can result in the identifica-
tion of hundreds of peptides, increasing substantially the chance of finding 
modified peptides. Moreover, the complexity of peptide mixtures can be 
reduced by affinity chromatography. For example, phosphopetides can be 
captured selectively through their negatively charged phosphogroup on 
immobilized metal affinity columns (IMAC; Nuhse et al. 2003). Recently, 
this technique has been used for a comprehensive analysis of phosphory-
lated membrane proteins in Arabidopsis, resulting in the identification of 
more than 300 phosphorylation sites (Nuhse et al. 2004). This analysis has 
yielded general principles for predicting other phosphorylation sites in 
plants and provided indications of specificity determinants for responsible 
kinases. In addition, more than 50 sites were mapped on receptor-like 
kinases and revealed an unexpected complexity of regulation. All the data 
have been collected in a new searchable database for plant phosphorylation 
sites (PlantP; Table 1.1), resulting in the first database on protein post-
translational modifications, similar to the genomics, transcriptomics, and 
proteomics databases in existence today. Once post-translational modifica-
tion analyses could be routinely done at proteomics level, the identification 
of more and more modification sites will dramatically increase, resulting in 
the development and tuning of algorithms aimed to the prediction of modi-
fication sites and to the functional interpretation of post-translational modi-
fications.

The “omics” technologies has made clear that a discrete biological func-
tion can only rarely be attributed to an individual molecule. Instead, most 
biological characteristics arise from complex interactions between the cell 
constituents, such as proteins, DNA, RNA and small molecules. Therefore 
a key challenge for biology in the post-genomics era is to understand the 
structure and the dynamics of the complex intercellular web of interactions 
that contribute to the structure and function of a living cell. A prolific ge-
nome-wide approach to study protein-protein interactions is the yeast two-
hybrid assay (Fields and Song 1989). This method constructs an artificial 
transcription factor, fusing the DNA-binding domain with the first query 
protein and a transcriptional activation-domain to the second protein or to 
an expression library. When two proteins bind, a reporter gene is actively 
transcribed. Thousands of protein interactions have been discovered with 
this strategy in yeast, Caenorhabditis elegans, and Drosophila
melanogaster and recently this approach has been adopted also for Arabi-
dopsis (Hackbush et al. 2005). In particular, the Uhrig group has investi-
gated the interaction network of 3-aa loop-extension (TALE) homeodo-
main proteins. A combination of cDNA-library screenings and an 
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all-against-all pair wise interaction test revealed the formation of a complex 
array of homo- and hetero-dimers within the TALE family. In addition, a 
previously unrecognised plant-specific protein family denominated Arabi-
dopsis thaliana ovate family proteins (AtOFPs) was involved in the highly 
interconnected TALE interaction network. An alternative technique under 
development for global discovery of protein-protein interactions is “fluo-
rescence resonance energy transfer” (FRET) microscopy (Wouters et al. 
2001). Fluorophores within about 60 Å of one another transfer energy, and 
tagging different fluorophores to a pair of proteins will generate observable 
resonant phenomena when the pair binds. The broad applicability of this 
method is not yet clear, but FRET has been successful in specific trials. 
High-throughput screens are currently in design. This system potentially 
has the great advantage of reporting both the localization and timing of 
protein interactions, in vivo and in response to experimental conditions or 
perturbations (Carter 2005). Array technology is another candidate for di-
rect detection of protein-protein interactions. Taking DNA microarrays as 
a model, the aim is to construct a chip onto which an entire proteome is 
spotted (Schweitzer et al. 2003; Smith et al. 2005). This protein array 
would facilitate global screens not only for protein-protein interactions, but 
also for protein-DNA interactions. Indeed, the latter approach will be ex-
tremely useful to reveal the main actors, such as transcription factors and 
promoter cis-regulatory elements, responsible of the complex gene expres-
sion regulation mechanisms. 

7. Metabolomics – comprehensive non-biased analysis of 
metabolites

Transcriptomics and proteomics certainly contribute to the description of 
phenotypes and discover of gene function, however, it is essential that 
phenotypic effects be described as explicitly as possible. To this aim, me-
tabolites, regarded as the ultimate gene products, represent the direct link 
between genes and phenotypes. The plant kingdom is able to produce an 
astonishing wealth of metabolites, ranging from 90,000 to 200,000, both 
from primary and secondary metabolism (Fiehn 2002). Additionally, me-
tabolites have a much greater variability in the order of atoms and sub-
groups with respect to the 4-letter code of genes and transcripts and the 20-
letter code of proteins, making their characterization extremely demanding 
in terms of technologies. Accordingly, different analytical approaches have 
been designed in order to address specific questions. In particular, to di-
rectly study the primary effect of a genetic alteration, an analysis can be 
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constraint to the specific substrate and/or the direct product of the corre-
sponding encoded protein. This strategy is called “targeted analysis” and is 
mainly used for screening purposes. Alternatively, the effects of biotic or 
abiotic stresses can be monitored on a selected number of predefined me-
tabolites or pathways, by using the “metabolite profiling” strategy. How-
ever, quite frequently, genetic or environmental repercussions are not lim-
ited to one biological pathway. Indeed, the metabolite levels of unrelated 
pathways may be altered due to pleiotropic effects. In order to understand 
these effects, a comprehensive analysis in which all metabolites of a bio-
logical system are identified and quantified is needed. Such an approach 
has been called, “metabolomics”. Metabolomics approaches must aim at 
avoiding exclusion of any metabolite by using well conceived sample 
preparation procedures and analytical techniques (Bhalla et al. 2005). To 
asses the enormous diversity of structurally complex chemical compounds, 
various approaches have been initiated in the last decade largely due to the 
tremendous advances in the instrumentation and data handling capabilities 
(Fukusaki and Kobayashi 2005). In particular, advances in metabolomics 
analysis owe primarily to improvements in the MS technology that has re-
sulted in formats that are more user-friendly and amenable to biologists. 
Additionally, combination of mass spectrometry with in-line gas or liquid 
chromatography (GC-MS and HPLC-MS) has increased the efficiency of 
separation and identification of molecules. Nuclear Magnetic Resonance 
(NMR) is another potential very useful technique to be used in metabolom-
ics, since in principle any chemical species that contains protons gives rise 
to signals. Indeed, NMR is often used for metabolite fingerprinting, where 
the aim is to look for compositional similarities and explore the overall 
natural variability (Bligny and Douce 2001; Raamsdonk et al. 2001). Re-
cently, a new technique has been introduced, called Fourier Transform Ion 
Cyclotron Mass Spectrometry (FT-MS), that allows the study of pheno-
typic changes associated with metabolism. FT-MS is, indeed, suitable for 
rapid screening of similarities and dissimilarities in large collections of 
biological samples, such as plant mutant populations. Separation of the 
metabolites is achieved solely by ultra-high mass resolution. Identification 
of the putative metabolite or class of metabolites to which it belongs can 
then be obtained by determining the elemental composition of the metabo-
lite based upon the accurate mass determination (Brown et al. 2005). 

Similarly to genome, transcriptome and proteome fields, databases stor-
ing the flood of data arising from metabolomics analyses are becoming 
available. The Golm Metabolome Database (Kopka et al. 2005) is the first 
database that provides public access to custom mass spectral libraries,
metabolite profiling experiments, as well as additional information and tools, 
e.g. with regard to methods, spectral information or compounds (Table 1.1). 
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Likewise transcriptomics, the primary objective of metabolomics analy-
sis is to associate the relative changes in quantitative metabolite levels with 
functional assignments. To this aim, different pattern recognition methods 
such as hierarchical cluster analysis and principal component analysis can 
be applied to calculate an individual metabolite profile and compare it to 
other metabolite profiles. Profiles of samples which group into a defined 
cluster can then be used to define a metabolic phenotype. Once the exis-
tence of clusters within the samples is assured, classical statistics such as 
Student’ s t test or multiple analysis of variance (MANOVA) can be ap-
plied in order to find statistically significant differences of metabolite lev-
els between the clusters (Fiehn 2002). As with other functional genomics 
approaches, the interpretation of results may become problematic because 
of the sheer mass of data generated. The fact that biochemical pathways 
make up highly regulated networks adds to the complexity of the analysis. 
A way to interpret the data is to intercalate biochemical pathways, whether 
or not the alterations of metabolite levels or clustering results can be un-
derstood by known aspects of enzymatic regulation. With this respect, the 
Kyoto Encyclopedia of Genes and Genomes (KEGG; Ogata et al. 1999), 
represents a valuable tool (Table 1.1). In particular, KEGG is a knowledge 
base for systemic analysis of genes functions in terms of networks of genes 
and molecules. The major component of KEGG is the pathway database 
that consists of graphical diagrams of biochemical pathways and some of 
the known regulatory pathways. There are about 90 reference maps for the 
metabolic pathways that are manually drawn and continuously updated ac-
cordingly to biochemical evidences. In addition to the data collection ef-
forts, KEGG provides various computational tools, such as for reconstruct-
ing biochemical pathways from the complete genome sequence and for 
predicting gene regulatory networks from the gene expression profiles. 
BRENDA is another database (BRaunschweig ENzyme Database; Schom-
burg et al. 2004) where a comprehensive collection of enzyme and meta-
bolic information is collected. The database contains data from at least 
83,000 different enzymes from 9800 different organisms, classified in ap-
proximately 4200 EC numbers. BRENDA includes biochemical and mo-
lecular information on classification and nomenclature, reaction and speci-
ficity, functional parameters, occurrence, enzyme structure, application, 
engineering, stability, disease, isolation and preparation, links and litera-
ture references (Table 1.1).

A number of different applications of metabolomics analyses can be 
imagined. For instance, metabolomics is being increasingly used for un-
derstanding the cellular phenotypes in response to various types of abiotic 



16      Paolo Pesaresi

or biotic stresses. In one recent study of sulphur deficiency response, gen-
eral metabolic readjustment was found (Nikiforova et al. 2005). Mutual in-
fluences were found between sulphur assimilation, nitrogen imbalance, 
lipid breakdown, purine metabolism, and enhanced photorespiration. A 
general reduction of metabolic activity was seen under conditions of de-
pleted sulphur supply. Metabolomics has also been applied to the case of 
cold stress response (Cook et al. 2004). In particular, a total of 325 
metabolites were up-regulated in cold-treated Arabidopsis plants. Also in 
this case an extensive reconfiguration of several metabolic pathways could 
be observed. Concerning biotic stresses, Kant et al. (2004) investigated de-
fence responses in tomato plants after infection with spider mites. Al-
though the spider mites had caused little visible damage to the leaves after 
the first day of infection, they had already induced direct defense re-
sponses. For example, proteinase inhibitor activity had doubled. Moreover, 
at the fourth day after infection, a significant increase in the emission of 
volatile terpenoids could be observed. Alternatively, metabolomics data 
can be used to reveal the phenotype of silent mutations. Indeed, the inter-
cellular concentrations of metabolites can reveal the site of action in the 
metabolic network of a disrupted gene. Moreover, metabolomics might be 
the ideal tool to investigate the substrate specificity of the several enzyme 
isoforms and, certainly, has a deep impact in prediction of novel metabolic 
pathways and in the description of cellular networks in vivo.

8. Naturally occurring genetic variation 

Genetic variation found in wild strains is probably the most important ba-
sic resource for plant biology. In Arabidopsis genetic variation has been 
identified for many traits mainly by direct analysis and comparison of ac-
cessions. This evaluation is facilitated by the large collection of more than 
300 different accessions collected worldwide, which are publicly available 
in the stock centers. In particular, genetic variation has been found for re-
sistances to biotic factors such as bacteria, fungi, viruses, insects, and 
mammals (Koornneef et al. 2004). Variation for disease resistance genes is 
large and involves pathogens (Holub 2001) and many variants of one of 
the approximately 200 types of plant disease resistance genes of the so-
called NBS-LRR classes (Meyers et al. 2003). Large variation has been 
also reported for tolerance to abiotic stresses and for developmental, 
physiological and biochemical traits (Koornneef et al. 2004). The study of 
genetic variation, certainly, is extremely useful to the identification of gene 
function. Indeed, despite the fact that mutant approaches have been very 
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powerful for functional analysis, often the definition of gene function is 
hampered by the genetic background of the analysed accession. In fact, the 
sort of mutant phenotypes that can be identified depends on the wild-type 
genotype. For instance, mutant phenotypes of genes for which the wild-
type accession carries a natural null allele or a weak allele might not be de-
tected. Examples of loss of function and probably null alleles present in 
accessions are quite common, as indicated by the 111 Columbia genes 
found to be partially or completely deleted in the Ler accession (Borevitz 
et al. 2003). Additionally, most variation among accessions is of a quanti-
tative nature due to the effects of allelic variation at several loci, which 
combined with the environmental effect, determines a continuous pheno-
typic distribution of the trait in segregating populations (Quantitative Trait 
Locus, QTL). The analysis or mapping of QTLs, implies the identification 
of loci, the relative additive effects, the mode of action of each QTL 
(dominance effects) and, therefore the contribution of genetic interaction 
between loci, making it relevant to the comprehension of plant networks. 
To date, fine QTL mapping has been performed on a limited number of 
plant processes, including flowering time. Indeed, the timing of flowering 
transition is genetically differentiated among natural populations of Arabi-
dopsis, as shown by the large genetic variation observed for this trait 
among Arabidopsis accessions. Currently, 14 different QTLs, accounting 
for flowering time differences among Arabidopsis accessions, have been 
identified. Among them, the strong effect loci FRIGIDA (FRI) and Flower-
ing Locus C (FLC) (Johanson et al. 2000; Michaels and Amasino 1999). 
The isolation of these loci has led to the identification of two novel genes 
involved in the regulation of flowering, that could not be identified by mu-
tant analyses because the common laboratory early flowering strains carry 
loss of function alleles at the corresponding loci. The FRI locus encodes a 
protein with no significant homology to any other protein previously iden-
tified, whereas FLC encodes a MADS-box transcription factor. FRI posi-
tively regulates the expression of FLC, whereas the FLC protein negatively 
regulates the expression of other transcription factors involved in the regu-
lation of flowering such as SOC1. Further molecular characterization of 
FLC is showing that it is a central integrator of flowering signals from dif-
ferent pathways (Sheldon et al. 2000). Other loci encoding phytochromes 
and cryptochromes involved in the flowering response to photoperiod have 
been also identified (Aukerman et al. 1997; Maloof et al. 2001; Mouradov 
et al. 2002), leading to a progressive clarification of the processes involved 
in defining the flowering time and highlighting the importance of natural 
variation investigation in revealing intricate molecular networks. 
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9. Inferring biological networks 

A key aim of postgenomic research is to systematically catalogue all mole-
cules and their interactions within a living cell. There is a clear need to un-
derstand how these molecules and the interactions between them determine 
the function of the enormously complex cell machinery, both in isolation 
and when surrounded by other cells forming tissues, organs and whole or-
ganisms. Although the study of genetic variation, certainly, contributes to 
the identification of molecular networks, the large datasets generated by 
high-throughput technologies, the “omics” technologies, represent a great 
resource to network biology. Bioformatics tools have been developed to 
collect and organize the datasets provided by transcriptomics, proteomics 
and metabolomics analyses (see above), however it is necessary to com-
bine them with a portfolio of interpretation tools able to integrate the mul-
tiparameter raw data and link them to biological contexts. Examples of 
such tools are GENMAPP (Dahlquist et al. 2002), Pathway studio (Nikitin 
et al. 2003), PATHWAY Processor (Grosu et al. 2002) and BIOMINER 
(Sirava et al. 2002). However their usefulness for plant datasets is re-
stricted, since they were developed for microbial or animal systems. A first 
plant-specific application, aimed to integrate transcriptomics data to me-
tabolism, is represented by AraCyc (Mueller et al. 2003). The database 
(Table 1.1) currently contains about 2000 gene annotations in 117 individ-
ual pathways. The pathways are summarised figuratively on an overview 
map, many are available as detailed diagrams, and a tool, the AraCyc Ex-
pression Viewer, allows the user to overlay mRNA expression data on the 
AraCyc pathway diagrams. One of the comprehensive open-source soft-
ware packages that allows integration of Arabidopsis transcriptomics and 
metabolomics data is MAPMAN (Thimm et al. 2004). Within MAPMAN 
(Table 1.1), Arabidopsis genes are grouped in 200 hierarchical categories 
by a module called TRANSCRIPTSCAVENGER, and hundreds of me-
tabolites are linked to pathways using the METABOLITESCAVENGER 
module. The IMAGEANNOTATOR module allows the uploading of ex-
perimental data, resulting in a quick overview of the pathways together 
with transcript and/or metabolite contents. An impressive tool in develop-
ment is represented by MetNet (Wurtele et al. 2003). This bioinformatics 
package is able to model metabolic and regulatory networks. Currently, 
only a limited amount of data have been uploaded into MetNet, but the 
first full production version promises to be an invaluable tool for Arabi-
dopsis researchers. BioPathAt (Lange and Ghassemian 2005) most proba-
bly represents the first bioinformatics tool able to integrate transcriptomics, 
proteomics, and metabolomics data in the context of well-annotated 
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been generated based on the apparent coding capacity of the entirely se-
quenced Arabidopsis genome and assembled in the BioPathAtMAPS mod-
ule. A gene list for the enzymes involved in the different pathways has 
been compiled using literature keyword and sequence-based searches in 
the TAIR database resulting in the BioPathAtDB module. Roughly 1500 
genes/enzymes are present in this module and for all of them the subcellu-
lar localization was predicted using the PSORT and TargetP programs. 
Additionally, information on genes/enzymes expression patterns (organ- 
and tissue-specificity of transcript abundance), enzyme presence (based on 
proteomics data), enzyme activity (based on biochemical assays with puri-
fied, native proteins or crude protein extracts), and biochemical character-
istics of recombinantly expressed isozymes (substrate specificity) are 
added. A complementary database containing information regarding the 
organ- and tissue-specific pool sizes of metabolites involved in Arabidop-
sis biochemical pathways (BioPathAtMETDB) is also available, together 
with gene-protein, and protein-protein interaction data. Dynamic boxes of 
different colours, placed on the biochemical pathway maps, are used to 
visualise patterns of RNA abundances, protein expression and metabolite 
pools. Additionally, enzyme activators and repressors are connected to 
biochemical pathways by coloured lines, providing insights into the net-
works that regulate metabolic pathways. Taken together, the computational 
tools support the researchers with a multidimensional representation of 
metabolic networks that certainly help to manage the data complexity and 
to enhance the knowledge on plant biology. 

10. Conclusions 

Plant genomics research has entered the phase of high-throughput gene 
function characterization due to the development of essential genetic tools, 
including comprehensive sets of sequence-indexed mutant collections, and 
the employment of the “omics” technologies. Global genome data, such as 
transcriptome atlases, are providing a holistic picture of gene expression 
regulation. Proteomics analyses are defining spatial and temporal localiza-
tion of proteins as well as their specific dependence upon environmental 
conditions. In addition, the progressive development of methods to probe 
protein-protein and DNA-protein interactions, as well as posttranslational 
modifications, with high coverage and reliability will contribute to the 
modeling of cellular dynamics. Certainly, metabolomics investigations are 

biochemical pathways. In particular, Arabidopsis metabolic pathways have 

already bridging the gap between gene products and experimental 
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phenotypes. Throughout recent years it has become increasingly clear, however, 
that each method has its inherent limitations and none of them alone suf-
fices to unequivocally assign functions to genes. In order to take full bene-
fit from functional genomics, the vast and increasing amount of disparate 
data types needs to be interconnected and stored in central databases, 
where information concerning gene sequence, gene expression, protein 
function, protein interaction, protein localization, phenotype of loss of 
function line, and metabolic perturbation are linked together. Progress in 
computational studies of existing data are, therefore, of great importance 
for data integration as well as for the identification of fundamental proper-
ties upon which biological model can be built. The long term goal, as sug-
gested in the ambitious “2010 project” (Chory et al. 2000) is “to under-
stand every molecular interaction in every cell throughout a plant lifecycle. 
[…]. The ultimate expression of our goal is nothing short of a virtual plant 
which one could observe growing on a computer screen, stopping this 
process at any point in that development, and with the click of a computer 
mouse, accessing all the genetic information expressed in any organ or cell 
under a variety of environmental conditions”. Work on other plant species 
will certainly benefit from Arabidopsis research, both in the use of func-
tional data and in research methodology. Rice, for instance, represents a 
solid platform for transferring Arabidopsis knowledge and enhancing our 
understanding of crop species.
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Improving photosynthesis and yield potential 

Jeffrey S. Amthor 

1. Introduction 

Crop yield is fundamentally related to the (a) amount of solar radiation ab-
sorbed; (b) efficiency of solar energy use in photosynthesis; (c) transloca-
tion of photosynthate to sinks, especially sinks later harvested; (d) capacity 
for growth in sinks; (e) efficiency of converting photosynthate to new 
biomass; and (f) metabolic cost of maintenance. Yield potential has been 
defined as the yield of a cultivar grown in an environment to which it is 
suited, with ample nutrients and water, and with pests, diseases, weeds, 
lodging, and other stresses effectively controlled (Evans and Fischer 
1999). In principle, it integrates the genetic limitations on (a)–(f) as ex-
pressed in yield. It is an upper limit to on-farm yield of a cultivar, based on 
empirical study of that cultivar. As distinct from yield potential, potential
yield is the yield theoretically possible from a given amount of absorbed 
solar energy and a specified crop biochemical composition. It is a theoreti-
cal construct based on known stoichiometries of biochemical reactions. 

Population growth, increased standards of living, and expanding uses of 

yield potential of major crops. In recent years, however, yield potential has 
increased slowly or not at all (Cassman et al. 2003). Genetic engineering 
offers opportunities to more rapidly increase yield potential — limited ul-
timately by potential yield — because genes from any organism, not just 

crop products in industrial processes may require significant increases in 

27

P. Ranalli (ed.), Improvement of Crop Plants for Industrial End Uses, 27–58. 
© 2007 Springer.

(e-mail: jeff.amthor@science.doe.gov)
U.S. Department of Energy, Germantown, Maryland, USA



28      Jeffrey S. Amthor 

2. Absorbing solar radiation 

Solar irradiance at earth’s surface (IS, J m–2 s–1) is the energy source for 
photosynthesis, but not all wavelengths of solar radiation are equally use-
ful. Only radiation in the approximately 400–700 nm wave band contrib-
utes significantly to crop photosynthesis (Fig. 2.1), so that radiation is 
called photosynthetically active radiation, or PAR (McCree 1981). More-
over, the rate of photosynthesis is related better to the number of photons 
(or photon flux) of PAR than to the amount of energy in that PAR. This is 
because photosynthetic pigments absorb radiation one photon at a time, 
and each photon excites only one electron in a primary photochemical re-
action.

Photosynthetic solar irradiance (IP, J m–2 s–1) is the part of IS in the PAR 
wave band. Typically, IP = 0.50 (±0.02) IS. At a given place and time, IP

(and the associated photon flux of PAR) depends on earth-sun geometry 
and state of the atmosphere. In the tropics IP varies little from month to 
month. Subtropical regions with limited cloud cover receive more solar ra-
diation annually than many tropical locations, and have a modest seasonal 
cycle. While annual totals are smaller at midlatitudes than they are in the 
tropics, monthly totals of IP at midlatitudes in summer can be larger than 
they are at tropical locations. 

Only the fraction of IP absorbed by a crop (aP,crop) can be used for crop 
photosynthesis, so the product aP,crop IP places an upper limit on the amount 
of crop photosynthesis possible. The remainder of IP is reflected up to the 
sky (rP,sky IP) or absorbed by weeds or soil (aP,noncrop IP). For a sparse can-
opy, aP,crop is small, but for a healthy, dense, weed-free crop canopy, it 
might be about 0.93 (corresponding to rP,sky  0.06 and aP,noncrop  0.01). 

from sexually compatible plants, can be spliced into a crop’s DNA. More-
over, genes might be improved by site-directed mutagenesis. 

lated to yield under favorable conditions and other genes related to stress 
tolerance or avoidance (Evans and Fischer 1999). While improving yield 
potential is the focus herein, improving avoidance or tolerance of abiotic 
and biotic stresses is also critical to overall crop genetic improvement. In 
this regard, it is important that increased yield potential may enhance yield 
in stressful environments (Richards 2000). 

This chapter suggests tactics, based in part on the possibilities of genetic 
engineering, for closing the gap between potential yield and yield poten-
tial. Photosynthesis is emphasized because a large fraction of the possible 
gain in yield potential is associated with greater photosynthesis, but im-
provements to any of items (a)–(f) might enhance yield potential. 

An idea underlying the yield potential concept is that there are genes re-
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Fig. 2.1. (a) American Society for Testing and Materials G173-03 reference global solar 
spectral irradiance beneath the 1976 U.S. Standard Atmosphere with air mass = 1.5 (from 
http://rredc.nrel.gov/solar). This spectrum does not apply to any specific time or place. Dips 
in the spectrum are caused by atmospheric absorption. (b) Spectral photon flux density de-
rived from (a), with the 400–700 nm wave band hatched. There are about 4.6 μmoles of 
photons per joule in the 400–700 nm wave band [energy in a photon (E, J) is given by E = 

Some of aP,crop IP is absorbed by entities other than photosynthetic pig-
ments and is thus not available for photosynthesis. That fraction can be 
called inactive absorption as contrasted with active absorption by photo-
synthetic pigments. Inactive absorption might account for 10% of absorbed 
PAR in green leaves (Seybold 1933); the fraction in whole crops is poorly 
quantified. Reducing inactive absorption could enhance photosynthesis. A 
tactic is to quantify inactive absorption in crop leaves, determine if it is 
beneficial or unavoidable, and if not, reduce that absorption. 

Although the 400–700 nm wave band is usually used to define the limits 
of PAR, photons with wavelength shorter than 400 nm can drive photosyn-
thesis, but the epidermis usually absorbs them before they reach chloro-
plasts (McCree 1981). If epidermal transmittance of 330–400-nm photons 
could be increased without detriment to a crop, the PAR wave band for 
that crop would be increased. The potential increase in photosynthesis 
might be a few percent (see McCree and Keener 1974). 

hc/�, where h is the Planck constant (662.6 × 10–36 J s), c is speed of light (299.8 Mm s–1), 
and � is wavelength (m)]. (c) Relative photosynthesis (CO2 uptake) per photon (in 25-nm 
intervals) incident on leaves of eight field-grown crop species. Bars show minimum, mean, 
and maximum values among the species (tabulated in McCree 1972) 
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Whole-season photosynthesis and yield are related to whole-season 
PAR absorption, which depends on canopy duration (Watson 1958; 
Shibles and Weber 1965; Warren Wilson 1967; Monteith 1977; Lawlor 
1995). Factors that can increase whole-season PAR absorption are rapid 
emergence and leaf expansion to cover the ground early in a crop cycle 
(leaf growth rate may be limited by low temperature early in the season) 
and increased leaf and canopy longevity. Rapid leaf expansion would be at 
the expense of leaf thickness. This might reduce early-season photosynthe-
sis per unit leaf area, but it would normally be offset by increased photo-
synthesis per unit ground area. Traits for rapid leaf growth and PAR inter-
ception were discussed by Richards (2000). 

Breeding for longer leaf duration apparently contributed to greater yield 
potential in several crops (Evans 1993; Tollenaar and Wu 1999), and du-
rum wheat mutants with delayed leaf senescence out-yielded their parental 
line in a glasshouse environment1 (Spano et al. 2003). Effects of delayed 
leaf senescence on yield may be particularly important during grain and 
tuber filling periods. There is genetic variation in leaf longevity in crop 
species, and lengthening canopy duration may be the simplest way to in-
crease whole-season photosynthesis through genetic changes (Richards 
2000). A potential tradeoff exists between delayed leaf senescence and 
crop nitrogen use. Maintaining green leaves with large protein contents to 
the time of crop maturity implies significant nitrogen in crop residue. This 
can be thought of as inefficient nitrogen use. 

Where cold winters occur (i.e., locations with extended periods of mean 
24-hour temperature below about 10 °C, corresponding roughly to lati-
tudes greater than 30°), crop growth is limited to summers. A goal for such 
locations is to grow and maintain a healthy canopy during as much of the 
summer as possible, which corresponds to the period of greatest IP. Where 
all or most of the year is favorable for crop growth (i.e., locations that are 
warm year-round without significant dry periods, or that are irrigated), 
most of the annual integral of IP can be used for crop photosynthesis by (a) 
using crops such as sugarcane or sugarbeet that can grow up to a full year 
before harvest, or such as alfalfa, which can be harvested repeatedly, or (b) 
planting a series of crops on the same land during a year. The latter may 
depend on early maturity by each crop in the series rather than extended 
growth duration (Evans and Fischer 1999; Dobermann 2000). 

                                                     
1 Glasshouse experiments can provide important insight into relationships between 

crop physiology, genetics, and yield. To relate genetic changes to yield poten-
tial, however, field trials that include the highest-yielding cultivars are required. 
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3. Quantum requirement for photosynthesis 

The number of photons of PAR that must be absorbed to assimilate a 
molecule of CO2 is the quantum requirement for photosynthesis. The num-
ber of photons of PAR absorbed by a crop, divided by the quantum re-
quirement, is the maximum amount of photosynthesis possible. The mini-
mum theoretical quantum requirement is therefore a central aspect of the 
determination of potential yield. It differs between C3 and C4 crops2.

The inverse of the quantum requirement is called quantum yield. 

3.1 C3 photosynthesis 

A commonly stated theoretical minimum quantum requirement for C3 pho-
tosynthesis is eight photons per CO2 molecule. This is based on (a) opera-
tion of the Q-cycle in chloroplasts (Berry and Rumberg 1999); (b) trans-
port of four protons through a chloroplastic ATP synthase per ADP 
phosphorylated (Pänke and Rumberg 1997); (c) use of two NADPH and 
three ATP in the reductive pentose phosphate cycle (RPPC) per CO2 as-
similated [(a) and (b) together imply that exactly eight photons can reduce 
two NADP+ and phosphorylate three ADP]; and (d) fructose 6-P as end 
product. But fructose 6-P is not the end product of photosynthesis. Assimi-
lated carbon is not accumulated or transported in that form. Rather, su-
crose, starch, raffinose, and related compounds are the main end products. 

To synthesize sucrose from fructose 6-P, 0.083 UTP (taken to be 
equivalent to 0.083 ATP) are needed per carbon. To produce raffinose and 
starch, 0.11 and 0.17 ATP/carbon are needed, respectively. Cyclic photo-
phosphorylation might supply that ATP with a stoichiometry of two pho-
tons per ATP (i.e., assuming transport of two protons across a thylakoid 
membrane per photon absorbed by that thylakoid and a four proton re-
quirement for ADP phosphorylation). A theoretical minimum quantum re-
quirement for C3 photosynthesis is thus 8.17 photons/CO2 with sucrose as 
end product. This would represent about 26.5% efficiency of PAR use3.

                                                     
2 The C3 crops include alfalfa, barley, cassava, chickpea, clover, coconut, cotton, 

cowpea, faba bean, field bean, flax, oat, palm, pea, peanut, pigeonpea, rapeseed 
(canola), rice, rubber, ryegrass, soybean, sugarbeet, sunflower, wheat, and yam. 
The C4 crops include amaranth, maize, millet, sorghum, and sugarcane. 

3 With 4.6 mol photons MJ–1 in the PAR wave band (Fig. 2.1), 8.17 mol photons 
(PAR) contain 1.776 MJ. Sucrose contains 0.470 MJ (mol C)–1, and 0.470/1.776 

 0.265. The other 1.306 MJ in PAR would be converted to some combination 
of sensible heat and latent heat. 
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A key property of the C3 photosynthesis carboxylating enzyme ribulose-
1,5-P2 carboxylase/oxygenase (rubisco) is that CO2 and O2 are competitive 
substrates. Rubisco’s oxygenase activity initiates photorespiration. With a 
closed cycle of photorespiration (including regeneration of ribulose 1,5-P2

from 3-phosphoglycerate) each oxygenation catalyzed by rubisco results in 
the release of 0.5 CO2, the use of 3.4 ATP, and the oxidation of two 
NADPH equivalents (i.e., one NADPH and two reduced ferredoxin). The 
CO2 release represents a loss of solar energy previously converted into 
chemical bonds. Eight photons can produce two NADPH and three ATP 
(as above), but additional energy is needed for the “extra” 0.4 ATP per 
oxygenation. Using cyclic photophosphorylation, 0.8 mol photons can 
produce 0.4 mol ATP (as above), so a theoretical minimum quantum re-
quirement by the photorespiratory cycle is 8.8 photons per oxygenation 
(17.6 photons per CO2 released). 

The relative rates of ribulose 1,5-P2 oxygenation (vo) and carboxylation 
(vc), with each reaction being catalyzed by rubisco, determines the theo-
retical quantum requirement for net CO2 assimilation by C3 photosynthesis 
as follows: quantum requirement = 0.17 + (8vc + 8.8vo)/(vc – 0.5vo). This 
applies to sucrose as the end product. The ratio vo/vc, and therefore quan-
tum requirement, is positively related to temperature and negatively related 
to [CO2] (Fig. 2.2). 

Fig. 2.2. (a) Theoretical quantum requirement for C3 photosynthesis producing sucrose 
(—) as a function of temperature for three ambient [CO2]s with only active absorption of 
PAR. The lines indicate the balance of rubisco-catalyzed carboxylations and photorespira-
tory decarboxylations. The 270 ppm [CO2] corresponds to the preindustrial atmosphere, the 
380 ppm [CO2] corresponds to the contemporary atmosphere, and 700 ppm is a possible 
atmospheric [CO2] 90–100 years in the future. A typical ratio of intercellular to ambient 
[CO2]s in C3 leaves was assumed (i.e., 0.7). The dashed line (- - -) is the theoretical mini-
mum quantum requirement without photorespiration (i.e., 8.17 photons/CO2). (b) Theoreti-
cal ratio of rubisco oxygenations to carboxylations (vo/vc) for conditions as in (a)

.
 The frac-

tion of CO2 assimilated that is subsequently released by photorespiration is 0.5vo/vc

.
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3.2 C4 photosynthesis 

The C4 system involves specialized leaf anatomy and adds biochemical re-
actions (i.e., C4 cycles) upstream of the RPPC. The system acts to concen-
trate CO2 in bundle sheath cells, the location of rubisco in C4 leaves. This 
greatly reduces photorespiration in C4 leaves. Three types of C4 photosyn-
thesis are usually distinguished, based on the enzyme releasing CO2 from 
the C4 cycle within bundle sheath cells, though the differences between 
types are not absolute (Leegood 2002). Those enzymes are NADP-malic 
enzyme (NADP-ME), NAD-ME, and phosphoenolpyruvate carboxykinase 
(PCK). Maize, sorghum, and sugarcane are NADP-ME-type C4 crops. 

All three types of C4 photosynthesis involve coordinated activities and 
interconnections between mesophyll cells (where CO2 is assimilated in the 
C4 cycle) and adjacent bundle sheath cells (where the C4 cycles release CO2

and where the RPPC takes place) that encircle leaf veins. The C4 bundle 
sheath system is known as Kranz (wreath or ring) anatomy. 

The C4 system requires the production of two NADPH and three ATP 
per CO2 assimilated in the RPPC (as for C3 photosynthesis), and two more 
ATP per CO2 moving through the C4 cycle. The “extra” ATP might come 
from cyclic photophosphorylation, in the ratio 0.5 ATP/photon (as above), 
so absorption of four photons could supply the two extra ATP for the C4

cycle. To synthesize sucrose from CO2 with the C4 system would therefore 
require a minimum of 12.17 photons/CO2. Some CO2 leakage from the 
bundle sheath occurs, however, so the C4 cycle operates more rapidly (C4

overcycling) than the RPPC. The amount of C4 overcycling in C4 crop spe-
cies may be of order 0.15 (i.e., 15%) (Hatch et al. 1995), increasing the 
theoretical quantum requirement of order 0.6 photons/CO2.

As distinct from C3 photosynthesis, the quantum requirement for C4 pho-
tosynthesis is largely insensitive to [CO2] and temperature. 

3.3 Comparing C3 to C4 and potential to actual 

Although C3 photosynthesis without photorespiration has a smaller quan-
tum requirement than C4 photosynthesis, once vo/vc exceeds about 0.35 in a 
C3 leaf, the theoretical quantum requirement for C4 photosynthesis be-

Observed (i.e., measured or apparent) quantum requirements for CO2

uptake in unstressed C3 leaves are larger than theoretical values. For exam-
ple, sunflower leaf quantum requirement measured in low light (where ef-
ficiency is highest) was about 11.5 photons/CO2 when photorespiration 
was suppressed by low [O2] or high [CO2] (Table 2.2). This is considerably 

2

comes superior (Table 2.1). This may occur around 25 °C (Fig. 2.2). 

larger than the theoretical value of about 8.2 photons/CO .  Observed 
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Observed quantum requirements exceed theoretical ones in part because 
of inactive absorption. With 10% inactive absorption, a theoretical quan-
tum requirement of 8.2 photons/CO2 (about the minimum for C3 photosyn-
thesis) increases to 9.1 photons/CO2. Similarly, a 13.1 photon/CO2 theo-
retical value (C4 photosynthesis with 10% overcycling; Table 2.1) would 
increase to 14.6 photons/CO2 with 10% inactive absorption. Also, crop 
photochemistry is not 100% efficient, and the two photosystems are 
unlikely to be perfectly coordinated, both of which contribute to differ-
ences between potential and actual quantum requirements. 

The use of photosynthetically produced NADPH and ATP to support 
processes in addition to CO2 assimilation can also affect the measured 
quantum requirement. An example is daytime NO3 assimilation in leaves. 
Effects of light-driven NO3 assimilation on measured quantum requirement 
will vary among crops (i.e., depending on how much NO3 a species assimi-
lates in irradiated leaves), developmental stage, environmental conditions, 
and the products of NO3 assimilation (see, e.g., Noctor and Foyer 1998). 

Table 2.1. Theoretical minimum quantum requirements for C3 and maize-type C4

System vo/vc of rubisco 
[oxygenations per car-
boxylation]

C4 overcycling 
[fraction]

Quantum requirement 
[photons/CO2]

C3 0.00a – 8.2
 0.10 –  9.5 
 0.20 – 11.0 
 0.30 – 12.7 
 0.35 – 13.6 
 0.40 – 14.6 
 0.60 – 19.1 

C4 0.00a 0.0b 12.2
 0.04c 0.0b 12.7
 0.04c 0.1 13.1 
 0.04c 0.2 13.5 
 0.04c 0.3 13.9 
 0.04c 0.5 14.7 
aThe theoretical lower limit for vo/vc is zero (i.e., no photorespiration). 
bPotential value if CO2 leakage from bundle sheaths was reduced to zero. 
cC4 plants carry out limited photorespiration; the 0.04 value was chosen as repre-
sentative (e.g., de Veau and Burris 1989; Jenkins et al. 1989).

photosyntheses (synthesis of sucrose with only active absorption of PAR). 

quantum requirements in C4 leaves also exceed theoretical values, even   
after allowing for overcycling of 0.2 (20%) (compare Tables 2.1 and 2.2). 
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Table 2.2. Measured leaf-level quantum requirements for C3 and C4 photosynthe-

Plant(s) Quantum requirement 
[photons/CO2]

Data
sourcea

C3 (normal photorespiration)
Oat and barley (16 °C) 13.7 A
Sunflower (20 °C) 13.9–14.3 B 
Nine grasses (30 °C) 17.9–19.2 A 

C3 (suppressed photorespiration)
Sunflower (20 °C) 11.5–11.6 B
Eleven species (28 °C) 10.2–11.2 C 

C4   
Eight NADP-ME-type grasses (30 °C) 14.5–16.4 A 
Three NAD-ME-type grasses (30 °C) 16.4–16.7 A 
Five PCK-type grasses (30 °C) 14.9–16.7 A 

aA, Ehleringer and Pearcy (1983); B, Sharp et al. (1984); C, Long et al. (1993). 

The use of photosynthetic NADPH and ATP to assimilate NO3 instead 
of CO2 during daytime in leaves should not be considered an inefficiency 
of photosynthesis, but rather an alternative, beneficial use of absorbed 
PAR. Nonetheless, it is not quantified by CO2 uptake measurements. 
Herein, the metabolic cost of NO3 assimilation is considered part of the 
substrate requirement for biosynthesis (section 6); i.e., it is considered 
separately from photosynthesis, even though it may not be so in reality. 

Light saturation also increases apparent quantum requirement, often 
dramatically. For individual C3 leaves that develop in full sun, photosyn-
thesis can approach light saturation at 15–25% of full sun. Electron trans-
port or carbon metabolism reactions may be near their capacities then. 
Transport of assimilated carbon out of leaves might also be near its capac-
ity then, which has the potential to cause feedback inhibition of photosyn-
thesis. No matter what causes light saturation of C3 photosynthesis, it re-
sults in a significant increase in the number of photons absorbed per CO2

molecule assimilated at moderate to high light in isolated C3 leaves. Light 
saturation  also occurs  in  C4  leaves,  but  the  light  levels  required  are 
higher. This gives a potential advantage to C4 photosynthesis with high IP

(Fig. 2.3). 
Because crop canopies are not usually composed of horizontal leaves, 

whole-crop photosynthesis is light-saturated only at much higher IP, and 
even then the degree of light saturation can be weak (Loomis and Connor 
1992).

ses (in low light, including any inactive absorption of PAR). 
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Fig. 2.3. Generalized light response curves on an absorbed photon (PAR) basis for CO2 as-
similation (photosynthesis less photorespiration, but without respiration) by a C3 and a C4

leaf. The initial slopes correspond to quantum requirements of 15 photons/CO2 for both the 
C3 and C4 leaves. The dashed lines indicate CO2 uptake rates for constant quantum require-
ments (qr) of 8 (a minimum for C3 photosynthesis), 12 (a minimum for C4 photosynthesis), 
15, 25, 40, and 70 photons/CO2. Unshaded horizontal leaves under clear skies can absorb as 
much as 1750 μmol photons (PAR) m–2 (leaf) s–1

4. Improving photosynthesis 

4.1 More rubisco or better rubisco in C3 crops 

If more rubisco — and other photosynthetic enzymes — can be added to 
C3 leaves it might allow faster photosynthesis in high light. It might also 
increase the supply of nitrogen (via mobilization) to growing storage or-
gans during grain or tuber filling periods. This would require greater nitro-
gen uptake and assimilation, and might require increased nitrogen avail-
ability. But even if more nitrogen can be assimilated, there may be limits 
on how much additional photosynthesis could be obtained in this way. 
Rubisco contains 20–30% of the nitrogen in C3 crop leaves, and even more 
in rice (Evans 1989). It typically accounts for half the soluble protein in 
leaves, and whether much more rubisco could be added to leaves of well-
managed crops is unresolved. It was even suggested that there may not be 
physical capacity to add more rubisco to some leaves (Zhu et al. 2004). 

Improving existing rubisco is another possibility for enhancing photo-
synthesis. Rubisco is an inefficient catalyst of CO2 assimilation because of 
its slow turnover number (kcat; a few per second per catalytic site) and low 
affinity for CO2. In the present atmosphere, it catalyzes oxygenation of 
ribulose 1,5-P2 about 20–60% as rapidly as it catalyzes its carboxylation 
(Fig. 2.2). This is characterized by the rubisco specificity for CO2 relative 

 at midday.
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to O2, symbolized by � and equal to (VC,maxKO)/(VO,maxKC). VC,max is the 
maximum rate of carboxylation, VO,max is the maximum rate of oxygena-
tion, KO is the Michaelis-Menten constant with respect to dissolved O2, and 
KC is the Michaelis-Menten constant with respect to dissolved CO2. 

An improved rubisco would assimilate more CO2 per unit mass of 
rubisco per unit time. Rubiscos from different organisms have (slightly) 
different amino acid sequences and different properties, including values 
of � and kcat. For example, rubiscos from some red algae (Uemura et al. 
1997) have much greater � than found in crops, and C4 species generally 
have more efficient rubiscos than C3 species. Increased � would reduce 
quantum requirement and increase C3 photosynthesis by reducing photo-
respiration and increasing the rate of carboxylation, even without a change 
in kcat. A doubling of �, brought about by increasing VC,max and decreasing 
VO,max with no change in their sum, might increase wheat leaf photosynthe-
sis 20% at 20 °C (Austin 1999). The effect on whole-season photosynthe-
sis could be larger. Faster early-season photosynthesis might increase leaf 
growth and accelerate canopy closure, thus increasing PAR absorption. 

For any given �, faster kcat could stimulate photosynthesis in high light if 
cofactors such as Pi were supplied rapidly enough and feedback inhibition 
of photosynthesis was avoided. The combination of large � and fast kcat 
would be most beneficial, but unfortunately, � and kcat are inversely related 
across many rubiscos found in nature, including in red algae (Uemura et al. 
1997; Spreitzer and Salvucci 2002). Nonetheless, using combinations of � 
and kcat observed in nature, simulation modeling indicated that daily crop 
CO2 assimilation might be increased 27% simply by replacing the “average 
C3 crop rubisco” with the same amount of rubisco from a nongreen-alga, 
and by 12–17% with rubiscos from C4 plants (Zhu et al. 2004). 

A complication for engineering an improved rubisco is that it is com-
posed of eight large subunits (each of which has a catalytic site) coded for 
in the chloroplastic genome and eight small subunits coded for in the nu-
clear genome. Assembling modified subunits in chloroplasts has so far met 
with difficulty (Parry et al. 2003). The catalytic-site amino acids appear to 
be conserved and required for maximal activity, implying that engineering 
an improved rubisco would require non-catalytic-site changes. Also, if a 
single amino-acid substitution in rubisco could improve photosynthesis, it 
probably would have been selected already during evolution or created by 
humans, so it appears that improving rubisco would require multiple 
changes, perhaps optimized across the whole enzyme complex (Spreitzer 
and Salvucci 2002). Moreover, the absence of known rubisco mutants with 
reduced or eliminated oxygenase activity implies that oxygenase activity 
may be an unavoidable consequence of the reaction mechanism of car-
boxylation (Leegood 1999). Photorespiration might even benefit a crop 
during some stresses (see below). 
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4.2 Photoinhibition and photoprotection 

Photoinhibition is a reduction of photosynthesis caused by absorption of 
excess light. It is attributed to thylakoid damage (e.g., damage to the pho-
tosystem II reaction center D1 protein) or various “protection” processes 
(Sage and Reid 1994). Distinguishing effects of actual damage from 

An aggressive tactic for enhancing crop photosynthesis might be to ex-
press a high-� rubisco in lower (shaded) leaves and a high-kcat rubisco in 
upper (sunlit) leaves, obtained from existing organisms such as algae. A 
high-�, fast-kcat rubisco remains the ultimate target for improvement. While 
improving rubisco will be difficult, the prospects going forward were 
judged to be “excellent” by Spreitzer and Salvucci (2002), and Parry et al. 
(2003) wrote that introducing a high-� rubisco “into crop plants remains a 
realistic goal”. The record on human improvement of rubisco in crops is 
meager, however, and it might be judged that the probability of signifi-
cantly increasing yield potential by improving rubisco will be low during 
the next decade or two. 

Improvements might also be made to factors affecting present rubisco. 
Rubisco activase promotes and maintains the catalytic capacity of rubisco. 
It reacts with large subunits near their catalytic sites (possibly encircling 
rubisco as an oligomer), and requires ATP hydrolysis, probably to drive 
rubisco conformational changes (Portis 2003). The effect of that ATP con-
sumption on the quantum requirement depends on the unknown (perhaps 
variable) ratio of ATP hydrolyzed to activate rubisco per CO2 assimilated 
by rubisco. At high temperature, rubisco activation by activase may not 
keep pace with rubisco deactivation, possibly limiting photosynthesis 
above about 30 °C.  Increasing  activity or stability of rubisco activase at 
higher temperature might therefore improve the operation of existing 
rubisco (Crafts-Brandner and Salvucci 2000). Moreover, any engineered 
change to rubisco may require co-modification of rubisco activase to main-
tain proper interaction between the two (Spreitzer and Salvucci 2002). 

Although the ongoing increase in atmospheric [CO2] is partly compen-
sating for rubisco’s low �, that [CO2] increase is slow (atmospheric [CO2] 
is now about 380 ppm, increasing about 1.8 ppm/year [Keeling and Whorf 
2005]). Modifying rubisco to improve its kinetics should therefore remain 
a goal. In addition, because [CO2] inside chloroplasts can be considerably 
less than [CO2] in intercellular spaces, increasing the mesophyll conduc-
tance (i.e., transfer of CO2 from intercellular spaces into chloroplasts) 
could effectively increase CO2 supply, reduce photorespiration, enhance 
photosynthesis, and increase yield potential. 



Improving photosynthesis and yield potential      39 

sis. In moderately stressed plants, photoprotection may dominate over thy-
lakoid damage (Demmig-Adams and Adams 1992), but each increases the 
quantum requirement for photosynthesis. 

It is unclear if photoprotection is commonly needed in healthy crops. 
Young crops with horizontal leaves, or old leaves that become horizontal 
(Murchie et al. 1999), might be most vulnerable to photodamage. But 
within developed canopies, leaves are generally not perpendicular to the 
solar beam, limiting the excess radiation they absorb. Moreover, field 
crops are “sun” plants, whereas photoinhibition is generally a problem for 
“shade” leaves. Under stress conditions (e.g., limited soil moisture) photo-
damage might be common in crops, but the photodamage may be secon-
dary to the stress itself in terms of increased quantum requirement. 

If photoprotection is needed and induced in crops, but it persists longer 
than needed, accelerating the recovery from photoprotection could enhance 
photosynthesis. The xanthophyll photoprotection system, for example, can 
be induced by a brief high-light stress but then remain active for hours. 
More rapid recovery may be desirable, and some higher-yielding rice cul-
tivars may be able to more rapidly recover from artificially induced 
photoinhibition than traditional cultivars (Wang et al. 2002). It remains un-
clear, however, whether that faster recovery is related to yield potential. If 
the recovery rate is important to yield potential, it should be increased, 
perhaps by genetically modifying the xanthophyll cycle. With respect to 
engineering changes to C3-crop rubisco, it is important that photorespira-
tion has the potential to reduce or delay photoinhibition when intercellular 
[CO2] is low (e.g., when stomates close because of water deficit). The de-
gree of protection, however, may be modest (Björkman and Demmig-
Adams 1994), and because crop mutants with reduced rubisco oxygenase 
capacity are not known to exist, it is impossible to determine whether 
rubisco’s oxygenase activity per se is beneficial or required by C3 crops. 

Yield gains in some crops apparently have been related in part to in-
creased stomatal conductance, which allows greater evaporative cooling 
and CO2 uptake (e.g., Radin et al. 1994; Fischer et al. 1998; Morrison et al. 
1999). Greater conductance can reduce the incidence of photodamage in 
crops (Wang et al. 2005), a trait most relevant to well-watered fields. 
Greater conductance might also be indicative of greater photosynthesis, 
perhaps caused by greater sink activity in newer cultivars (see discussion 
in Richards 2000). 

effects of protection mechanisms is difficult because both slow photosynthe-
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4.3 Leaf angle 

Leaf elevation angles that both minimize high incident irradiance on indi-
vidual leaves and maximize PAR absorption per unit ground area are best. 
For leaf area index (LAI) less than about two, horizontal leaves may maxi-
mize photosynthesis per unit ground area (Loomis et al. 1967). For high 
LAI (>4), erect leaves can increase photosynthesis by reducing light satu-
ration (and possibly reducing photoinhibition) in the top of the canopy and 
enhancing photosynthesis lower in the canopy. In principle, this increases 
the amount of leaf area carrying out efficient (i.e., not light-saturated) pho-
tosynthesis and reduces whole-crop quantum requirement. This effect is 
expected to be largest with high solar elevation, such as during summer or 
at low latitude (Duncan 1971). 

Erect leaves also allow larger LAI by preventing lower leaves from be-
ing shaded to the point of senescence, perhaps by keeping daily photosyn-
thesis greater than daily maintenance respiration. This allows greater plant 
density, which can enhance yield (Loomis et al. 1967; Duvick 2005). The 
high LAI possible with erect leaves also increases potential for nitrogen 
storage in leaves per unit ground area. Because grain crops use leaves as a 
nitrogen source during grain filling, a large LAI can enhance late-season 
nitrogen supply to growing seeds (Sinclair and Sheehy 1999). Genes for 
upright leaves are already in the major cereal crops (Reynolds et al. 2000; 
Richards 2000), but in other crops there is scope for engineering more 
erect leaves. 

5. Maintenance requirement 

Living cells require energy for maintenance, and crops obtain that energy 
from photosynthate. Processes thought to be quantitatively important to the 
energy cost of crop maintenance include replacement of degraded proteins 
resulting from their spontaneous breakdown; active transport of metabo-
lites across membranes to counteract “leaks” (i.e., gradient maintenance); 
active processes involved in acclimation to environmental changes, such as 
the replacement of one complement of enzymes with another that is better 
suited to a new environment; and repair of cellular damage by, for exam-
ple, oxidants in the environment or produced by the plant. 

Turnover of biosynthetic enzymes and RNA associated with growth is 
called “tool maintenance”. This is distinguished from other maintenance 
processes, which are collectively called “structure maintenance” (Penning 
de Vries et al. 1974). “Maintenance” in this section refers to structure 
maintenance; tool maintenance is part of the substrate requirement for bio-
synthesis (next section). “Maintenance respiration” is the CO2 (and heat) 
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released by maintenance processes and by respiratory processes supplying 
ATP, NAD(P)H, or carbon skeleton intermediates to the maintenance 
processes (Penning de Vries 1975). 

Rates of maintenance processes are dynamic, affected by both develop-
mental changes in the crop and changes in the environment. Maintenance 
respiration rate is probably most strongly related to the amount of proto-
plasm and to temperature. Maintenance processes are slow in cell walls 
because those structures do not undergo turnover. Maintenance processes 
are also probably slow in seeds and tubers because macromolecular turn-
over and gradient losses are limited there (i.e., the products of biosynthesis 
in those organs are more stable than is vegetative-cell protoplasm). Shaded 
leaves too have generally slow rates of maintenance respiration, at least in 
comparison to leaves in high-light environments. One implication of in-
creasing protein amount in leaves is an increase in maintenance expendi-
tures for protein turnover, although the greater photosynthesis could out-
weigh the greater respiration. Maintenance may be faster in warm 
environments than cool ones, but some degree of acclimation of mainte-
nance processes to prevailing temperature is to be expected. Hence, accli-
mation and adaptation will presumably limit (or eliminate) effects of grad-
ual global warming (associated with increasing atmospheric [CO2]) on crop 
maintenance processes. 

Experimental data and theoretical calculations indicate that maintenance 
of vegetative tissue, at moderate temperature, consumes photosynthate at a 
rate equivalent to at least 1% of the energy content of existing biomass 
each day (Penning de Vries 1975; Amthor 2000). Estimates are imprecise, 
but over a crop cycle, maintenance respiration may about equal growth 
respiration, so an engineered reduction in maintenance respiration might 
increase growth (Amthor 1989; Loomis and Amthor 1999). 

Across different selections of perennial ryegrass, mature-leaf respiration 
rate (one empirical measure of maintenance respiration rate) was nega-
tively correlated with forage production (Wilson 1975, 1982). Causes of 
the correlation remain unclear, and the correlation can disappear when the 
plants are grown at low density (Kraus 1992). A negative correlation be-
tween mature-leaf respiration rate and biomass production was also ob-
served in different maize hybrids, but the cause of that correlation and 
whether differences in maintenance contributed to growth differences is 
also unclear (Earl and Tollenaar 1998). These results hint that there may be 
variation in maintenance respiration that can affect growth, but this is still 
unproven. In any case, an ideal crop would carry out only essential main-
tenance and it would do so with efficient metabolism. It would minimize 
spontaneous breakdown of macromolecules and metabolite gradient losses. 
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It is thus important to establish if (a) all existing maintenance processes 
are necessary in well-managed crops, (b) existing maintenance processes 
are efficient, and (c) respiration provides maintenance energy efficiently. 
A minimum energetic cost of turnover of a unit of protein can in principle 
be calculated (Amthor 2000), but without information on the minimum 
amount of turnover required in high-yielding crops, it is impossible to es-
timate the corresponding minimum energy requirements for that minimum 
required protein turnover. The same is true for metabolite gradient mainte-
nance and acclimation to environmental variation. In the absence of suffi-
cient understanding of the optimal rates and maximum potential efficien-
cies of required maintenance processes, a theoretical minimum 
maintenance requirement cannot be calculated. Nonetheless, maintenance 
is essential, and a speculative value of 15% of photosynthesis is adopted 
herein as the substrate requirement for minimum whole-plant maintenance 
needs. In consideration of the lower leaf-protein concentration in C4 crops, 
the speculative minimum for C4 crops is 12% of photosynthesis. 

One consideration is that rapid rates of maintenance processes may be 
important to survival and reproductive success in complex and dynamic 
environments. For example, frequent and rapid physiological acclimation 
to both environmental fluctuations and the dynamics of interspecies com-
petition may be critical in natural environments. That frequent and rapid 
acclimation might depend on rapid background maintenance processes. In 
well-managed monocultures, however, extensive and frequent acclimation 
processes may be unnecessary. It is unclear whether past crop selection 
and breeding reduced the rate, or increased the efficiency, of maintenance 
processes to their optima for a crop’s environment. If they have not, ge-
netic improvement is possible, but the potential for any such improvement 
will remain unknown until more information about optimal and actual 
maintenance processes in crops is obtained. 

6. Substrate requirement for biosynthesis 

The substrate requirement for biosynthesis is the amount of photosynthate 
needed to grow a unit of new biomass. This means that an upper limit on 
the amount of growth possible is the time-integrated amount of photosyn-
thesis, minus the substrate requirement for maintenance, with the result di-
vided by the substrate requirement for biosynthesis. 

Biosynthesis includes catabolic and anabolic phases. The catabolic 
phase breaks down photosynthate to produce carbon-skeleton intermedi-
ates, reduce NAD+ and NADP+, and phosphorylate ADP. The anabolic 
phase combines carbon-skeleton intermediates into the macromolecules of 
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biomass, using the NAD(P)H and ATP provided by the catabolic phase. In 
addition to photosynthate, soil minerals are needed for biosynthesis, espe-
cially nitrogen, which must be reduced for incorporation into biomass. The 
CO2 released during biosynthesis of new biomass is called “growth respira-
tion”. Most of that CO2 release is associated with the catabolic phase of 
biosynthesis, but some anabolic pathways also release CO2.

Because rapid growth requires rapid growth respiration, slower intrinsic 
respiration could reduce yield potential. The target for yield-potential im-
provement is reduced substrate requirement in combination with rapid bio-
synthesis (and therefore rapid growth respiration). 

The theoretical minimum substrate requirement for biosynthesis is cal-
culated by tracing the most efficient pathways from photosynthate to the 
components of biomass (Penning de Vries et al. 1974, 1983). The major 
components are structural and storage carbohydrates, proteins, lignins, lip-
ids, and organic acids. The pathways are summed in proportion to biomass 
composition. Inputs of NAD(P)H and ATP to the pathways, and the 
amount of substrate catabolized to produce that NAD(P)H and ATP are in-
cluded. The metabolic cost of transporting carbohydrates, minerals, and 
other substrates from source organs to sites of biosynthesis is also in-
cluded, as is the cost of assimilating inorganic nitrogen. The chemical 
forms of photosynthate and nitrogen used, and composition of the biomass 
grown, are inputs to such calculations. 

Efficiency of biosynthesis is the inverse of substrate requirement. It can 
be expressed as either biomass (dry) formed per unit mass of substrate 
used, or as energy contained in the biomass formed per unit energy in the 
substrate used. The mass/mass ratio is most often used in crop science, but 
the energy/energy ratio is more relevant to assessing the efficiency of con-
verting solar energy into chemical bonds in new biomass. 

Theoretical efficiencies of converting photosynthate in sources into new 
biomass in storage organs vary from 0.40 to 0.85 kg kg–1 across a range of 
crops (see Fig. 2.4 for assumptions). The theoretical efficiency of energy 
use in growing those same storage organs is larger and less variable, i.e., 
covering the range 0.65–0.88 J J–1 (Fig. 2.4). Differences between crops 
arise from differences in their composition, including differences in protein 
concentration, which defines a nitrogen requirement for biosynthesis. For 
the organs in Fig. 2.4, the nitrogen concentration varied from about 0.5% 
(cassava) to over 6% (soybean), a more than 12-fold difference in amount 
of nitrogen that must be assimilated per unit mass of storage organ grown. 
Calculated energy contents ranged from 16.4 (sugarbeet) to 27.1 (peanut) 
kJ g–1. The high lipid concentrations in coconut, oil palm, cotton, sun-
flower, peanut, and soybean contributed to relatively low mass-based bio-
synthetic efficiencies. The range of compositions of the storage organs in 
Fig. 2.4 spans many possibilities, including values for most vegetative
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organs. Nonetheless, for new crops producing large amounts of novel com-
pounds, it is possible that theoretical substrate requirements (or potential 
biosynthetic efficiencies) would be outside the range considered here. 

Efficiency of substrate use for biosynthesis could be increased only to 
the extent that it is now less than its potential. Research in the 1970s and 
1980s indicated that biosynthesis in crops may be near the theoretical 
maximum efficiency allowed with known biochemical pathways (Penning 
de Vries et al. 1983). That research included uncertainty, however, and the 
actual efficiency of biosynthesis in crops in the field is imprecisely known. 

Fig. 2.4. Potential (theoretical) efficiency of biosynthesis (i.e., retention of energy or mass) 
of crop storage organs from sucrose. The organs are tubers and beets (cassava, sugarbeet, 
yam, potato), sugarcane shoot, fruits (coconut, oil palm), inflorescences with seeds (rice, 
sorghum, wheat, sunflower), maize cob (70% seed), cotton bole (35% lint), and pods with 
seeds (chickpea, pigeonpea, cowpea, field bean, peanut, faba bean, soybean). Concentra-
tions of carbohydrates, proteins, lipids, lignins, organic acids, and minerals in the organs 
are based on Penning de Vries et al. (1983). Organs are arranged from left to right accord-
ing to increasing protein concentration. Substrate requirements for biosynthesis of each 
class of biochemical are from Penning de Vries et al. (1983) and Amthor (2003) (for lign-
ins), with small modifications herein for carbohydrates. Tool maintenance estimates are in-
cluded, and 5% of the sucrose substrate is respired to provide energy to transport the re-
maining 95% from sources to growing cells in the storage organs. Minerals are supplied as 
needed, accounting for uptake cost (i.e., sucrose catabolism) in roots. Nitrogen is provided 

3 3 3

as part of “photosynthesis”, biosynthetic efficiency would increase, but the quantum re-
quirement for photosynthesis would increase too. Energy contents of biochemical fractions 
are based on Appendix. Different assumptions about organ chemical composition or path-
ways of biosynthesis would result in (generally small) differences in potential efficiencies. 
The dashed line (–  –  –) is for visual reference only. 

as NO  and estimated cost of NO  assimilation is included; if some NO  assimilation occurs 
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Recent theoretical work revealed potential for variation in the efficiency 
of biosynthesis of lignins with extant enzymes and pathways (Amthor 
2003), implying the possibility for genetic improvement, and the same 
could be true for other complex biomolecules. To determine if (and how 
much) improvement is possible for a specific product in a specific crop 
will require precise measurements of biosynthesis, substrate consumption, 
and the biosynthetic and respiratory pathways used. If efficiency is not 
maximal, it could become a target for improvement. 

7. Efficiency of PAR use by productive C3 and C4 crops: 
potential and actual 

Based on estimates of substrate requirement for biosynthesis and mainte-
nance thought to be representative, the so-called radiation-use efficiency 
(RUE; grams dry whole-plant biomass grown per joule PAR absorbed) 
was modeled for various quantum requirements for photosynthesis by 
wheat at midseason (Loomis and Amthor 1996). Results indicated that po-
tential RUEs would range from 2.3 to 8.6 g MJ–1 for quantum requirements 
ranging from 30 down to 10 photons/CO2, respectively.4

A summary of field measurements of wheat and barley indicated a mean 
actual RUE of about 3.0 g MJ–1, or 5.1% of energy in absorbed PAR for 
crops containing 17 kJ g–1 (Fischer 1983). A quantum requirement of 25 
photons/CO2 could explain that RUE (Loomis and Amthor 1996). Data on 
the “high side” of Fischer’s (1983) summary indicated that the best crops 
were about 6.5% efficient at converting absorbed PAR into chemical 
bonds in new biomass, corresponding to a quantum requirement of 20 pho-
tons/CO2 in the model crop (Loomis and Amthor 1996). 

A similar model analysis for maize resulted in potential RUEs ranging 
from 4.2 to 6.2 g MJ–1 for quantum requirements ranging from 18 down to 
14 photons/CO2, respectively (Loomis and Amthor 1999). The more lim-
ited range of quantum requirement was used because C4 quantum require-
ment is relatively insensitive to the environment and 14 photons/CO2 may 
represent a minimum achievable for C4-crop photosynthesis. 

A 5-year field study indicated a mean RUE of about 4.2 g (assumed here 
to be 10% roots) MJ–1 in well-managed maize (Lindquist et al. 2005). That 
corresponds to the 18-photon-photosynthesis model crop. For model bio-
mass containing 17.6 kJ g–1 (Loomis and Amthor 1999), such a crop would 
be 7.4% efficient at producing chemical bonds in new biomass from ab-
sorbed PAR. Data on the “high side” of Lindquist’s et al. (2005) summary 
                                                     
4 Loomis and Amthor (1996, 1999) used 4.4 mol photons MJ–1 (PAR) in their 

analyses. Results herein were recalculated using 4.6 mol MJ–1 (Fig. 2.1). 
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indicated RUEs of about 5.2 g MJ–1 (9.1–9.2% efficiency of converting ab-
sorbed PAR into biomass energy) during both vegetative and reproductive 
growth. An RUE of 5.2 g MJ–1 would correspond to a quantum requirement 
of 15.2 photons/CO2 in the model crop. That quantum requirement is 
within the range measured for individual C4 leaves in low light (Table 2.2; 
in the model crop, the cost of NO3 assimilation is part of the cost of 
growth, but in the measured leaves it might be part of photosynthesis). 

If the efficiency of biosynthesis is similar in C3 and C4 crops, but the ob-
served quantum requirement for photosynthesis is lower in C4 crops, then 
C4 crops should be more productive. (Also, maintenance requirement may 
be less in C4 crops because of a smaller protein concentration in leaves.) A 
summary of standing biomass (not yield) at harvest for highly productive 
crops supports this supposition [excluding published values likely to be er-
roneous; see Loomis and Gerakis (1975) and Monteith (1978)], with a 
qualification about latitude (Fig. 2.5). At latitudes greater than 50° (abso-
lute value), C3 crops have an apparent advantage, probably because C4

crops are more sensitive to low temperature than most C3 crops. 

Fig. 2.5. Estimated standing whole-plant biomass at harvest for high-productivity C3 (�) 
and C4 (�) crops as a function of latitude (absolute value) and season length (not all crops 
shown at left are shown at right and vice versa). Data sources are given in Cooper (1975), 
Loomis and Gerakis (1975), Loomis (1983), and Smith and Banta (1983). Also shown is 
the “Comet” soybean crop of Morrison et al. (1999), the 2001 maize crop of Lindquist et al. 
(2005), a good rice-rice-rice triple-crop at the International Rice Research Institute (�; KG 
Cassman pers comm), and a good rice-maize-maize triple-crop in East Java (�; A Dober-
mann pers comm). Total production exceeds values shown because biomass shed prior to 
harvest is excluded. Lines are drawn by eye to summarize the best C3 or C4 crops. Lines in 
the right panel are concave down in part because average IP is greater during summer at 
midlatitudes (about 120-d season) than during the whole year in the tropics 
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As indicated by Fig. 2.5, the best C4 crops have faster long-term (i.e., 
seasonal-average) growth rates than the best C3 crops. They also have 
faster short-term, peak growth rates (Loomis and Gerakis 1975; Monteith 
1978), at least in warm environments. 

The largest standing biomass production estimate in Fig. 2.5 is 10.2 kg 
m–2, for sugarcane growing all year (Irvine 1983)5. A sunny tropical site 
can receive 3500 MJ (PAR) m–2 annually, and a 10 kg m–2 sugarcane crop 
might contain 170–180 MJ m–2, implying about 5.0% efficiency of IP use 
averaged over the year. This efficiency is unremarkable compared to the 
shorter-term efficiencies from Fischer (1983) and Lindquist et al. (2005) 
above, although it is on an incident rather than absorbed PAR basis. 

Based on analysis above, there is large theoretical scope for improving 
3

crops. A canopy-scale quantum requirement for C3 photosynthesis as small 
as about 11 photons/CO2 can be contemplated based on reduced photores-

–1

photons (mol C)–1 / 4.6 mol photons MJ–1)  0.197 J {in sucrose} J–1

sorbed PAR}]. If the maintenance requirement consumes 15% of the en-
ergy in the sucrose product of photosynthesis, and 65–88% of the energy 
in the remaining sucrose can be retained in new biomass, then an upper 
limit on converting energy in absorbed PAR into chemical bonds in bio-
mass is 11–15%, depending on biomass composition. For whole wheat 
plants, the maximum theoretical efficiency of biosynthesis might be about 
0.79 J J–1, giving a potential efficiency of converting absorbed PAR into 
chemical bonds in new biomass of about 13%. This is twice the 6.5% effi-
ciency derived above for the best crops in Fischer’s (1983) analysis. 

The theoretical scope for improving the efficiency of solar energy use in 
C4 crops is smaller because (a) the minimum canopy-scale quantum re-
quirement of C4 photosynthesis is larger (probably about 14 photons/CO2)
and (b) C4 crops are already more productive than C3 crops. Based on com-
position of whole maize plants, the maximum theoretical energy-based ef-
ficiency of biosynthesis may be about 0.82 J J–1. Allowing for a 14-
photon/CO2 minimum canopy-scale quantum requirement and a minimum 
maintenance requirement of 12% of photosynthesis, the overall potential 
efficiency of converting energy in absorbed PAR into chemical bonds in 
new biomass would be about 11%. The measurements by Lindquist et al. 
(2005) indicate that well-managed maize may now be achieving more than 
80% of this potential. To significantly increase biomass accumulation by 

                                                     
5 Irvine (1983) estimated maximum annual sugarcane biomass production in two 

other experimental studies at 11.3 and 11.6 kg m–2.

 {in ab-

piration. This would allow nearly 20% efficiency of converting energy in 

the efficiency of converting absorbed PAR into chemical bonds in C

absorbed PAR into energy in sucrose [i.e.,  0.470 MJ (mol C) /(11 mol 
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such crops, it may be necessary to increase the amount of PAR absorbed, 
either through earlier canopy closure or longer canopy duration. 

It is noted that potential efficiencies above ignore unavoidable losses, if 
any, in processes such as leaf senescence, exudation from roots, and leach-
ing from leaves. Also, the maximum measured efficiencies apply to 
shorter-term periods; they do not, for example, apply to whole years. 

8. Engineering C3 crops to use C4 photosynthesis 

Because C4 crops are often more productive than C3 crops at present CO2

levels, it may be desirable to engineer C3 crops to use C4 photosynthesis. It 
is important, however, that increasing atmospheric [CO2] is reducing some 
of the C4 advantage, although that advantage is unlikely to disappear for 
many decades. It is also important that the maximum potential efficiency 
of solar energy use by C3 crops exceeds the potential by C4 crops, but if 
significant improvement to C3-crop rubisco remains unrealized, C4 photo-
synthesis may be preferred. This might not only increase photosynthesis, 
but could improve water-use efficiency. It could also reduce the nitrogen 
requirement for photosynthesis, though this could involve a drawback. Us-
ing rice as an example, Sheehy (2000) noted that the nitrogen content of C4

canopies can be insufficient to supply enough nitrogen for high grain yield, 
at least if root uptake of nitrogen is limited during grain filling. 

A number of approaches might be used to engineer C4 photosynthesis 
into C3 crops. They include (see Leegood 2002) introducing into C3 crops 
(a) the complete complement of metabolic reactions and structural charac-
teristics of C4 crops; (b) some form of a single-celled C4 system; (c) an in-
tracellular CO2-concentrating compartment, modeled after those found in 
some algae and cyanobacteria; or (d) a relocation of photorespiratory de-
carboxylation to the bundle sheath, modeled after that found in C3–C4 in-
termediate species. Expression of genes related to C4 photosynthesis in C3

plants can stimulate photosynthesis under some circumstances, but this has 
so far been unrelated to C4 photosynthesis per se (e.g., Ku et al. 2001). It is 
impossible to reliably estimate the length of time required to engineer C3

crops to use C4 photosynthesis, but it would probably be decades. 
In many cases it would be more expedient to modify existing C4 crops to 

produce new products than to convert C3 crops into C4 crops. Indeed, the C4

crop maize has advantages as a production system for industrial products 
(Stoger et al. 2005) and maize is already a major industrial crop. It has 
hundreds of nonfood/nonfeed product uses, though they are mostly related 
to grain starch. Production of different types of products, in desired quantities
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and purities, might require considerable research, but advances in ge-
netic engineering would presumably assist in some such efforts. 

Improving the low-temperature performance of C4 crops might allow 
expansion of their latitudinal range (global warming may contribute mod-
estly to future C4-crop range expansion too). The NADP-ME-type C4 plant 
Miscanthus × giganteus is relatively tolerant of low temperature and it 
might serve as a genetic resource for improving the low-temperature toler-
ance of C4 crops (Naidu and Long 2004). The time required to make such 
an improvement in C4 crops would perhaps be decades. 

9. Harvest index and sink activity 

A comprehensive definition of harvest index (HI) is the fraction of whole-
plant biomass that accumulates in a harvested organ, or the fraction of the 
whole plant made up of desired biochemicals (see also Irvine 1983). For 
grain crops, HI generally means the fraction of total aboveground biomass 
that is contained in grain at the time of harvest. The relationship between 
HI, biomass accumulation, and yield is simple: HI × biomass = yield. 

While increased HI was often the most important factor in past increases 
in yield potential, how it occurred is incompletely understood. One critical 
change to grain crops was reduced stem growth, but exactly how that 
caused greater yield potential is unclear. Perhaps several mechanisms were 
involved (Evans 1993). The potential (maximum possible) HI has been 
speculated about (Austin 1999), but it lacks rigorous determination. None-
theless, for crops already intensively bred for large HI, the scope for fur-
ther improvement may be small. In those crops, further yield potential in-
creases must come mainly from greater total biomass production. This 
would require more photosynthesis or more efficient biosynthesis and res-
piration. In other crops, there may be significant opportunity to increase 
yield potential by increasing HI. This should be pursued because history 
shows that such increases in yield potential can be dramatic. 

The total amount of substrate imported by harvested sinks places an up-
per limit on yield. Substrate supply depends on the rate of assimilation in 
sources (and/or mobilization in intermediate storage pools) and the rate of 
translocation into sinks. Either could be a limiting process, but phloem ca-

stage is important, at least in grain crops. Increased photosynthesis prior to 

number is often positively related to yield. Increasing the duration of juvenile

pacity does not appear to limit transport (Evans 1993). The developmental

spike growth might increase seed number, and this might be brought about

flowering often enhances spike growth and number of seeds set, and seed 

through genetic modification of photoperiod perception (Reynolds et al. 2000). 
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The potential importance of this is highlighted by the fact that 
past increases in yield potential of grain crops was related strongly to more 
seeds, rather than larger seeds (Evans 1993; Egli 1998; Reynolds et al. 
2000; Richards 2000). 

It is well established that slow sink activity can feed back to slow photo-
synthesis (Evans 1993), but with respect to increasing yield potential it is 
more important to know if increased sink activity (i.e., growth) can stimu-
late photosynthesis per unit of absorbed PAR. This is difficult to deter-
mine, and evidence indicating both negative and affirmative views can be 
cited (e.g., Evans 1993; Reynolds et al. 2000; Richards 2000; Egli and 
Bruening 2003). The issue will not be resolved here, and it may depend on 
species and other variables. In terms of potential yield, photosynthesis is 
limited by absorption of PAR and photosynthetic pathways and yield is 
then limited by the (a) fraction of photosynthate that can be transported 
into desired sinks and (b) amount of growth possible from that transported 
photosynthate. In principle, sink capacity might affect yield potential, and 
increasing the capacity for sink growth may be an appropriate target for 
crop genetic improvement (Reynolds et al. 2000; Richards 2000). A re-
search goal is to quantify, and then experimentally increase, growth poten-
tial of desired sinks to determine if such an increase affects yield potential. 
Sink strength and growth potential may be related in part to phloem 
unloading, so possible candidates to increase sink activity are overexpres-
sion of invertase and sucrose transporters in sinks. 

Whether enhanced sink capacity would increase yield potential or not, 
source activity now typically limits yield. Increasing photosynthesis by in-
creasing PAR absorption or [CO2] usually enhances yield if soil nutrients 
are adequate. And even high-yielding grain crops have unfilled seeds, al-
though this may be related to ear structure, a sink attribute possibly ame-
nable to improvement (Sharma-Natu and Ghildiyal 2005). Such observa-
tions indicate that source activity limits yield, yet other considerations 
indicate that there is unused source capacity in crops (see Richards 2000). 
Again, timing is important. Photosynthesis may be limiting during one pe-
riod (e.g., prior to flowering), but sink capacity could be limiting during 
another period. This is particularly difficult to study quantitatively. 

Experiments with transgenic plants indicate that changes in sink bio-
chemistry can affect yield. For example, downregulation of plastidial ade-
nylate kinase increased potato tuber growth in a field trial (Regierer et al. 
2002), and expression of ADP-glucose pyrophosphorylase with reduced 
sensitivity to inhibition by Pi increased seed yield in greenhouse-grown 
rice and wheat (Smidansky et al. 2002, 2003). It is unknown whether such 
genomic changes could increase yield potential. 
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For any average rate of desired-product biosynthesis, yield is propor-
tional to duration of that biosynthesis. Duration of both photosynthate 
transport to harvested sinks and growth in those sinks may therefore limit 
yield. In many crops the duration of sink growth is controlled by “thermal 
time” such that warmth reduces growth duration. Lengthening the duration 
of sink growth by relaxing the relationship between temperature and de-
velopment, especially in warm climates, might increase yield potential. If 
duration of sink activity is maximized by extending it to the end of the 
possible growing period, yield will be limited by substrate supply, effi-
ciency of biosynthesis, or average rate of biosynthesis. (Conversely, rapid 
maturity may be required when several crops are grown in series in a year.) 

Much of the nitrogen (and some of the carbohydrate) used for grain 
growth in many crops comes from breakdown of older vegetative tissues, 
especially leaves. Rubisco in particular can be an important source of grain 
nitrogen. Proteins synthesized in grain from the breakdown products of 
proteins in vegetative organs are in essence synthesized twice; once in the 
vegetative organ and again in the grain. The cost of the second synthesis 
may be balanced by benefits of multiple uses of the same nitrogen, such as 
in photosynthetic enzymes early in a crop cycle followed by grain protein 
storage later. This reduces the total amount of nitrogen that must be as-
similated. It may also be a limitation on yield — perhaps a vestige of evo-
lution in competitive environments with limited nutrients. Increasing the 
capacity to acquire and assimilate nitrogen during grain filling might in-
crease yield potential (Austin et al. 1977; Tollenaar and Wu 1999). This 
might require modified root mass, depth, longevity, or functioning. 

10. Final comments 

To obtain high yields, crops must assimilate environmental resources (so-
lar radiation, CO2, and nitrogen are key) at fast rates for significant dura-
tion. For this to occur, effective root and canopy systems (including stem 
structure for leaf display) must be grown, maintained, and protected from 
pests and stressors. Soil water must be adequate to allow high stomatal 
conductance and transport of CO2 into leaves, especially in C3 crops. Min-
eral nutrients (especially nitrogen) must be available and assimilated to al-
low large capacities for photosynthesis and growth. 

Modest gains in yield potential might be achieved by reducing inactive 
absorption of PAR, causing more erect leaf display following canopy clo-
sure, or increasing the capacity for stomatal conductance or mesophyll 
conductance. Even larger yield potential gains might be possible by accel-
erating early season leaf expansion, increasing leaf or canopy longevity, 
increasing uptake and assimilation of nitrogen during grain or tuber filling, 
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reducing photorespiration in C3 crops, engineering C3 crops to use C4 pho-
tosynthesis, or increasing HI in crops not previously bred for large HI. 
More research is needed to better understand other possibilities for improv-
ing yield potential. For example, research to quantify actual efficiency of 
biosynthesis, actual rates and efficiencies of maintenance processes, the 
minimum maintenance requirements of well-managed crops, and the ne-
cessity and extent of photoprotection processes is needed. If any parts of 
those processes are found to be unnecessary or inefficient, those parts 
should become targets for elimination or improvement. Although many of 
the above crop processes and characteristics have been improved in some 
crops, there remains scope for additional enhancement of yield potential in 
most cases. An overriding consideration is that multiple factors may co-
limit yield potential and the relative importance of those factors can 
change during the course of a crop cycle and can differ between crop spe-
cies and environments. So although “no one process provides the master 

tors determining potential yield, the gap between it and yield potential 
might be closed more rapidly and more efficiently. 

By supplementing crop breeding with genetic engineering, not only 
might the yield potential of present crops be improved more rapidly, but 
entirely new crops and crop products can be considered. That is, in addi-
tion to starch, sugars, rubber, cellulose, lipids, and other traditional indus-
trial-crop products, new products as diverse as biodegradable plastics (e.g., 
Poirier 1999; Scheller and Conrad 2005) and vaccines (e.g., Santos and 
Wigdorovitz 2005) can be grown by crops. The possibilities are legion, 
and the details will vary with each product-crop combination. Because 
grain crops have advantages as production systems for many products 
(e.g., Stoger et al. 2005) they will remain valuable for both present and fu-
ture industrial uses. 

Appendix: crop energy content 

Plant dry mass may typically contain about 17.8 kJ g–1

193). Crop vegetative organs may average 17.0–17.5 kJ g–1 (Loomis and 
C

2 2

C

–1. Because different compounds have differ-
ent �HC values, differences in crop composition can cause differences in 
whole-organ and whole-crop �HCs. For example, measured �HC  values were 

key to greater yield potential” (Evans 1993 p. 169), by understanding fac-

 (Whittaker 1975
 p. 

Connor 1992 p. 15). Those are heats of combustion (�H ), measured in 
bomb calorimeters, relative to CO  (gas) and H O (liquid). Representative 
�H  values for different classes of biochemicals include (e.g., Loomis and 
Connor 1992): organic acids, 4–11; carbohydrates, 15.6–17.5 (glucose = 
15.6, sucrose = 16.5, starch = cellulose = 17.5); proteins, 22–25; lignins, 
26–30; and lipids, 35–40 kJ g
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16.8, 17.3, 17.6, 18.2, 21.1, and 26.9 kJ g–1 for potato tubers, wheat ears, 
rice ears, maize seeds, soybean pods, and sunflower seeds, respectively 
(Shinano et al. 1993). 
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1. Introduction 

Though by far less popularly publicized than the 50th jubilee of the deter-
mination of DNA structure, celebrated three years ago, 2006 will be the 
40th anniversary of the introduction of molecular markers in the genetic 
analysis, by Richard Lewontin in 1966. From the earliest, labour intensive 
and time-consuming applications to the study of the natural populations, to 
the massive exploitation in genome mapping of important plant species, it 
took therefore less than half a century for molecular markers to become a 
fundamental tool of theoretical and applied genetics. The oldest method for 
the analysis of the animal and plants' genomes is their mapping, i.e. the or-
dered positioning of a number of tags, acting as markers, along the entire 
length of the genome itself or, in the case of the eukaryotic genomes, of 
each of the chromosomes in which it is fragmented. The concept that two 
phenotypic traits can be inherited more often together rather than sepa-
rately, probably dates back to the early breeding experiences. In the early 
decades of last century, the developments of genetic analysis led to the 
construction of the first genetic maps, consisting of a few tens of markers –
mostly phenotypic, visible or easily scorable traits (Sturtevant 1913). It 
took about 50 years for a new breakthrough in the linkage mapping tech-
nologies and strategies to occur, as it was recognized that molecular tags, 
for example the isoenzymatic variants coded by different alleles at the 
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same genetic locus, could be treated as markers as well (Lewontin and 
Hubby 1966), and their association with other traits, or between them, 
could be studied by standard genetic means. 

The previously existing linkage maps, filled with only a limited number 
of phenotypic markers and genes characterized by segregation ratios, were 
rapidly enriched by the introduction of isoenzymatic markers. The follow-
ing revolutions, the use of a wide choice of DNA-based markers for ge-
netic analysis (Botstein 1980), only required 15 years after the introduction 
of isoenzymes, and led after a few more years to the early highly saturated 
human, animal and plant linkage maps. At the mid-Nineties, the maps of 
the major crops, including several important industrial ones (e.g. potato, 
sugarbeet) were densely studded with several markers, obtained with dif-
ferent molecular technologies, and ordered by detailed genetic analysis. 
Marker technology was an important tool for either positioning and tag-
ging genes or QTLs on specific chromosome regions, and exploiting them 
in the marker assisted selection (MAS). It seemed to occur a strict inverse 
relationship between the time required to develop a new marker type, and 
the number of markers that each new introduction made available to the 
geneticists and breeders. The limit such an acceleration pointed at, was 
soon reached: the collapse in the cost of DNA sequencing and equipment, 
and the development of automatic, high-throughput technologies made 
available, in a rapidly increasing number of species, the ultimate marker, 
i.e. the gene or even the whole genomic sequences, in draft versions con-
stantly refined and annotated; it has been a matter of only a short time from 
the publication of the human genomic sequence, and the complete se-
quencing of a model plant, the thale cress (The Arabidopsis Genome Initia-
tive, 2000). Soon the genomes of other plants were sequenced: rice, to-
mato, poplar. Several international initiatives and research consortia will 
lead in the very next future to the availability of the entire sequence of 
other crop plants, though these last years made increasingly evident, for 
the full exploitation of the data available, the necessity of the functional 
annotation and characterization of the expressed and regulative sequences 
available (see Chapter 1 of this book). 

Industrial crops were fully part of these development, and the advance-
ment of the research in the area of marker-assisted breeding and genomics, 
depended on the rapid developments of the technologies and strategies 
necessary, and on the economic relevance of the crop, leading to more or 
less extensive gathering of research institutions into consortia engaged in 
the sequence production and/or characterization. 

Some plant species, that were traditionally considered food or forage 
crops, can today be added to the list of typically industrial crops. Among 
these there are plants that can now be exploited as biomass or biofuel 
sources, such as sorghum or rapeseed. These new, industrial uses of 
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growing amount of genomic data accumulated since 2000. Among the sev-
eral industrial crops for which highly dense genetic maps, and an high 
amount of genomic and functional genomic data are being accumulated, 
there are rapeseed, sugarbeet and hemp. These three crops are somehow 
paradigmatic of the evolution, along with the genomic technologies, of 
their end-use, and of the possible exploitation, at different levels of devel-
opment, of the genomic databases. Besides their traditional use (food oil, 
sugar and fibre), requiring completely different industrial plants, in the lat-
est years these three crop species can all be included in the list of actual or 
potential crops grown for biofuels, a rapidly expanding field of invest-
ments in Europe and America. In the present review, we will highlight 
some of the main advancements of the genomics and marker-assisted se-
lection in these three industrial crop species. 

2. Rapeseed 

Rapeseed (Brassica napus) cultivation experienced a great expansion in 
the latest years, and it is today one of the leading oil crops in the world, 
along with soybean and palm. FAO reports a worldwide increase in the last 
years from 25 to 27 millions ha since 2000, with a 14% increase in produc-
tion (FAOSTAT). It is likely that these increases were at least partially due 
to the fact that, along with the traditional uses of rapeseed, for animal feed-
ing and vegetable oil, in the latest years the biodiesel option has been fa-
vored by public and private investments, and by specific legislative actions 
in several countries. Due to its long-lasting economic importance in both 
developed and developing countries, the state of the art of molecular mark-
ers development and genomics in this plant is highly advanced. Already in 
1991, a genetic map essentially based on expressed cDNA probes, and 
covering the 19 linkage groups of the amphidiploid species Brassica napus
was published, using as parentals of the mapping F2 population two "ca-
nola" varieties (Landry et al. 1991). Even in this early map, based on 

ture of the rapeseed genome, identifying duplicated regions and rear-
rangements of the duplicated loci, altering their linear order in different 
genome areas. Besides rapeseed,  other Brassicaceae were thereafter exten-
sively studied by means of molecular markers, revealing a substantially 
high degree of polymorphisms, detectable especially by DNA markers. Al-
ready in the mid-Nineties, it was possible to compare a number of maps for 
several different species belonging to the "U triangle" (U, 1935), with the 
only exception of Brassica carinata (Cheung and Landry 1996; Lager-
krantz and Lydiate 1996). The availability of the earliest maps in some of 

traditional forage, food or oil crops, can take further impulse from the rapidly-

poorly polymorphic probes, it was possible a first assessment of the struc-
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these species, and the extensive use of RFLP and cDNAs deriving from 
studies on the model species Arabidopsis thaliana, started to pay off very 
soon, driving and accelerating the advancements of genomic research in all 
Brassicaceae (Teutonico and Osborn 1994). The following studies con-
firmed that an interesting feature of Brassica maps was the high number of 
rearrangements found, a feature that allowed to date with great accuracy 
the divergence of the different members of the family from Arabidopsis 
(Lagerkrantz 1998). The use of molecular markers in this plant family is 
therefore a good example of how molecular maps, besides their potential in 
marker-assisted breeding, have an immediate application to the study of 
the structure and evolution, natural or through domestication, of the plant 
families. The colinearity found between the different rapeseed maps and 
those obtained for other Brassicaceae, was almost complete, and their 
comparison was fully in support of the postulated relationships between 
the diplod and amphidiploid members of the family (Paterson et al. 2000; 
Lydiate et al. 1993; Pradhan et al. 2003). Besides, specific bioinformatics 
tools were developed for the systematic comparison of their genomes with 
that of the fully sequenced Arabidopsis: the comparative analysis of the B.
napus genome led to the identification of 21 conserved units that can be 
traced back to the Arabidopsis genome, modified by duplication and ar-
rangements (Parkin et al. 2005). The genomes within the Brassicaceae 
family are comparatively large or even, in the case of the amphidiploid, 
very large. It is of great importance the availability, for their genetic analy-
sis, of a much smaller, densely mapped and entirely sequenced genome of 
a close relative with a smaller and simpler genome, such as Arabidopsis. 
The informations and the functional annotations stored in databases like 
TAIR (The Arabidopsis Information Resource, www.arabidopsis.org; see 
also Chapter 1) are useful short cuts for the identification of B. napus can-
didate genes (see for example Brunel et al. 1999, where also polymor-
phisms discriminating different B. napus lines were detected).

As for the exploitation of molecular markers, a particularly useful ap-
proach was developed by the Brassica Microsatellite initiative, a public-
private consortium that developed over 2,000 microsatellite markers for B.
napus genetic analysis. Several genome-specific microsatellites (i.e. spe-
cific for the A or C genome of the amphidiploid) were identified; besides, 
a number of highly polymorphic and reliable SSR loci for each linkage 
group were made publicy available, allowing the research community to 
exploit them for placing in "frame" any given new marker or trait in its un-
ambiguously defined linkage group (Lydiate and Sharpe 2003). SSR mark-
ers were also largely used in rapeseed for studying their genetic diversity 
and the relationships between the different gene pools (Hasan et al. 2006), 
and high-throughput systems were devised, involving multiplex PCR
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and pedigree analysis (Mitchell et al. 1997). 
Finally, it should be pointed out that some members of the Brassica 

family were used to develop SRAP (Sequence Related Amplified Poly-
morphisms) markers; these markers are especially designed to target cod-
ing sequence in the genome. They are based on two 17 or 18 bp primers, 
one consisting of a 14 bp "core" sequence composed of a 11 bp long 

quence. In both primers, three selective nucleotides are at the end of the 
sequence. In Brassica species, this type of multi-locus marker proved to be 
an effective strategy to amplify sequences particularly rich in coding re-
gions; in fact, the CCGG sequence "targets" the exons of ORFs, particu-
larly rich in G+C, while, at the opposite end, AATT sequence targets the 
AT-rich regions at the 3' ends of the genes. Upon sequencing of the poly-
morphic bands, it was shown that for most of them, many highly similar 
sequences in the Gene Bank were found following BLAST analysis. SRAP 
markers can be relatively easily converted to codominant ones, and they 
were found to have a good genome coverage in B. oleracea, where a com-
bined AFLP-SRAP map was developed (Li and Quiros 2001). SRAP 
markers are also being tested, along with other more traditional marker 
systems, for marker-assisted selection of important traits in the rapeseed 
genetic improvement. Among the traits under selection with the aid of 
these markers, there is the identification of resistance genes; particularly 
relevant are the attempts of marker-assisted pyramiding of the different 
sources of blackleg resistance; white rust resistance, another resistance trait 

As for partial resistance to Sclerotinia sclerotiorum, a mixed RFLP, AFLP, 
SSR and RAPD map was developed, and QTLs accounting for a large pro-
portion of the variation were identified and mapped (Zhao and Meng 
2003).

Finally, markers have also been exploited for the tagging of the genes 
involved in the biosynthesis of glucosinolates, the main secondary metabo-
lite produced by all members of the Brassicaceae family (Li and Quiros 
2001; Mahmood et al. 2003); also for the putative identification of the 
genes involved in their biosynthesis, it was extremely useful the candidate 
gene approach, based on the knowledge of the homologous genes of A.
thaliana. By this approach, several genes involved in the synthesis and 
degradation of glucosinolates in different Brassicaceae, have been isolated 
and characterized (Barth and Jander 2006; Gao et al. 2004; Mahmood et al. 
2003).

reactions and fluorescence-based detection of the fragments, for genotyping 

''filler'' and a CCGG short tail, while the other primer has an AATT se-

important to introgress into Indian mustard (B. juncea; Somers et al. 2002). 
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3. Sugarbeet

On February 2006, the European Council of the Ministers gave green light 
for the reform of the OCM sugar. The immediate consequence was a cut of 
the sugarbeet production in all European countries, ranging from 5% for 
Germany, up to 50% for Italy. One of the consequences of the reduction of 
the production of sugar from beets has been the necessity, for many Euro-
pean governments, to provide incentives for alternative uses of both the 
sugar factories (e.g. converted to the production of biodiesel or energy 
from biomasses), while for the sugar beet crop, one of the possible path-
ways of utilization of the sucrose was the conversion to ethanol, for biofuel 
production. However, for this relatively new end-use, sugar beet does not 

through the introduction of resistances to abiotic and biotic stresses, bolt-

areas.
Sugarbeet belongs to the Chenopodiaceae family, and all the cultivated 

forms (sugar, chard, fodder and red beet) belong to the same species, Beta

1999). In the same species is also included a distinct subspecies, per-
fectly intermating with all the cultivated forms, Beta vulgaris ssp. mari-
tima (the sea beet). Populations of this wild subspecies exist along most of 
the coastal areas of Europe, and have been repeatedly exploited in 
sugarbeet breeding, as they often are source of resistances to cercospora 
leaf spot and rhizomania, two of the major diseases causing severe produc-
tion losses (Stevanato et al. 2001; Biancardi et al. 2002). The three remain-
ing Sections of the genus Beta: Nanae, Corollinae and Procumbentes, only 
include wild species (e.g. B. nana, B. patellaris, B. procumbens, B. webbi-
ana). In these Sections, other important sources of resistance to cercospora 
and to the nematode Heterodera schachtii exist (Luterbacher et al. 2005; 
Speckmann and de Bock 1982; Heijbroek et al. 1983), though their intro-
gression in the cultivated gene pool is more difficult, due to high incom-
patibility with the B. vulgaris species. Among the earliest applications of 
molecular markers to Beta studies, there has been the comparison of the 
cultivated and wild germplasm, and the characterization of the ancestral or 
actual gene flow occurring between them. Isoenzymes, RFLP and cDNA 
probes were used to detect polymorphisms, to establish phylogenetic rela-
tionships between the different Beta taxa, and to fingerprint interspecific 
hybrids or addition or translocation lines obtained from crosses between 
incompatible B. vulgaris and B. procumbens or B. patellaris (Oléo et al. 
1986; Nagamine et al. 1989). In these early works, genomic RFLPs were 

ing and retrogradation, still a major cause of economic losses in many 

nity will probably focus its attention on the exploitation of the biotechnol-
appear competitive with other crops, and the sugar beet research commu-

ogy and breeding strategies for increasing sugar beet yield and quality, 

vulgaris ssp. vulgaris, included in the Section Beta of genus Beta (Lange et al. 
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mainly used, but the detection of polymorphisms between sugar beet varie-
ties was quite low, at least until the use of hypervariable "minisatellite" 
probes, targeting several different loci in one single hybridization step, was 
introduced (Jung et al. 1993). These works confirmed the strict proximity 
of the cultivated beet gene pool with the sea beet, while other species, be-
longing to different Sections of the genus Beta, were much more distantly 
related, based on Nei and Li similarity coefficients: it was reported that 
only 34% of the RFLP probes used cross-hybridized between these species 
(Jung et al. 1993). Molecular markers were extensively used for detailed 
studies of the gene flow within wild B. vulgaris ssp. maritima populations 
(Raybould et al. 1996; Tufto et al. 1998), and particular relevance assumed 
the studies of the gene flow (as estimated by AFLP or RFLP markers) be-
tween the bolting or flowering transgenic sugar beets, and the wild or 
weedy populations. In these studies, the risk of the transgene escape from 
cultivated fields was assessed (Desplanque et al. 1999), and the genetic 
erosion of the wild beet populations was evaluated (Bartsch et al. 2002). 
Gene flow studies, and their impact on the risk assessment protocols and 
on the legislations regulating the introduction of transgenic varieties, were 
indeed one of the main driving force for the discovery and application of 
several microsatellite markers in the Beta genus (Cureton et al. 2002; 
Richards et al. 2004). Although, strictly speaking, this research field is not 
real marker-assisted selection, it can be considered as a new field of appli-
cation, a "marker-assisted risk assessment" strategy, that will probably 
play an increasingly important role in a number of cases of decision-
making processes related with the introduction of transgenic varieties and 
their coexistence with traditional crops. 

Fig. 3.1. AFLP patterns (left) and principal coordinate analysis of AFLP data (right) for 
varieties and wild populations of Beta vulgaris (ssp. vulgaris and maritima).
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The existence in Beta of some Section-specific genomic probes, corre-
sponding to repeated, satellite sequences, had far-reaching consequences. 
In fact, since 1990, probes hybridizing specifically to satellite DNA of 
members of the Procumbentes Section were used in the marker-assisted 
identification of the sugarbeet lines carrying the monosomic addition from 
B. procumbens, enclosing the resistance gene to Heterodera schachtii
(Schmidt et al. 1990; Salentijn et al. 1992). These Section-specific markers 
were used to "bracket" the resistance gene, and then to clone it (Klein-
Lankhorst et al. 1994; Cai et al. 1997). Marker-assisted tagging of specific 
chromosome segments was also carried out in screenings of monosomic 

procumbens or B. vulgaris x B. corolliflora), for the isolation of other 
sources of nematode resistance (Heller et al. 1996; Kleine et al. 1998; Gao 
et al. 2001).

Rhizomania is another important disease for which sugar beet breeding 
has reached, in the last 15 years, several successes. The introgression of 
the resistance trait  appears the main strategy to obtain high yields and root 
quality in the rhizomania-infected soils (Asher 1993; Biancardi et al. 
2002). The breeding work took advantage of the availability of greenhouse 
tests based on a positive correlation between rhizomania resistance and vi-
rus content, as evaluated by ELISA assay of the roots of artificially-
infected plantlets. This test was therefore the basis of many breeding pro-
grams, but was also useful for establishing an association between the 
various resistance sources, and the different linkage groups and markers in 
different mapping populations. The "Holly type" resistance was mapped in 
the linkage group IV, with an RFLP marker about 7 cM from Rr1 gene 
(Barzen et al. 1992); bulk segregant analysis (BSA; Michelmore et al. 
1991) was used to screen for markers associated to this same locus, and 
RAPD and SCAR markers were obtained (Barzen et al. 1997). Interest-
ingly, these markers also were able to identify an apparently different 
source of resistance, originating from B. vulgaris ssp. maritima, and intro-
gressed in the sugar beet line R104 (Biancardi et al. 2002). Further re-
search, also based on map comparison and the construction of consensus 
maps (Schumacher et al. 1997), revealed that another associated resistance, 
deriving from  a further B. vulgaris ssp. maritima accession, WB42, was 
associated but distinct, mapping at a different locus called Rz2, to keep it 
distinct from the Holly/R104 one (called Rz1; Scholten et al. 1999). In the 

marker-assisted selection (with the limit that most of the available markers 
are protected by proprietary rights, as they have been developed by private 

issue of the relationships between the different resistance sources (Bian-

additions and translocation lines from interspecific crosses (B. vulgaris x B.

companies), but also contributed important insights on the long-debated 

case of rhizomania, molecular markers, therefore, were not only useful for 

cardi et al. 2002). Efforts were also made to combine different linkage 
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maps from different populations, each contributing specific resistance or 
quality traits, and segregating for QTL for yield-related traits (Weber et al. 
1999; 2000). However, more recently the potential for marker-assisted se-
lection for yield and quality has also been explored by a functional ge-
nomic approach (see below).

As for the markers for disease resistances, a different approach recently 
applied to sugar beet illustrates well the spreading of non-mapping strate-
gies, made possible by the increasingly wide number of expressed se-
quences available in public repositories. Sequencing of resistance genes 
against several pathogens and in several plant species, made clear that 
shared domains exist. Therefore, it has been possible to design primers and 
to isolate resistance gene analogues, determining their functional charac-
teristics, mapping them on the existing linkage maps, and associating them 
to mapped resistance loci, as it has been the case for rhizomania and cerco-
spora leaf spot resistance (Hunger et al. 2003).  This approach can be par-
ticularly promising for identification of candidate genes for the resistance 
to Cercospora beticola, the causal agent of cercospora leaf spot; this resis-
tance trait showed in selection programs a slow rate of gains, as it is typi-
cal of quantitative traits, and it is inversely correlated with the yield pa-
rameters (Skaracis and Biancardi 2000). Difficulties in the development of 
effective markers for this trait are due to problems in exploiting a reliable 
in vitro method for resistance evaluation, and on the number and chromo-
somal location of QTLs associated, that are different in different studies, 
and even different depending upon the inoculation conditions (artificial 

Among the several sugar beet linkage maps published, a special mention 
deserves the one from Pillen et al. (1993), as this map includes evidences 
of close association (and therefore, possible exploitability in the breeding) 
with the fertility restoration gene, a very important trait in the development 
of O-type lines. These latter are plants capable of "maintaining" the male 
sterility, and therefore essential for the multiplication of the male sterile 
lines, in turn used as parental for hybrid seed production. The "restoration 
of fertility" locus, at which maintainer lines are endowed with the reces-
sive allele x, was mapped terminally on linkage group III, about 9 cM from 
an RFLP marker; however, it should be pointed out that current genetical 
models suggest the existence of two distinct loci for fertility restoration (X 
and Z), on two different linkage groups. The importance of this trait in the 
sugar beet industry is confirmed by the amount of studies carried out in the 
last ten years, often with markedly different approaches. QTLs were de-
scribed on linkage group III and IV in segregating populations screened by 
RFLP markers, and explaining from 72 to 79% of the variation observed; 
this analysis suggested the existence of minor alleles in all mapping popu-
lations (Hjerdin-Panagopoulos et al. 2002). In another study, BSA was 

conditions or naturally infested fields) (Weiland and Koch 2004). 
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used, and several AFLP and RAPD markers were identified, three of 
which were confirmed to co-segregate with the restoration of fertility 
(Hagihara et al. 2005). Despite these successes, the gene(s) responsible of 
the maintaining phenotype have not yet been cloned, their functional 
analysis is still to come, and details of the interactions of nuclear gene 
products with the cytoplasmic-encoded male sterility determinants have 
not yet been clarified for sugar beet.

Despite the transition from genetic to genomic analysis has been in 
sugar beet less advanced than in other crop species, huge collections of ex-
pressed genes have been deposited in the gene banks (e.g. TIGR, 
www.tigr.org; The Sugarbeet EST Database http://genomics.msu.edu/
sugarbeet/) and are presently being screened for functional analysis and for 
genes possibly correlated to agronomically valuable traits. The progressive 
accumulation of sequence informations on sugar beet was exploited for the 
enrichment of the existing genetic maps with SNPs, or for the fingerprint-
ing of sugar beet genotypes. Particularly interesting is the approach linking 
fragments of expressed genes, often of some relevance from the industrial 
point of view, and the SNPs found in sugar beet germplasm within these 
sequences, and anchored to the existing molecular maps (Schneider et al. 
1999). SNPs were also identified in sugar beet by gel-based assays, such as 
single strand conformation polymorphisms (SSCP) and heteroduplex 
analysis (HA) (Schneider et al. 2001); the markers developed in this way 
proved to have a polymorphism information content (PIC) around 0.47, not 
as high as SSR, but superior to AFLP or RFLP markers. Sugar beet SNPs 
identified by these approaches could  also be located in the different link-
age group; multiplex assays were developed to fingerprint genotypes si-
multaneously at different loci in single PCR reactions for each linkage 
group, and to detect these polymorphisms by fluorescence in capillary 

2004). 
In general, these examples show that marker-assisted selection is at a 

quite mature stage in sugar beet, for different industrially important traits. 
Besides, in the last few years, sugar beet functional genomics took advan-
tage of several specific international projects and cooperation’s, and it is 
likely that in the next future the number of disease resistance, quality and 
yield traits, for which the gene(s) and alleles responsible for the variation 
are completely characterized, will substantially increase. 

4. Hemp 

Hemp, Cannabis sativa, is probably one of the most ancient non food 
crops cultivated by mankind. Hemp is endowed of a particularly oil-rich 

electrophoresis, in a high-throughput, semi-automated system (Möhring et al. 
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seed, and of species-specific secondary compounds accumulating in the in-
florescences (cannabinoids); because of these characteristics, hemp has 
been considered a candidate for biofuel production and pharmaceutical ap-
plications respectively; besides, a number of novel uses for its fibre have 
been developed (e.g. in paper and automotive industry). Several initiatives 
and industrial enterprises, aimed at demonstrating the feasibility and sus-
tainability of such uses, and the consequent worth of the re-discovery of 
this ancient crop also for more modern industrial uses, have been carried 
out, often with good commercial success (Guy and Stott 2004). 

The first concept that is important to stress, when dealing with this typi-
cally industrial species, is that most taxonomists recognize the existence of 

the distinction between C. sativa as a fibre crop -deserving sustain for its 
beneficial added values such as low chemical inputs, eradication of some 
soil-borne pathogens, potentially complete utilization of all its parts, etc.- 
and C. indica as an illegal species, genetically different from the first, but 
phenotypically undistinguishable from it, and only suited for drug abuse, 
should be overcome. The two forms of Cannabis, that can be at most con-
sidered different subspecies, but more correctly different races or varieties 
(chemotypes: see below), are perfectly interfertile, and they should be con-
sidered belonging to a single gene pool (Small et al. 1976). However, the 
recent history of hemp cannot be made without considering two facts: first, 
forms of Cannabis sativa L., endowed with levels of a single secondary 
compound, 9-tetrahydrocannabinol (THC), above 0.30% of the inflores-
cence dry weight, are considered illegal (and not eligible for EU subsidies) 
and cannot be cultivated; and second, that the close relatedness of the tra-
dition-revivifying, environmentally sustainable and agronomically benefi-
cial fibre hemp with the marihuana, has been used by opinion groups as an 
argument in favor of its liberalization. As an obvious consequence, far 
from limiting itself to industrial and technical issues, the question of hemp 
cultivation in Europe and America has been strongly conditioned by the 
analytical and legislative issues, in most cases hampering the re-discovery 
and diffusion of this plant for a number of industrial exploitations (Ranalli 
et al. 1999; Karus and Vogt 2004; Guy and Stott 2004). A further conse-
quence of this paradox was that forensic scientists, rather than breeders, set 
up the basic knowledges leading to the exploitation of molecular markers 
in Cannabis research (see Mandolino and Carboni 2004, for a review of fo-
rensic applications). Basically, these early applications aimed at the devel-
opment of methods recognizing the presence of the illicit "cannabis" plant 
material, distinguishing it from other plant sources, and at the analysis of 
the variability within illegal plant material, to reconstruct phylogenies of 
the different drug strains, and the routes of their diffusion. For example, a 
short intergenic sequence located between the chloroplast genes for the 

�

a single species in the Cannabaceae family, namely C. sativa. Therefore, 
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LEU and PHE transport RNAs can act, upon amplification, as a marker for 
the recognition of Cannabis sativa DNA (Wilkinson and Linacre 2000). 
The internal transcribed spacers I and II (ITS1 and ITS2) of the nuclear ri-
bosomal genes were used in forensic applications to univocally identify 
Cannabis sativa (Siniscalco Gigliano et al. 1997). 

These examples made confirm the fact that forensic research had a ma-
jor role in the development of molecular markers in Cannabis research: 
AFLP analysis specific for marihuana samples (Coyle et al. 2003), and 
RAPD (Gillan et al. 1995; Jagadish et al. 1996) and ISSR (Kojoma et al. 
2002) markers were used in attempts to establish a direct relationship be-
tween the cannabinoid type of the plant, and the markers identified. How-
ever, no correlations between any specific markers and the gas-
chromatographic or HPLC cannabinoid profiles of different Cannabis 
chemotypes were identified in these studies, and the development of 
chemotype-specific markers has only recently been achieved (see below).

Microsatellites markers were described and applied to the study of Can-
nabis population and their variability only very recently (Alghanim and 
Almirall 2003; Gilmore and Peakall 2003; Hsieh et al. 2003). In hemp, the 
most common repeated motif is the dinucleotide GA/CT; di- and tri-
nucleotide repeats were the most frequent, with an allele number ranging 
from 2 up to 28 (Hsieh et al. 2003). These markers were useful in describ-
ing the genetic relatedness of the Cannabis accessions considered, but no 
marker associated with the chemotype, and suitable for marker-assisted 

Variation is a key feature of Cannabis sativa, and this makes its finger-
printing and mapping essentially a statistical task. SSR and RAPD markers 
were used for genotyping, and the variability found analyzing varieties, 
populations and accessions was very high; in one study, out of 93 plants 
examined by SSRs, only four (belonging to the same drug accession) were 
not distinguishable from each other (Gilmore et al. 2003), and also RAPD 
markers showed reproducibly high levels of variation (Faeti et al. 1996). 
Therefore, a first level of analysis is variation assessment within varieties, 
populations or accessions, and between them; other levels of analysis are 
then possible (between and within chemotypes, sexes, etc.). Analysis of 
Molecular Variance (AMOVA, Excoffier et al. 1992) has been a widely 
used tool for analysis of marker variation, especially in natural and al-
logamous populations. In Cannabis, the majority of the observed marker 
variation (from 50 to 73%) was attributable to individual differences 
within accessions (Forapani et al. 2001; Gilmore and Peakall 2003). If the 
accessions are roughly divided into the two groups “drug” and “non drug” 
(chemotype I and III, see below), only 6% of the variation was attributable 
to the chemotype: it was concluded that there was "no clear split or defined 

marijuana identification were found (Mandolino and Carboni 2004). 

boundary between drug and non drug materials". Conceptually similar 
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results had been obtained also by Forapani et al. (2001), that confirmed the 
very high degree of variation within the cultivars or accessions previously 
identified, ranging from 31% of polymorphic loci in an inbred female 
Cannabis strain, up to 78% in Fibranova, a cross-bred fibre variety. Fora-
pani et al. (2001) also found that the majority (66%) of the markers had a 
calculated FST value below the average (0.48); the authors interpreted this 
finding as a confirmation of  the existence of a widely shared gene pool in 
Cannabis, with limited cultivar boundaries and relatively poor loci segre-
gation between different populations.

The marker variation observed was exploited to construct the few avail-
able molecular maps of Cannabis sativa, including RAPD or AFLP mark-
ers (Carboni et al. 2000; Flachowski et al. 2001; Mandolino and Ranalli 
2002), but lacking until now agronomically relevant traits, like fibre con-
tent or quality, or monoecy; the genetic basis of these traits are indeed still 
poorly understood. The available maps still have limited markers density, 
and no attempts to define anchor markers, or to establish relationships be-
tween the molecular maps and the Cannabis chromosomes has been done 
yet, with the only exception of the Y chromosome and of the male-
associated markers (see below). The extremely high variability found is a 
general problem in many allogamous crop species, but it might reveal par-
ticularly important in hemp.

Sex and monoecy are particularly important traits to score during the se-
lection programs for industrial hemp. Dioecious varieties, made of male 
and female plants, are generally high-yielding, more disease-tolerant, but 
less uniform (a strong sexual dimorphism is present) and less amenable to 
mechanical harvesting than monoecious varieties. This latter type of varie-
ties (presently the most diffused and cultivated in Europe) are made of 
variable proportions of female and monoecious plants, have high seed 
yields (because all plants contribute to seed formation), high habitus uni-
formity (favoring mechanical harvesting), but a narrower genetic base (due 
to the selective pressure necessary to maintain the monoecious trait in a 
significant proportion of the plants), a lower biomass yield, and the neces-
sity of strict isolation and seed batch control during seed multiplication, 
due to the lower competitiveness of monoecious pollen compared with pol-
len from contaminating male (dioecious) plants. The practice of hemp 
breeding sometimes requires the identification of the sexes (male, female, 
monoecious), with the male sex determination being especially important 
for the different strategies of improvement in dioecious hemp, and for seed 
quality controls in monoecious hemp. Early identification of the male 
plants is today an example of completely effective and 100% reliable 
marker-assisted selection. In fact, since 1999, strictly male-specific 
(probably Y-chromosome located) molecular markers were described by 
several groups, obtained by RAPD markers (Mandolino et al. 1999), then 
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transformed in SCAR markers upon sequencing of the discriminating 
fragments (Mandolino et al. 1999; Mandolino et al. 2002); also AFLP and 
SSR sex-specific markers were later described (Peil et al. 2003; Rode et al. 
2005). In most cases, the strict association to the male phenotype was at-
tributable to the localization of the marker on the region of the Y chromo-
some excluded from recombination with homologous areas of the X chro-
mosome (Mandolino et al. 2002), while in another case the marker was 
located on the Y chromosome by direct FISH analysis (Sakamoto et al. 
2000). In all cases reported where these male-specific markers have been 
sequenced, a high similarity between them and with LINE-like retrotrans-
posons was reported (Mandolino et al. 1999; Sakamoto et al. 2000; Saka-
moto et al. 2005).

The marker named SCAR400, described in Mandolino et al. (1999), was 
routinely used in selection programs for both dioecious and monoecious 
hemp, demonstrating its full potential and association; direct PCR amplifi-
cation protocols of tiny tissue fragments were devised, simplifying the  
scoring of the male sex in a huge number of samples (Mandolino and 
Ranalli 2002); this marker was tested and used also by commercial seed 
companies with excellent results.

One peculiar exploitation of sex-linked markers, came from the possibil-
ity to score at an extremely early stage of differentiation the genetically de-
termined male plants, well before any sex-related structure was visible. 
This opportunity allowed the study of genome-wide gene expression at 
very early stages of the sexual determination in male and female sexes. By 
this "marker-assisted" gene expression analysis, it was possible to identify 
by cDNA-AFLP and clone some sequences differentially expressed in 
male and female plants (Moliterni et al. 2004). 

Monoecy is another very important character for which a marker system 
would be useful. However, the above described male-specific marker is 
also suitable for keeping under strict control the “contaminating” male 
plants in a monoecious stand or seed lot. The exploitation of this marker 
could allow the introduction, by the seed companies commercializing 
monoecious seed, of the “elite” or “superelite” terms for seed batches, de-
pending on the number of contaminating males expected (Mandolino and 
Carboni 2004). This marker can be therefore already be exploited both in 
MAS and in seed quality certifications of monoecious varieties. Monoecy 
and flowering time are today among the main targets for genetic analysis 
and marker-assisted breeding; the availability of male- and of monoecious-
specific markers, possibly combined in a single PCR assay, would allow 
the complete identification of the sexual phenotype of plants belonging to 
any variety or breeding lines. 

As anticipated at the beginning of this section, one of the main targets of 
modern industrial hemp breeding is the early identification of the
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chemotype, i.e. of the cannabinoid(s) a given genotype is endowed with. Today, 
the determination of the chemotype and of the absolute amounts of each 
cannabinoid is carried out by labor-intensive gas-chromatography or 
HPLC; such analysis is mandatory to get the EU subsidies by industrial 
hemp growers: THC levels in a sample of plants of the stand must be be-
low 0.30% of the inflorescence dry weight. Though the necessary tech-
niques are susceptible of being speeded up and automated, the develop-
ment of specific molecular markers predictive of the type and (ideally) 
amount of each of the cannabinoids a plant can manufacture, would be 
very useful for hemp breeders. Five main chemotypes (I through V) are 
recognized and/or proposed today (Small and Beckstead 1973; Mandolino 
and Carboni 2004); the mode of inheritance of the first three (I: prevalent 
cannabidiol, CBD; III: prevalent tetrahydrocannabinol, THC; and II: mixed 
CBD and THC), has been recently extensively studied and clarified (de 
Meijer et al. 2003; Mandolino et al. 2003; Mandolino 2004). CBD preva-
lence in the plant (as observed, for example, in most modern fibre cvs.) is 
determined by homozygosity at a single locus, B, of the allele BD, while 
prevalence of THC in the plant (e.g. in the drug varieties) is largely deter-
mined by homozygosity at the same locus for the BT allele. Therefore, the 
chemotype is simply determined by the allelic constitution at one single 
locus, while the total amount of cannabinoids can be considered a quantita-
tive trait; the combination of these two determination types, yields the spe-
cific cannabinoid's profile of a genotype (Mandolino 2004). The other two 
chemotypes proposed (IV: prevalent CBG, and V: zero cannabinoids) are 
still poorly characterized, though recently genetical models have been pro-
posed also for chemotype IV (de Meijer and Hammond 2005). Markers as-
sociated to the allelic status at the B locus (BD/BD, BD/BT or BT/BT) have 
been developed by bulk segregant analysis of segregating F2 progenies (de 
Meijer et al. 2003; Mandolino et al. 2003). 

The genes responsible for the synthesis of the two main cannabinoids, the 
non-psychoactive CBD and the psychoactive THC, have been character-
ized, and several sequences related with the enzyme activities involved are 
deposited in the Gene Bank (Sirikantaramas et al. 2004). The availability 
of the gene sequences involved in the synthesis of the two main cannabi-
noids, and the knowledge of their characteristics, has also led to the devel-
opment of highly predictive sequence-based PCR markers for the chemo-
type (Kojoma et al. 2005); besides, marker systems based on multiplex 
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PCR amplification, capable of identifying both alleles (and therefore either 
homozygous or heterozygous genotypes at the B locus) have been devel-
oped; this particularly effective marker system has been extensively used 
in the marker-assisted elimination of THC-containing plants (genotyped 
BT/BT) from newly-developed hemp varieties. As expected, these markers, 
very much like the male-specific markers described above, have a 100% 
efficiency of correct identification of the genotype at the B locus, and also 
gives indirect evaluation of the absolute THC content of any Cannabis 
plant (Pacifico et al. 2006). Besides, the same marker can be exploited for 
selecting high-THC producing plants, today used as a source of this impor-
tant active principle by pharmaceutical industry (Guy and Stott 2004).

Traditionally, the main product of industrial hemp cultivation was its fi-
bre; the genetics and functional genetics of fibre production is still in its in-
fancy, not only in hemp, but also in other fibre crops. It is likely that the 
study of fibre characteristics and of their development will play a major 
role in marker assisted selection for this trait; the functional genomics ap-
proach is at its beginning, but is already generating a number of interesting 
results, both from the point of view of the basic research and of the devel-
opment of diagnostic tools (see chapter 6 of this book for a review of fibre 
genomics).

5. Conclusions 

In this review, the main advancements achieved in marker-assisted selec-
tion and genomics of three industrial crops have been highlighted. These 
three crops represent somehow three different stages of maturity of the 
markers' exploitation for genetic improvement. Rapeseed has a well de-
fined and consolidated body of knowledges about the structure and organi-
zation of its genome and the several genes relevant from the point of view 
of industrial utilization, and it can exploit the knowledge of the complete 
sequence of Arabidopsis thaliana; sugar beet is less characterized, espe-
cially from the functional genomics point of view, but recent research ef-
forts, and the fact that sugar beet is becoming a model species for root 
crops, are rapidly filling the gap; hemp genomics still is in its infancy, but 
a number of important traits, such as sex and chemotype are already char-
acterized, and effective tools for marker assisted breeding have already 
been developed. It can be foreseen that in the next few years, pushed by 
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the recent new opportunities of industrial utilization of these crops, impor-
tant breakthrough in genomics and genetic mapping of other important 
traits will occur. 
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Improved agronomy and management of crop 
plants for industrial end uses 

Lorenzo Barbanti, Andrea Monti, Gianpietro Venturi 

1. General concepts 

Agronomy, the science ruling the fields, has the privilege and the task of 
dealing with many aspects and related disciplines, covering the biological 
and the physical sphere. Harmonizing the complex of interactions arising 
form the organisms, factors and conditions involved in the process of plant 
growth is not an easy task, as general. Optimising plant growth and crop 
production, while safeguarding the environment, often proves a harder 
challenge. In this light, the crops for industrial end-uses may intrinsically 
be seen as crops of potential large scale, thus exerting a significant influ-
ence - both positive and negative – on the environment. 

Crop management in its two aspects of quality and intensity is deeply 
involved in this influence, although the effects of crop inputs and tech-
niques are seldom consistent, depending on the specific input, its level, the 
crop to which it is applied, other cropping conditions. The same is true for 
the long-studied influence of inputs/techniques on crop yield and quality. 
Yield and quality represent a good example of the problems to face, espe-
cially when they are adversely correlated, such as in the case of nitrogen 
fertilization in nitrogen-sensitive crops (e.g. sugar beet), requiring a com-
promise between contrasting effects; adding the environmental issue to the 
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already-existing dualism of yield vs. quality, involves a higher-level 
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compromise to be looked for, within what would otherwise be seen as “good” 
husbandry.

As to this, a common background linking most industrial crops is that, 
given the present financial context and the intrinsic nature of their prod-
ucts, they are grown in the effort to optimise the efficiency of all external 
inputs, such as fertilizers, irrigation, subsidiary energy spent in soil tillage, 
etc.. The process is susceptible of minimizing the load of chemicals on the 
environment, which is, in principle, a desirable outcome. On the other 
hand, the tendency to optimise inputs according to the expected response, 
disregarding the computation of mass balances, may trigger a progressive 
depletion of soil reserves, that is evident in the case of nutrients, but may 
extend to soil moisture, if a crop with a high ability to exploit soil water 
reserves is followed by another at lower aptitude, in the lack of restoring 
rainfalls. Referred to nutrients, this occurrence goes under the name of 
“soil mining” and represents a potential constraint to future production, 
which seems wiser to prevent than to recover from. 

From the above discussion, it is perceived that the guidelines of agro-
nomic improvement in crops for industrial end uses must follow a narrow 
pathway, in order to comply with opposite aims. In the specific of crop 
management, the operations that are needed to grow a crop may be 
grouped under a few basic categories: i) tillage/establishment of the crop, 
including seeding or transplanting of the breeding material; ii) nutrition, 
based on chemical and organic fertilization; iii) water management, cover-
ing both irrigation and adaptation to drought; iv) protection from competi-
tion and biotic stresses, i.e. weeds, pests and diseases; v) har-
vest/conditioning, which is the subject of closer relationship between 
agriculture and industry, focusing on harvest campaigns, product storage, 
supplying fluxes to industrial plants, etc..

Analysing the recent progress and the pending problems in each cate-
gory, in the present agricultural context and with the available tools, seems 
the best way to outline a management for crops at industrial end uses. 

2. Soil tillage and crop establishment 

Soil tillage and crop establishment cover a vast array of interventions, 
ranging from none, in the case of already-established perennial crops, to a 
sequence of high intensiveness, e.g. in crops requiring a deep tillage, the 
preparation of a fine seedbed, and a low-speed seeding or transplanting. 
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2.1 Soil tillage 

The modern approach in soil tillage is aimed at enhancing soil fertility, a 
task which is deeply embedded in traditional agronomy and does not rep-
resent, in itself, anything new.

Fig. 4.1. Macro-photographs of vertically oriented thin sections prepared from undisturbed 
samples from the surface layer (0-100 mm) of soil tilled by continuous deep ploughing 
(left) and the same soil after raindrop impact (right). Surface crust formation is very evi-
dent. Frame length 35 mm x 28 mm. Reprinted from Soil Tillage Research, 79, Pagliai et al. 
Soil structure and the effect of management practices, 131-143, © 2004 Elsevier B.V., with 
permission from Elsevier.

Other tasks commonly associated with soil tillage, such as the incorpo-
ration of crop residues, fertilizers and weeds, are still performed, but alter-
natives are increasingly available, such as herbicides, fluid-fertilizer injec-
tion, crop-residue mulching, whose adoption deprives soil tillage of part of 
its former importance. Even within the vast issue of soil fertility, different 
concepts and purposes are now comprised with respect to the past. Chemi-
cal fertility, still a main issue in crop production, is a more appropriate 
concern of fertilization. Conversely, physical and biological fertility are 
the core of a modern policy of soil management, since the influence played 
by soil tillage cannot be easily replaced. Physical and biological fertility lie 
on the common principle that undisturbed soils are normally characterized 
by the best status. In agricultural soils, all the efforts are aimed at mimick-
ing nature’s action as much as possible, through tillage (Fig. 4.1). There is 
no single method corresponding to this concept, since the same results may 
be achieved through different ways. In other words, all the tools (inverting, 
non-inverting ones) and the techniques (deep, shallow, no tillage) are still 
valid and applicable, depending on specific aims and conditions. 

In recent literature, the vast combination of tillage depths and instru-
ments are investigated, in view of a sustainable crop production. Many pa-
rameters are analysed as potential soil-quality indicators. Among them, 
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soil bulk density is considered a good indicator of soil structure, the high 
levels indicating compaction by heavy traffic and, to a lesser extent, by re-
consolidation of the tilled layer (Botta et al. 2006; Hamilton-Manns et al. 
2002).

Fig. 4.2. Effect of tillage systems on elongated transmission pore distribution along soil 
profile expressed as a percentage of total area occupied by pores ranging from 50-500 m
per thin section (MT, minimum tillage; RS, ripper sub-soiling; CP, conventional deep 
ploughing). Values at each depth with different letters are significantly different at 
Reprinted from Soil Tillage Research, 79, Pagliai et al. Soil structure and the effect of man-
agement practices, 131-143, © 2004 Elsevier B.V., with permission from Elsevier.

In this respect, no tillage and sod-seeding of the crop is responsible for 
higher bulk density in the top 0.08 to 0.15 m, compared to reduced and 
conventional tillage (Bescansa et al. 2006; Bhattacharyya et al. 2006; 
Singh and Malhi 2006; Dam et al. 2005; Deen and Kataki 2003). The re-
sult is an increase in soil strength, leading to a higher resistance to penetra-
tion, whereas water infiltration appears both positively (Liebig et al. 2004) 
and negatively (Singh and Malhi 2006) influenced by no-till. These effects 
generally end or reverse at deeper layers (> 0.15 m). In terms of bulk den-
sity and porosity, non-inverting, reduced tillage generally has an interme-
diate behaviour between ploughing and no tillage: in the case of ripper 
sub-soiling, a higher macro-porosity associated with a homogeneous dis-
tribution along soil profile has been observed (Pagliai et al. 2004), due to a 
larger number of elongated transmission pores, easing the passage of water 
through the profile (Fig. 4.2). The stability of soil aggregates to water is, 
consequently, improved, mitigating the tendency to soil crusting, an effect 
shown also for no tillage (Liebig et al. 2004). The resistance to wind ero-
sion is improved by reduced and no tillage, too, thanks to larger aggre-
gates, less sensitive to wind action (Malhi et al. 2006; Singh and Malhi 
2006). So it is perceived that a reduced tillage intensity is possible or even 
beneficial to soil physical state and should, therefore, be economically pur-
sued also in industrial crops. Examples are given for oilseed rape, which 

P 	 0.05. 
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has achieved satisfactory yields in a review of the studies run in the Scan-

Table 4.1. Soil organic carbon sequestration rates (0-0.2 m soil depth) upon con-
version from conventional tillage to no-till. Adapted from Agriculture, Ecosys-
tems and Environment, 111, Tan and Lal, Carbon sequestration potential estimates 
with changes in land use and tillage practice in Ohio, USA, 140-152, © 2005 El-
sevier B.V., with permission from Elsevier.

Location a Duration 
year

Antecedent C 
content (g C m-2)

C change rate
(g C m-2 yr-1)

   Mean Std dev. 
Choshocton 17 924 47 9 
Hoytville 16-19 589 50 36 
Wooster 18-30 396 60 9 
S. Charleston 18-28 266 87 50 
Mean   62 29 

a Several data sources and different soil taxa. 

In sweet and fibre sorghum, the combined effect of shallow tillage (0.15 
m) and low N and P fertilization (60 and 35 kg ha-1, respectively), com-
pared to conventional ploughing (0.3 m) and normal N and P rates (120 
and 70 kg ha-1, respectively), entailed a certain loss in biomass yield only 
in one year out of three (Amaducci et al. 2004), but the effect is not clearly 
attributable to soil tillage alone. Sunflower is another industrial crop inves-
tigated under different tillage, but the effects observed are more related to 
soil moisture as influenced by soil tillage, and later discussed, in the sec-
tion on water management. In this crop, anyway, reduced tillage (chisel at 
0.25-0.3 m) has been observed to limit early plant growth and N-uptake 
with respect to traditional one (ploughing), but not final seed yield and 
quality (Murillo et al. 1998); i.e. the more-compact crop maintained its 
yield potential, under relatively-dry conditions (Southern Spain).

The level of soil organic matter and the carbon-sink effect of soils are 
other important issues that may benefit from reduced tillage. No-tillage en-
tails a lower mineralization of native organic matter and may contribute to 
a net CO2 sequestration (Tan and Lal 2005) (Table 4.1), sometimes only in 
association with other factors such as stubble retention at the surface 
(Wang and Dalal 2005). The light fractions of organic matter and of N 
seem to be more involved in these increases, than the total amounts (Malhi 
et al. 2006). Also microbial-biomass and potentially mineralizable N, valu-
able indicators of soil quality, show higher levels in association with no 
tillage (Liebig et al. 2004; Salinas-García et al. 2002), at least in the sur-
face layer: in fact, a soil-carbon stratification is clearly detectable in

dinavian countries on reduced tillage and direct drilling (Rasmussen 1999). 
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noninverting tillage compared to ploughing, depending on the stronger C se-
questration operated by the former in the topsoil (Piovanelli et al. 2005). In 
this respect, minimum tillage may be seen as a good compromise between 
no-tillage and ploughing, in terms of organic matter content and distribu-
tion along the profile (Duiker and Beegle 2005; Deen and Kataki 2003). 
Even with the most conservative tillage systems, the balance in organic C 
may be negative with respect to former semi-natural systems. This is the 
case of an abandoned 15-year old grassland (Olson et al. 2005), where the 
loss in C after 12 years of cropping, still modest in no-till (10%), rose with 
chisel tillage (16%) and was further enhanced by mouldboard ploughing 
(27%). Seen from a different point of view, the difference of conservative 
tillage over conventional management represents a positive gain: in the 
cited research, the annual build-up of the C stock in the root zone (0-0.75 
m depth) was set at 0.71 Mg ha-1 yr-1 for no tillage over ploughing, and at 
0.46 for chisel tillage. In agreement, a simulation study showed an increase 
in the rate of soil carbon sequestration in the range of 0.4-0.8 Mg ha-1 yr-1,
depending on cropping system, with no-till management compared to con-
ventional tillage (Thomson et al. 2006). At last, an experience on a single 
ploughing of a soil previously subjected to non-inverting tillage for 7-9 
years (Koch and Stockfisch 2006), in order to overcome constraints of 
compaction, weed and slug infestation, resulted in a loss of organic matter 
of 6%, less severe than in Olson’s et al. (2005) research, thanks to a less-
conservative soil management maintained for a shorter time, but still 
showing the volatility of the benefits capitalized in years of conservation 
tillage, with the return of ploughing.

Worldwide, the steeply intensifying of agricultural practices in response 
to policy changes and fast population growth has resulted in an overall de-
clines in soil C. For example, in temperate-zone agriculture, soil C was 

tensive agricultural techniques (Matson et al. 1997). In developing coun-
tries, practice is to increase soil tillage, while reducing organic fertilizers 
and removing crop residues, thus resulting in lower levels of soil C and nu-
trients, thereby increasing fertilizer needs. For example, Metherell et al. 
(1995) demonstrated that soil C losses can be up to 50% lower for no-till 
compared to conventional tillage in a winter wheat-fallow rotation. Thus, 
while yield per unit area has steadily increased, yield per unit of fertilizer 
added has declined (Gale et al. 2002). China represents an emblematic ex-
ample of this trend: the annual average cultivation-induced C losses have 
been estimated at 15 Mg (C) ha-1, representing a total C-loss of 2 Pg C 
(Song et al. 2005). The IPCC (Intergovernmental Panel on Climate 
Change) Second Assessment Report has estimated that over the next 100 
years it may be possible to restore two-third of carbon emission through 

shown to decrease by 50% during the first 25 years of cultivation under in-
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sustainable agricultural practices such as reduced soil tillage and erosion 
control.

Table 4.2. Cropping system effect on soil organic carbon (SOC) and total nitrogen 
(TN) content, soil C:N ratio, and bulk density (BD) in the 0-0.15 and 0.15-0.30 m 
soil layer, after 10-year implementation of the cropping system experiment under 
no-tillage management. Adapted from Agriculture, Ecosystems and Environment, 
105, Al-Kaisi et al. Soil carbon and nitrogen changes as influenced by tillage and 
cropping systems in some Iowa soils, 635-647, © 2005 Elsevier B.V., with per-
mission from Elsevier.

SOC TN C:N ratio BD Cropping
system (Mg ha-1) (Mg ha-1)   (g cm-3)
 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 
Smooth
bromegrass

47,1 a 33,2 a 4,7 a 2,0 a 10,0 b 16,6 b 1,08 b 1,12 c 

Switchgrass 40,7 a 26,3 a 2,4 b 0,8 b 17,0 a 32,9 a 1,25 a 1,17 b 
         
Corn-soy-
bean-alfalfa

26,7 b 17,0 b 2,1 b 0,8 b 12,7 b 21,3 b 1,27 a 1,29 a 

It appears, then, as perennial crops have a competitive edge over annual 
ones in terms of carbon sequestration, and are to be preferred for this as-
pect, wherever a choice is possible within the same production chain, such 
as in the case of biomass crops for energy: switchgrass (Panicum virgatum
L.) for instance, is a perennial grass of potential energy use, that was seen 
able to raise the soil-carbon content by an average 1.2 Mg ha-1 yr-1 over 10 
years, compared to a typical rotation of temperate regions such as maize, 
soybean, alfalfa (Al-Kaisi et al. 2005) (Table 4.2).

Again, a five-year old switchgrass was shown to accumulate about 8 Mg 
ha-1 of dry roots, that is about five-times more than maize (Parrish et al. 
1997). In the same crop, an increase of 2 g kg-1 of soil carbon was observed 
in just three years of cropping (Sanderson et al. 1997a), and, at five years 
from planting, about 25% of soil organic carbon originates from the crop 
(Garten and Wüllschleger 2000). Moreover, compared to traditional crops 
such as wheat and maize, switchgrass has been found to store the largest 
amount of C in a relatively-deep layer (0.3-0.9 m), less exposed to miner-
alization losses (Liebig et al. 2005; Frank et al. 2004). 

From the discussed literature, it may be concluded that also industrial 
crops, despite their heterogeneity, should be able to play a positive role in 
the context of sustainability, by adopting methods of conservative tillage 
which, in turn, contribute to mitigate greenhouse gases emissions, to

Values in column with different letters are significantly different at P  0.05. 
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in cropping. 

2.2 Crop planting 

Crop planting is clearly linked to soil tillage. In the cropping systems at 
reduced or no-tillage, dedicated seeders have been developed, that are fit-
ted with sturdier coulters or disks, in order to cut through superficial 
mulches (straw, stalks, desiccated weeds and cover crops) and place the 
seed at the right depth while improving soil-seed contact. The development 
of such machines is still in progress, focusing on specific parameters of 
seedbed quality, as it can be perceived from literature: in a recent research 
(Vamerali et al. 2006), for instance, a new kind of wide-sweep furrow 
opener compared with a traditional double-disc opener led to higher soil-
residue mixing and lower bulk density in the top 0.05 m. These favourable 
conditions were, conversely, associated with a certain delay in maize 
emergence, which might be due to a lower soil/seed contact. 

Rolling the seedbed to improve its firmness and the contact between soil 
and seed is often done in tillage systems, especially for small-seed crops. 
In one such industrial crop (switchgrass), rolling the seedbed prior to sow-
ing, and in case also after sowing, has been shown to actually improve 
seedling emergence from 56% to an average 70% in a specific trial (Monti 
et al. 2001). This may lead to the false belief that a hard soil offers, by 
definition, favourable emergence conditions. The fact is proven wrong also 
in the cited experience, where the increase in soil resistance in the top 0.2 
m, associated to no tillage, has been responsible for a substantial curb in 
emergence (Fig. 4.3), especially in the interval between 1 and 2 MPa. It 
appears, then, as a border should be erected between seedbed compression, 
a potentially-useful practice, and soil compaction, an unfavourable occur-
rence from all viewpoints. 

The respect of proper seeding conditions also in simplified planting sys-
tems, as a premise to good crop stand and early growth, has been investi-
gated in a trial where four different drill configuration were tried in no till-
age on maize, wheat and soybean (Chen et al. 2004): removing the press 
wheel reduced the speed of emergence and the final population on normal 
and dry field conditions; removing also the gauge wheel resulted in double 
seeding depth on soft soil in laboratory conditions, leading to the same ef-
fects. Although a reduced and delayed emergence seldom affected yields 
in these trials, the importance of a complete, simultaneous establishment is 
implicitly supported. 

reduce soil erosion, and to improve the overall efficiency of the energy spent 



Improved agronomy and management of crop plants for industrial end uses      91 

As for transplanted crops, the preparation of the breeding material is a 
burden often puzzling farmers, that are accustomed to the simplicity of true 
seeds, or to well-organized supply chains, delivering them the seedlings at 
the right time and in the right shape (e.g. paper-pots) for their transplant-
ers.

Fig. 4.3. Correlation between soil resistance at a 0-0.2 m depth and emergence index, the 
ratio of actual to potential seedlings, in small- and large-seed varieties of switchgrass. Re-
produced from Soil & Tillage Research, 63, Monti et al. Evaluation of the establishment of 
lowland and upland switchgrass (Panicum virgatum L.) varieties under different tillage and 
seedbed conditions in northern Italy, 75-83, © 2001 Elsevier B.V., with permission from 
Elsevier.

For those crops that are normally planted through rhizomes, the prepara-
tion of a suitable number involves considerable amounts of time and la-
bour and may, therefore, play a discriminating role against them. Other 
ways are, therefore, tried: in giant reed (Arundo donax L.), one such crop 
now susceptible of expansion as a biomass for energy in the frame of the 
Kyoto Protocol, the rush for of an adequate amount of breeding material is 
pressing towards simpler means than fractured rhizomes, such as stem cut-
tings placed into the soil with the generation of new plants from axillary 
buds (Gherbin et al. 2005), and is encouraging also micro-propagation trials. 

2.3 Soil management during crop growth 

In exchange for the potential complexity in the phases of soil preparation 
and crop planting, a few cares are generally needed along the cycle in 
modern industrial crops: over-seeding followed by thinning in the early 
stages is practically disappearing in the western world even in vegetables 
such as tomato. Inter-row hoeing is feasible in the crops having an 
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interrow space wide enough (at least 0.4-0.5 m) to allow it. Its contribute to the 
control of weeds and, to a lesser extent, of soil evaporation is not negligi-
ble, especially in low-input cropping systems, where lower rates of herbi-
cides, if any, are applicable. At last, earthing-up is limited to those crops 
taking advantage of the extra cover of soil on top of expanding tubers and 
rhizomes, or from the ridging of soil surface in view of furrow irrigation. 

Crop nutrition is the base, along with light interception, of plant growth 
and crop production. The various micro- and macro-nutrients play different 
roles in the plant from a physiological point of view, that seem needless to 
discuss here. The crucial point is that the plant must be granted a balanced, 
satisfactory supply of all nutrients, in order to attain the desired growth, 
under non-limiting conditions of different nature (e.g. drought stress, pests 
and diseases, etc.). Assuring this condition while respecting other con-
straints, namely financial and environmental ones, is not an easy task. 
Mineral and organic fertilization are the tools to achieve the goal, but sev-
eral other techniques must be considered, that interact with plant nutrition, 
both in a positive and in a negative way.

Industrial crops intrinsically have variable nutritional needs and re-
sponses to applied nutrients, depending on the species and on their destina-
tions. So, a common picture of their behaviour may not be drawn, but a 
discussion of the concepts now prevailing in plant nutrition may help to 
better highlight modern trends in their fertilization. 

3.1 Nitrogen 

Nitrogen is the nutrient of greatest importance and of most delicate man-
agement throughout all crops. Apart from the leguminous species, that are 
little represented among industrial crops, plants mainly take up the nutrient 
from the pool of soil mineral N, which in turn is generally inadequate to 
satisfy their requirements, and must be fed by other sources, namely min-
eral and organic fertilizers. The problem is that nitrogen has a high mobil-
ity along soil profile, and may be leached in drainage water or volatilised 
to the atmosphere. More to that, the biological part of its cycle is not less 
complicate,  since the relationships with soil biomass and specific  bacteria

3. Crop nutrition 
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are functional to the cycles of mineralization/immobilization that rule its 
availability.

Many decision-support systems are currently in use, in order to avoid 
the risk of nitrogen imbalances. The computation of nutrient budgets (bal-
ances), defined as the summary tables of nutrient inputs and outputs 
(Oenema 2003), may be considered one of the simplest: nutrient budgets 
may be set at three basic scales: soil system, soil surface (field) and farm 
gate. The system budget is, of course, specific of trial sites, although its re-
sults may be inferred into normal cropping situations, contributing data for 
useful considerations (Barbanti et al. 2006). The other two may be calcu-
lated with relative ease also for commercial crops/farms, although they are 
only approximate in the assessment of system imbalances: in fact, the ap-
plication of the soil surface budget for nine years to a rotation including 
oilseed rape showed that only 13-25% of the surpluses originating from the 
computation were actually leached (Sieling and Kage 2006), indicating a 
poor correlation between anticipated and actual amounts.

More sophisticated systems are needed, in order to get more reliable 
outputs. To this aim, a more advanced approach is to implement actual soil 
nutrient status into the nutrient budget, as a specific reference. Many sys-
tems have been developed and validated, based on soil analysis; among 
them, one of the most diffused is the balance sheet, first developed in 
France (Rémy and Hébert 1977; Rémy and Viaux 1982). The principle is 
to take a representative soil sample at a significant depth (generally 0-0.9 
m) and to determine mineral N, at the beginning or in early phases of crop 
cycle. Then other parameters are assumed, such as the expected minerali-
zation during the cropping season, according to the soil type; the net min-
eralization/immobilization of organic fertilizers and of preceding crops’ 
residues; the nutrient requirements at a standard (or personalized) yield po-
tential, plus a small amount representing soil residual N-min at harvest. 
The algebraic sum of these items gives the amount of N to be applied as 
fertilizer. The method has been successfully in use for large-surface crops, 
primarily winter wheat and sugar beet. It has further evolved into a soft-
ware (Machet et al. 1990), and is now implemented into a dynamic soil-
crop model for winter wheat (Jeuffroy and Recous 1999) (Fig. 4.4), where 
it represents the soil sub-model, while the crop sub-model simulates 
growth and N-uptake according to the crop’s simulated radiation use effi-
ciency and to a critical dilution curve for nitrogen. 
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Other methods have been developed, based on soil analysis of available 
forms of nitrogen with chemical (e.g., KCl, CaCl2) and electro-chemical 
(EUF) extraction (Németh 1982; Wiklicky 1982), where the soil nutrient 
status is the base for the computation of fertilizer rates. None of them has 
been extended to industrial crops, although the adaptation of existing soil 
models should not be complicate, possibly requiring only the implementa-
tion of specific nitrogen uptakes, crop cycle and rooting depth. 

Soil characteristics
(Clay, CaCO3, [N])
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Daily air
temperature
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Fig. 4.4 . Flow charts of the simulation model of daily soil nitrogen availability (a) and dai-
ly plant nitrogen requirements (b). Mh=net mineralization of humus; Mr=net mineralization 
of crop residues; Ma=net mineralization of organic wastes; i=fraction of incident radiation 
intercepted by the crop; b=radiation use efficiency; imax and k=maximum i and extinc-
tion coefficient; LA/BM=ratio of leaf area over total aerial biomass; boxes in grey=sub-
model input. Reproduced from European Journal of Agronomy, 10, Jeuffroy and Recous, 
Azodyn: a simple model simulating the date of nitrogen deficiency for decision support in 
wheat fertilization, 129-144, © 1999 Elsevier B.V., with permission from Elsevier.
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Another large category of tools in nitrogen advising is that of plant indi-
cators, instead of soil ones. Many chemical and optical assessments have 
been proposed: among them, the lab or field analysis of sap nitrate content 
in wheat stems and in sugar beet petioles; the rapid chlorophyll readings by 
means of dedicated tools (e.g. Minolta SPAD 502) based on optical ab-
sorbance (Yadava 1986); and the possibility of using ground-based meas-
urements of spectral reflectance (Graeff and Claupein 2003).

Table 4.3. Summary of the main advantages and disadvantages of different sens-
ing platforms. Adapted from Biosystems Engineering, 90, Scotford and Miller, 
Applications of spectral reflectance techniques in Northern European cereal pro-
duction: a review, 235-250, © 2005 Elsevier B.V., with permission from Elsevier.

 Space Aerial Ground 
Area covered per scan Area scanned increases with platform height 
 typically km2 typically m2 typically cm2

Resolution coarseness increases with platform height Spatial resolution
(pixel size) 1-30 m2 0,05-2 m2 mm2 to cm2

Temporal resolution Weeks days hours 
Affect of cloud cover Influence of cloud increases with platform height 
 heavy influence moderate infl. not affected 

Influence of illumin. conditions decreases with height Affect of local illumina-
tion conditions not affected moderate infl. heavy influence 
Availability of data to 
end user 

long delays some delays no delays 

Control of end user limited control some control full control 

These systems are based on the principle of anticipating deficiencies 
through monitoring, in order to prevent them by fertilizing. They are very 
useful in horticultural crops, where drip irrigation allows a just-in-time de-
livery of fertilizers (“fertigation”); still of interest in the winter fertilization 
of wheat, but are unlikely to extend to crops whose management intrinsi-
cally requires simplification, such as many industrial crops.

More to that, their appeal in large-surface crops is rivalled by that of 
remote sensing, a term including both aerial (plane, helicopter) and space 
(satellite) sensing, based on spectral-reflectance analysis of crop images, 
although in a recent experiment (Reyniers et al. 2006) ground-based reflec-
tance (CropScan multi-spectral radiometer) has proved more precise than 
aerial one (colour infra-red aerial image) in assessing wheat nutritional 
status and yield components at harvest. In a review (Scotford and Miller 
2005), the advantages and disadvantages of the three sensing platforms, 
ground-, aerial- and space-based, are discussed and summarized (Table 4.3). 
It is concluded that, in order to provide quantitative crop information to aid 
input decisions, ground or aerial sensing are more appropriate than satellite 
one, because of higher spatial and temporal resolution. In another experience
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(Jia et al. 2004), aerial true-colour photography has provided normal-
ized colour intensities (red, green and blue bands) that were highly corre-
lated with total N concentration, SPAD readings and sap nitrate in winter 
wheat, thus showing the possibility of replacing more-expensive terrestrial 
tools of nutrient assessment. Aerial sensing may, therefore, be seen as a 
good compromise between efficiency and accuracy, while satellite sensing 
is a field of promising development, given the commitment of private 
companies and public boards (e.g. the European Space Agency), but whose 
interest is presently restricted to simple applications of limited optical reso-
lution, such as targeting crop inspections according to specific agricultural 
rules.

3.2 Other nutrients 

The rest of macro-nutrients and all the micro-nutrients are of minor con-
cern, compared to nitrogen. Yet, they deserve attention, since deficiencies 
are likely to impair plant growth and, consequently, affect crop yield.

As for the two other relevant macro-nutrients, P and K, sufficiency 
thresholds have been defined for common soil-crop combinations, using 
specific extractors. The management of P and K in fertilization has not 
substantially evolved recently: the two nutrients are either little mobile (K) 
or substantially static (P) in soil profile, so they need to be incorporated, if 

In this light, minimum and no tillage lead to a nutrient stratification, which 
can be partly overcome by application techniques such as soil injection or 
placement below the seed. Both recently proved an effective way of appli-

2002). It is also argued that nutrient diagnostic methods should be ad-
justed to soil management, i.e. soil sampling should be maintained at a cer-
tain depth even in no-tillage, in order to have a good correlation between 
soil P status and wheat response to fertilizer (Zamuner et al. 2005), al-
though another source (Duiker and Beegle 2005) suggests that samples in 
no tillage could potentially be taken at a shallower depth, provided that 
calibration curves are available. So there is no general agreement on the 
matter at present, probably because a bit too few experiences have been 
done so far. All the discussed concepts concerning P and K fertilization, 
described for cereals, are likely to apply also to industrial crops, which 
have been little investigated on this subject.

satisfactory concentrations are to be found at some depth from the surface. 

cation in maize on K-deficient soils after twelve years of no tillage (Vyn et al. 
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Likewise, also for secondary and micro-nutrients there is a scarcity of 
information on industrial crops. As a general, it is expected that industrial 
crops consist of vigorous plants, little affected by micro-deficiencies and 
other like constraints, but in fact this may not be stated for sure. The lack 
of literature supports this view, but the situation might change, especially 
for crops that are at the beginning of their diffusion. The only secondary 
nutrient that has been deeply investigated in the recent past is sulphur, 
which has showed a remarkable response to fertilization in cruciferous 
crops such as oilseed rape (Scherer 2001; Fismes et al. 2000), potential 
source of several industrial products. 

3.3 Fertilizers 

The type of fertilizer is of minor concern for industrial crops. Both mineral 
and organic fertilizers are suited to the needs of this large group of crops. 
Generally speaking, the financial context in which they are grown does not 
encourage the use of expensive nutrient sources. Therefore, sophisticated 
fertilizers such as the “nutritional specialties” proposed by many suppliers, 
featuring combinations of macro- and micro-nutrients, or nutrients plus 
bio-stimulators, or nitrogen forms at a delayed availability (slow-release, 
nitrification inhibitors, etc.), seldom pay off, despite the possibility of us-
ing less fertilizer units per hectare or reducing the number of split applica-
tions. The same circumstance affects, to a lesser extent, the use of complex 
fertilizers vs. simple (straight) ones. This is in accordance with the world 
trend in fertilizer types during the past thirty years, that has been strongly 
influenced by economics to the detriment of complex fertilizers, the group 
that had, in contrast, increased faster than simple fertilizers until the mid-
seventies (IFA statistics). 

One last remark concerns organic fertilization that are a valuable source 
of nutrients as well as of organic matter for agricultural soils that are, oth-
erwise, increasingly depleted. More to that, they supply many secondary 
and micro-nutrients that are virtually absent in highly-concentrated syn-

other origins), both composted or not, outside the food chain. This circum-
stance is less worrying for the fate of these wastes than in the case of food 

of waste products (livestock slurries, wastes of agro-industrial, urban or 

crops, associated with the intrinsic benefit of burying organic matter into 

thetic fertilizers. But the remarkable aspect is that they allow a valorisation 

the soil, thus contributing to soil carbon sequestration.
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Water is a crucial biological factor. Of the word’s available water resource, 
approx. 80% is currently consumed by irrigated agriculture (Condon et al. 
2004) and 40% of the world food is produced in irrigated soil (Somerville 
and Briscoe 2001). Projected population growth indicates 9 billion people 
within 2050; as such this level of consumption is not sustainable in the fu-
ture as more of the water resource is expected to be used for domestic, in-
dustrial, and municipal needs. In many areas of the world, water already is 
a scarce resource, with respect to potential consumptions. Other regions 
will likely add to the list in the future, given the present trend in world 
population and urban growth. Crops are, likewise, constrained by moisture 
deficiencies; in fact, there are a few agricultural areas where potential 
evapo-transpiration is met by natural supplies (precipitation, water table, 
inflows, etc.), whereas in the rest of them, a deficit occurs. Therefore, cap-
turing all the available water and efficiently using it for vegetable produc-
tion is a moral, if not a legal, obligation. Industrial crops are even more 
bound to this principle: since their principal products are not for food uses, 
they are susceptible to be passed over, in the allocation of limited water re-
sources.

4.1 Coping with limited water resources 

Three basic mechanisms of adaptation to drought stress are present in na-
ture (Ludlow 1989): tolerance, involving the breeding of genotypes intrin-
sically characterized by a better resistance, i.e., capable of photosynthesis-
ing at lower leaf-water potentials; avoidance, reflecting the plant’s attitude 
to face the stress (osmotic adjustment, stomata closure), until the adverse 
condition is relieved; escape, that is, completing plant growth before the 
onset of severe stress, or shifting crop cycle to a season in which the stress 
does not occur. The three mechanisms involve different possibilities of 
human intervention (breeding), such as improving transpiration efficiency, 
i.e. the acquisition of more C in exchange for water transpired; or partition-
ing more of the assimilated C into the end products. Other strategies may 
concern a better management of water resources and of environmental po-
tential (escape), that are not easily or timely available in practice. All these 
strategies should not be seen singularly; rather, they would give the best 
results only with complementary approaches. The ways of improving crop 
water use pass through the reduction of losses from soil evaporation, deep 
drainage and runoff, three conditions often involving a major revision of 
the whole cropping system (Passioura 2006).

4. Water management 
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However, the major breakthroughs in improving crop performances un-
der dry conditions are expected from breeding. In fact, the prospects for 
increasing water use efficiency by improving photosynthetic efficiency at a 
leaf-scale are estimated greater than those for increasing the efficiency of 
light interception or of biomass partitioning to commercial organs, which 
have been widely exploited in the past. The overall breeding potential to 
increase photosynthetic efficiency is estimated at approx. 50%, a very high 
score in genetic terms (Long et al. 2006). 

Fig. 4.5. A schematic diagram showing ridge and furrow rainfall harvesting system with 
mulches. Reproduced from Agricultural Water Management, 54, Li and Gong, Effects of 
different ridge to furrow ratios and supplemental irrigation on crop production in ridge and 
furrow rainfall harvesting system with mulches, 243-254, © 2002 Elsevier B.V., with per-
mission from Elsevier.

Another possibility of increasing water availability for crops is rainfall 
harvesting: shaping the soil surface in ridge and furrows concentrates 
moisture (Fig. 4.5). In an arid region of inner China, the combination of 
plastic-covered ridges and mulched furrows has been capable of increasing 
maize yield by 60-95% in drought and average years; 70-90% in wet years 
and 20-30% in very wet years (Li et al. 2001), with the largest single con-
tribution coming from the plastic cover than from the simple ridging of the 
soil or from the furrow mulching. Different ridge-to-furrow ratios have 
also been tested (Li and Gong 2002), showing an inverse relationship be-
tween average yearly precipitation and optimal value of the ratio, i.e. the 
driest the conditions, the largest the surface needed for water harvesting. In 
both experiences, water use efficiency (WUE), the parameter expressing 
the  unit  of  dry  biomass  or  commercial  product  per  unit  of  water 
(e.g. kg m-3), significantly increased with rainfall harvesting, and also sup-
plemental irrigation, in addition to water harvesting, brought about an in-
crease of maize yield and WUE. Therefore, the cited researches show that 
water harvesting not only made more water available for the crop, but en-
hanced its efficiency.
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In contrast to this, another experience on sunflower shows that increas-
ing soil water content at seeding through fallow management may not sys-
tematically be the best option (Aboudrare et al. 2006).

Fig. 4.6. Three types of yield response to initial soil water content (SWCo), as fraction of 
total available water (ASWt): simulation with EPIC-Phase (1960–1998). For each type, 
percent frequencies are indicated. Reproduced from Agricultural Water Management in 
press, Aboudrare et al. Effects of soil tillage and fallow management on soil water storage 
and sunflower production in a semi-arid Mediterranean climate, 1-14, © 2005 Elsevier 
B.V., with permission from Elsevier.

In this experience, chisel tillage proved the best compromise, within dif-
ferent tools and techniques, for optimising water storage in clayey soils of 
Morocco, among years at different amount and distribution of rains during 
the autumn-winter. But a high soil water reserve at seeding leads to an ex-
cessive leaf canopy at the bud stage, which in turn more rapidly depletes 
water and negatively affects yield and WUE, especially in a dry growing 
season. A partial restoration of the soil water reserve at seeding ensures, in 
comparison, steadier yields, as shown by a simulation run over the years, 
where a cumulated frequency of 45% of maximum yields is achieved with 
an initial moisture not exceeding 50% of total available water (Fig. 4.6). 

So, the direct harvesting of water and the indirect techniques to store it 
may have contrasting effects, which need to be carefully evaluated before 
setting out for any programme. In the case of water harvesting, a consider-
able drawback is represented by the large request of labour for carrying it 
out, although in developing countries the system is worth consideration, if 
it is deemed capable of supporting yields. 
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4.2 Irrigation 

The supply of water is basically conditioned by its availability at the 
needed time, and by the economic convenience in using it. The latter, in 
turn, depends on the cost of water and of its application, on crop physical 
responsiveness to irrigation and on crop selling price. It is easily under-
stood that any failure in the chain of supply/valorisation of water under-
mines the financial return of irrigation.

Water use efficiencies of either the total amount consumed by the crop 
(WUE) or that supplied through irrigation (IWUE), are good estimates of 
crop overall efficiency and responsiveness to irrigation, respectively. Irri-
gation is susceptible of enhancing growth, raising yields, often at the ex-
penses of WUE. Therefore, the conditions must be sought, in which this 
circumstance takes place to the least extent. Deficit irrigation, a supply of 
water that is only a fraction of the evapo-transpiration deficit, may improve 
yield and also WUE, especially if applied in critical phases of crops grow-
ing in severe water stress (Xue et al. 2006; Tavakkoli and Oweis 2004). 
Since in dry areas the rotation is often reduced to the fittest crops, which in 
many cases means a monoculture of winter wheat, widening the rotation 
may improve WUE, along with the duration of crop coverage during the 
rainy season and the amount of rain intercepted by crops (Huang et al. 
2003).

In grain sorghum, IWUE has been shown to decline at increasing irriga-
tion volumes in lysimeter studies (Tolk and Howell 2003), whereas trials 
in the open field have showed an opposite trend (Farré and Faci 2006). 
Grain sorghum has often proved a good alternative to maize in water-
limiting environments, thanks to higher WUE and IWUE, harvest index, 
soil-moisture depleting potential (Farré and Faci 2006) (Fig. 4.7), and wa-
ter-table exploitation (Sepaskhah et al. 2003). Grain sorghum is also a po-
tential energy crop, but more-dedicated ones are sweet and fibre sorghum, 
of the same species as the grain type (Sorghum bicolor (L.) Moench), but 
at high vegetative growth and comparably-lower grain yield. In Southern 
Italy (Mastrorilli et al. 1999), sweet sorghum has proven more sensitive to 
early water stress, during the early (“leafy”) stages of plant growth, than in 
the later (“stem”) stages: over three years, the early, temporary stress sig-
nificantly affected growth, final yield (-34% dry biomass than the well-
watered control) and WUE (-17%), whereas the late stress, at a comparable 
water consumption, brought about lower, insignificant variations: -11% in 
yield and +6% in WUE. In the wetter environment of Northern Italy 
(Amaducci et al. 2000), fibre sorghum did not take advantage of irrigation, 
although it was by far the highest-yielding crop among three other fibre 
crops (hemp, kenaf, fibre maize), whose two (kenaf and fibre maize) were 
significantly enhanced by irrigation. The insignificant and positive effects 
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of irrigation on the dry matter yield of, respectively, fibre sorghum and ke-
naf were also confirmed by other experiences in sandy soils under similar 
wet conditions (Monti et al. 2002). 

Fig. 4.7. Irrigation water use efficiency (IWUE), expressed as the ratio of grain yield to 
seasonal irrigation applied, for the different irrigation treatments in maize (full bars) and 
sorghum (empty bars). Bars represent standard errors. T-1 to T-6 represent decreasing irri-
gation treatments. Reproduced from Agricultural Water Management in press, Farré and 
Faci, Comparative response of maize (Zea mays L.) and sorghum (Sorghum bicolor L. 
Moench) to deficit irrigation in a Mediterranean environment, 1-9, © 2005 Elsevier B.V., 
with permission from Elsevier.

Both sweet sorghum with late water deficit in the former research (Mas-
trorilli et al. 1999) and the rainfed fibre type in the latter ones (Monti et al. 
2002; Amaducci et al. 2000) attained average dry-matter yields of 26-28 
Mg ha-1 in trail plots, associated, in the previous research, with a WUE of 
about 6 g kg-1. The combination of the two figures well describes the spe-
cies’ remarkable potential. 

Miscanthus (Miscanthus x giganteus Gref et Deu) is another biomass 
crop investigated under irrigation. Miscanthus is a C4 grass like sorghum, 
but is a rhizomatous perennial. In a Mediterranean environment of Central 
Italy, irrigation showed a positive interaction with N fertilization (Ercoli et 
al. 1999): in fact, at no nitrogen supply, irrigation did not raise biomass 
yield, which was, conversely, enhanced at full N rate (200 kg ha-1). The 
positive interaction between nitrogen and irrigation almost doubled net en-
ergy yield (output – input), given that the calorific value was uninfluenced 
by the two factors. In contrast, energy efficiency (output/input) was more 
than halved in the rainfed crop by the input of nitrogen, and significantly 
fell also in the irrigated crop. The positive effect of irrigation on dry matter 
yield of miscanthus was also ascertained in North Italy under a wetter con-
ditions, yet no significant interaction with nitrogen dose was observed in 
this case (Monti et al. 2002). In a pot experiment, three Miscanthus species 
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were compared under water stress, in order to investigate WUE and bio-
mass partitioning (Clifton-Brown and Lewandowski 2000). A M. sinensis
hybrid offered a better resistance to leaf senescence than M. x giganteus
and M. sacchariflorus, thanks to a reduced leaf conductance. Because of 
that, WUE on the total biomass did not significantly vary among the three 
genotypes, whereas WUE on the stem component showed differences in 
dry matter partitioning, to the advantage of M. sacchariflorus over the 
other two genotypes. 

A non-gramineous industrial crop widely investigated as it concerns wa-
ter relations is sunflower. The crop is a profligate water user (Connor and 
Sadras 1992), although it has a deep rooting and a good ability to tap on 
ground water. It is most drought-sensitive at the beginning of the reproduc-
tive stages, which is confirmed by a recent research in a Mediterranean en-
vironment (Göksoy et al. 2004): irrigating only at flowering showed by far 
the highest IWUE, compared to irrigating at heading, milking and at vari-
ous combinations of the three stages. A more-intensive irrigation pro-
gramme further enhanced seed yield, at the expenses of high amounts of 
water. In another experience in a semi-arid environment (Gajri et al. 1997), 
deep tillage (0.4 m) and/or mulching helped the crop in efficiently using 
soil water, which pressed irrigation to show a stronger response in conven-
tional tillage (0.1 m depth). The crop appears, anyway, not suited for very 
dry soils and climate, since the volumes needed to optimise yield (350-800 
mm) seem too high for an economic use of water. 

The application of crop simulation models to sunflower (Rinaldi 2001; 
Rinaldi et al. 2003) once more showed that the highest economic return is 
attained by deficit irrigation, involving either irrigating (200 L m-2) only at 
bud flower stage (EPIC model), or irrigating whenever soil water content 
passed below 40% of total soil water capacity (OLICROP-SUN model).

Irrigation and advanced seeding influenced also fatty acid composition 
of high-oleic sunflower, with a decrease in oleic and an increase in linoleic 
acid, an unfavourable combination likely due to the effect of lower tem-
peratures in the early phases of seed development, enhancing the enzy-
matic transformation of the former into the latter (Flagella et al. 2002). 

Irrigation was also found to consistently increase the above-ground 
structural parts in the two inulin crops chicory and Jerusalem artichoke 
(Monti et al. 2005 a, b; Schittenhelm 1999). However, dry biomass accu-
mulation did not run in parallel to the fructan storage. The only significant 
effect of water regime was to speed up the accumulation of fructan in 
chicory,  and to delay the  tuber formation and degree of  polymerisation in
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Jerusalem artichoke, probably related to the sink-to-source ratio (Monti et 
al. 2005a; b). 

4.3 Irrigation management on a large scale 

A few words need to be spent on the management of irrigation at the dis-
trict/basin level, implying an articulate reasoning on crop needs, water 
availability, and other related issues. Simulation models and remote sens-
ing play an important role in the subject.

The first step is the assessment of water needs, i.e., the imbalance be-
tween precipitation and crop evapo-transpiration (ET). The possibility of 
determining ET fluxes through satellite sensing of canopy biophysical 
properties, integrated by agro-meteorological information, has been suc-
cessfully proved in a very homogeneous district (Consoli et al. 2006), but 
the same result would be less-easily achieved in areas characterized by a 
mixed agricultural landscape. In such areas, reference ET, simulated by 
several equations or methods, should be the base for assumptions and ad-
aptations in order to better fit the data to the territory. 

The second, capital step is the management of water resources. To this 
aim, geographical information systems (GIS) are widely employed, in as-
sociation with crop modelling. An example of a good integration of the 
two tools in the frame of best management practices for irrigation and ni-
trogen fertilization, applying multi-criteria analysis to a set of agro-
environmental indicators, showed that water-flow control was the critical 
point for reducing pollution in a drainage basin of Northern Italy. Control-
ling it through a better irrigation tuning enabled significant reductions in 
nitrogen leaching, while improving crop yields (Morari et al. 2004). Other 
GIS applications are aimed at supporting the implementation of improved 
farm irrigation management, as related to water saving and salinity control 
(Fortes et al. 2005), and for the development of irrigation scenarios at dif-
ferent scales, according to spatial variation, climatic and management con-
ditions (Todorovic and Steduto 2003). 

The remote control of large irrigation networks is a rising possibility 
with WLAN (wireless local area network) technology, associated to solar 
panels to power the system. In one such example (Damas et al. 2001), the 
division of a 1500-ha area into seven sub-regions, monitored and con-
trolled by inter-communicating sectors subjected to a central unit, enabled 
programming/carrying out of the irrigation shifts, controlling 
pumps/valves works and reservoir levels, while claiming a significant (30-
60%) possibility of water saving.
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The last capital issue at basin level is the allocation of water for irriga-
tion vs. other uses. The problem, as Lankford (2004) observed, is that the 
irrigation designs laid out without sufficiently accounting for alternative 
uses of water in semi-arid environments, tend to over-prioritise water for 
irrigation systems (“irrigation centred”), at the expenses of re-allocation to 
other uses. Focusing, instead, on the river basin in a “water-resource-
centred” approach, is argued to better comply with the multiple interests 
involved in the use of water. 

A similar idea is echoed by Rosenzweig et al. (2004), who analysed the 
implications of changes in crop water demand and water availability for 
the reliability of irrigation systems, by linking climate change scenarios 
with hydrologic, agricultural and planning models, in five major agricul-
tural regions around the world. The simulation showed that only one study 
area (Brazil) can readily accommodate an expansion of irrigated land un-
der climate change; three others (Northern Argentina, the Danube Basin 
and the US) would suffer decreases in the reliability of irrigation; the last 
case, Northern China, already experiences a serious lack of water at pre-
sent. It is, therefore, concluded that even in the relatively water-rich areas, 
changes in water demand due to the climate and to increased demand from 
urban growth will require timely improvements in crop cultivars and water 
management, in order to comply with the projected scenarios. 

Crop protection from the competition of weeds and from the biotic stresses 
caused by pests and diseases is too vast a subject to be acceptably dis-
cussed in a limited space, since a few guidelines may be found in the huge 
combination of crops per weeds, pests and diseases. Nevertheless, some 
trends and common behaviours may be outlined, in tackling these prob-
lems in a modern crop management.

It is almost needless to repeat that industrial crops have to be cheap in 
cropping and efficient in the use of inputs, above all in the conversion of 
energy. More to that, the sensorial quality of their products, meant as agri-
cultural raw materials, is of the least importance. It follows that only the 
biotic stresses/competitions that are seriously threatening yield or indus-
trial quality should be taken into consideration within a programme of crop 
protection.

5. Crop protection 
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5.1 Assessing the damage 

A brief outlook on the subject may begin with the assessment of the yield-
loss potential (no-control scenario) compared to the actual loss, in some 
prominent arable crops (four cereals, soybean, sugar beet, potato and cot-
ton) in seventeen agricultural regions around the world (Oerke and Dehne 
2004). The loss potential varies from less than 50% (barley) to more than 
80% (sugar beet, cotton). The actual loss, given the control measures nor-
mally deployed, is consistently lower and unrelated to potential loss; it var-
ies from 25-30% of sugar beet, barley, soybean, wheat and cotton, to 35-
40% of maize, potato and rice. The efficacy of crop protection (mechani-
cal, physical, chemical means) is, therefore, higher and more consistent in 
cash crops (sugar beet, cotton), whose relevant loss potential is quite well 
controlled (60%) by a more intensive protection programme; conversely, 
the efficacy is modest and more fluctuating in the rest of the crops (aver-
age 46%), where a lower loss potential is associated with tighter profits, 
hampering the implementation of a better strategy. Among the sources of 
yield loss, weeds have the highest potential (32%), followed by animal 
pests and pathogens (18% and 15%, respectively) and by viruses (1-3%); 
but since weeds can be controlled through mechanical or chemical means, 
average efficacy in weed control (68%) is considerably higher than that in 
pest and disease controls (39% and 32%, respectively), which rely more 
heavily on pesticides. 

In this picture, industrial crops are not included, apart from cotton. It 
may be sensed, anyway, that their global behaviour should resemble that of 
cereals, themselves being grown for industrial end uses, sometimes. In 
other words, the group is globally expected to behave like crops less-
severely impaired by the complex of pests, diseases and weeds, but at the 
same time less prone to efficient control measures. The reasons are the in-
trinsic financial constraints, but also a lower number of registered active 
ingredients, and a frequent lack of information on pest-and-disease epi-
demics in these specific crops. 

5.2 Integrated crop protection 

Given these limitations, an integrated approach to crop protection, combin-
ing chemical active ingredients with agronomic and genetic tools, is the 
one that best fits the majority of industrial crops. This same approach is 
widely followed in food crops, too, where a reduction in the use of pesti-
cides is equally sought. The critical point of its implementation is ac-
knowledging the role of the agronomic factors, in order to harmonize them 
towards the desired aim. Therefore, the recognition of the effects carried 
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out by agronomic practices, especially in the area of crop rotation and soil 
tillage, is the key to a successful exploitation.

Examples of such effects and of the subtle mechanisms involved are of-
fered by Meynard et al. (2003), who showed how cropping systems in the 
case of winter wheat have a large effect on the size of the primary inocu-
lum of eyespot (Pseudocercosporella herpothricoides) and on its localisa-
tion at the soil surface, directly related to the extent of disease symptoms: 
keeping the residues of a previous wheat crop as far from the surface as al-
lowed by crop sequence and soil tillage, helps to significantly reduce the 
attack, whereas a careless management, e.g. ploughing twice since the pre-
vious wheat crops, brings more inoculum to the surface and enhances dis-
ease severity. Other effects, still reported by Meynard et al. (2003), con-
cern: the development and spread of epidemics, with an example of the 
slowing of grey mould of vines (Botrytis cinerea) thanks to several indirect 
practices in vineyard management; the coordination of the life cycle of cul-
tivated plants and related parasites, showing both positive (oilseed rape) 
and negative (wheat) effects resulting from advanced seeding, depending 
on the specific, respective parasite (black leg and eyespot) and on the asso-
ciated time of contamination (spring and autumn, respectively); at last, the 
disrupted ecological equilibrium within soil microflora, either favouring or 
disfavouring the pathogens, in a complex study case on take-all of wheat 
(Gaeumannomyces graminis) in various patterns of set-aside management. 

Other examples may be found in literature, but the point is that the cu-
mulated experiences on the combinations of single pests (diseases, weeds) 
and crops should be sufficiently advanced for the build-up of decision sup-
port tools for a better design of cropping systems, a circumstance that is 
now achieved only for a few adversities in a limited number of crops; in 
fact, the crop-protection support systems currently in use are more focused 
on the use of existing pesticides, than on integrated protection management 
(Murali et al. 1999). In the rest of cases, the maturated experiences on syn-
ergies/antagonisms and the general knowledge of basic agronomic effects 
may be played within the farmer’s sensitivity and habits. The fact enhances 
personal abilities but undermines the possibility of a consistent support to 
cropping choices, which reflects on the quality of cropping and, eventu-
ally, on the consistency of yields. 

5.3 The contribution from breeding 

The contribution of breeding to weed control and crop protection, includ-
ing GM crops, is not negligible, although it may only be hinted at, in the 
present outlook. The resistance to pathogens is a constant effort in many 
breeding programmes: improved varieties are continuously being released 
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with strengthened characters of resistance to specific parasites. Examples 
are present also in industrial crops, such as in sunflower, with the added 
resistance to powdery mildew in existing hybrids, significantly reducing 
disease symptoms (Laureti et al. 2006).

Genetic modifications are a powerful tool in the farmer’s hands to cope 
with biotic adversities. Some industrial crops already display genetically-
modified varieties, in the frame of resistance to non-selective herbicides 
(e.g. oilseed rape) and to insect pests (e.g. cotton). The much-debated 
worldwide acceptance of GM crops is somehow slowing their progress, 
but other constraints need not be forgotten, such as the fact that crops of 
limited worldwide diffusion are not likely to be ever subjected to these 
transformations, and that the use of GM crops, such as the herbicide-
resistant ones, raises concern not only among environmentalists, but also 
for some agronomic drawbacks, such as the strong selective pressure im-
posed on weed flora, possibly enabling it to overcome herbicide control. 

With this remark, GM crops as well as traditional genetic resistance are 
to be viewed as complementary tools in crop protection, not as the ultimate 
remedy to plant biotic adversities. 

Precision agriculture is a subject of increasing interest, encompassing all 
the previously-discussed categories of crop management. It is seen as the 
new frontier of agronomy by some scientists; others more realistically 
view it as a tool susceptible of improving the ways of tackling existing 
problems.

The concept of precision agriculture lies on the technology of the global 
positioning system (GPS), a method for soil-surface locating through satel-
lite sensing, with a remarkable accuracy (0.05-0.1 m). GPS-provided har-
vesters equipped with on-the-go yield monitoring produce yield maps, 
showing the extent and the pattern of yield variation within the field. Once 
reasons have been identified for the differences in yield, site-specific ap-
plication of nutrients, active ingredients, seeding, water and tillage (Fig. 4.8) 
can help to overcome the problems or to cope with them, while at the same 
time avoiding the contradiction of uniform treatments applied to variable 
soil conditions.

This is in principle; in practice the problem is that, since the act of yield 
mapping, it is quite easy to incur in errors, miscalculations, etc., leading to 
incorrect assumptions for the decision to be taken. More to that, a whole 
generation of sensors is needed for both yield-monitoring at harvest, and 
continuous sensing of soil/crop properties during crop cycle, that are still 

6. Precision agriculture 
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being evaluated and improved, according to the evolution of technology 
and to the results in field tests.

Fig. 4.8. The ‘Landwirtschaftliches BUS-System (LBS)’, an example of communicating 
outfit between tractor, equipment and farm-management system, catering to the needs of 
small-scale European farmers. Reproduced from Computers and Electronics in Agriculture, 
30, Auernhammer, Precision farming - the environmental challenge, 31-43, © 2001 El-
sevier B.V., with permission from Elsevier.

The combined complexity on these two sides of monitoring, associated 
to the field size, to the cost of instruments, and to the overlapping and 
sometimes prevailing effects of unpredictable climatic conditions on yield, 
considerably slows the progress of precision agriculture. A short review of 
the recent literature may, as in other cases, reveal pending problems and 
highlight current trends, seen in the perspective of industrial crops. 

6.1 Yield mapping 

The problem of dealing with the errors in yield maps has been recently in-
vestigated by Robinson and Metternicht (2005), who managed to rectify 
them. In their research on winter wheat in Australia, all the sources of error 
(unknown harvest width, time-lag in grain-yield sensing, inappropriate 
GPS recording, yield surges, and other outlying values) made up 17% of 
the total data-set acquired on a 96-hectare surface; its elimination resulted 
in a substantial reduction in the amount of uncertainty. The accuracy of 
spatial-interpolation techniques was assessed over the whole surface by 
minimizing the differences between true and interpolated values (Root 
Mean Square Error parameter), although it was argued that the resulting 
map of the area, used to assist in future crop management, should not be 
based only on RMSE values, but also on the degree of smoothing and data 
aggregation that is desirable and allowable by the filtered data-set.
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Yield maps are also the subject of hot debate and criticism. Assumptions 
based on winter-cereal yields, for instance, do not easily apply to crops of 
different family, cycle, habit, like sugar beet (Jaggard et al. 2000). In quite-
uniform cropping systems, such as in cereal-dominated rotations, there is 
compensation in the spatial distribution of crop yields over the years, so 
that the spatial variation reduces with time (Godwin et al. 2003). Even so, 
anyway, maps of previous crops’ yields did not prove a useful basis for as-
sessing a strategy of variable nitrogen rates in the cited experience, com-
pared to aerial photography of the crop in the actual growth conditions. 

The problem of the yields recorded on the same field from different 
crops succeeding in time does not apply to perennial crops. In such case, 
maps may highlight soil physical and chemical characteristics associated 
with yield (Di Virgilio et al. 2006), whose some are susceptible of being 
improved during the years, to the benefit of cumulated yield. 

This case, anyway, confirms the role of yield maps as more suited for 
directing soil sampling to identify potential constraints, than for a direct 
strategy of input-adjustment in the following crop. 

6.2 Real-time monitoring 

The second category of monitoring, devoted to “real-time” sensing and de-
cision-making, is a more promising field of interest, as a larger number of 
scientific references testifies. The tools and the technologies employed in 
this direct probing of soil or crop properties are the core of the problem.

6.2.1 Soil sensing 

Adamchuk et al. (2004) recently reviewed on-the-go soil sensors, grouping 
them in six categories: i) electrical and electromagnetic sensors, measuring 
electrical resistivity/conductivity, capacitance or inductance as affected by 
soil composition; ii) optical and radiometric sensors, using electromagnetic 
waves to detect the level of energy absorbed/reflected by soil particles; iii) 
mechanical sensors, measuring forces resulting from a tool engaged with 
the soil; iv) acoustic sensors, quantifying the sound produced by a tool in-
teracting with the soil; v) pneumatic sensors, assessing the ability to inject 
air into the soil; vi) electrochemical sensors, using ion-selective electrodes 
and transistors that produce a voltage output according to selected ions 
(H+, K+, NO3

-, Na+, etc.). Different soil properties are targeted by the vari-
ous methods: primarily texture, organic matter, compaction/bulk density, 
pH and nitrate (Table 4.4). 
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The only sensors widely used now are the electrical and electromagnetic 
ones, that also have the wider spectrum of activity over soil properties. At 
the same time, electrochemical sensors are a promising tool to directly 
evaluate soil chemical fertility (pH, nutrients). 

Table 4.4. Soil properties targeted with various on-the-go soil sensing methods. 
Adapted from Computers and Electronics in Agriculture, 44, Adamchuk et al. On-
the-go soil sensors for precision agriculture, 71-91, © 2004 Elsevier B.V., with 
permission from Elsevier. 

Soil Properties Electrical, 
electromag-
netic

Optical,
radiometric

Mechanical Acoustic, 
pneumatic

Electro-
chemical

Soil texture X X  X  
SOMa X X    
Soil moisture X X    
Soil salinityb X    X 
Soil compactionc   X X  
Depth variabilityd X  X X  
Soil pH  X   X 
Residual NO3,
TKNe

X X   X 

Other macro-
nutrientsf

    X 

CECg X X    
aSoil Organic Matter (or soil organic carbon). 
bOr sodium content. 
cOr bulk density. 
dDepth of topsoil or hard pan detection. 
eTotal Kjeldahl Nitrogen. 
fPotassium content. 
gCation Exchange Capacity (and other buffer indicators). 

The constraints that remain to be overcome are the response lag, still in-
hibiting a direct on-the-go adjustment of fertilizer or lime application, and 
the need to calibrate the analytical system like in a conventional labora-
tory, prior to operating. More to that, in a subsequent study (Adamchuk et 
al. 2005), the precision of eight electrodes, assessed in a comparative trial, 
remarkably decreased for the tested parameters in the order: pH, K, nitrate-
N, Na, showing the need for additional work, in order to ensure a good re-
liability.

Among electrical and electromagnetic sensing, the measurement of ap-
parent soil electrical conductivity is mentioned as the most reliable and 
frequently used to characterize the spatial variability in soil edaphic prop-
erties (Corwin and Plant 2005). Its greatest potential is deemed by the
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identify and characterize spatial variability of parameters influencing crop 
yield.

6.2.2 Crop sensing 

Hints of the direct measurements made on growing crops, in order to spa-
tially-modulate inputs, have already been given in the nutrients and water 
sections, where ground and remote optical sensing of crop nutritional 
status and satellite sensing of ET fluxes were discussed. More to that, it 
may be said that, according to Scotford and Miller (2005), the optical tech-
niques of spectral reflectance seem best suited for aiding decisions in crop 
nutrition until the crop attains full soil cover, yet reveal limitations as to 
weed and disease assessment, as well as to seed-rate adjustment on the 
base of seedbed quality. Likewise, spectral reflectance is unlikely to be 
used for measuring soil properties that are better evaluated by other means.

Crop sensing may be viewed as the most advanced sector within preci-
sion agriculture; at the same time, it seems more promising in combination 
with other tools, than alone. In fact, the association of a simulation model 
(CROPGRO) and aerial sensing (analysis of the Normalized Difference 
Vegetative Index) was successfully tried (Basso et al. 2001), enabling the 
identification of spatial patterns of soybean growth and the prediction of 
yield variability, thus fostering the idea that a zone-specific management 
can be developed, based on the association of the two techniques.

Auernhammer (2001), too, pointed out as the two strategies for imple-
menting both fertilisation and protection, yield mapping integrated by soil 
sampling and crop sensing, may in fact converge into a systematic ap-
proach, where the potentials of the two means are enhanced, while the 
weak points are reciprocally compensated. In concept, this corresponds to 
passing from farming by balance (mapping approach) or by growth (real-
time approach) to farming by sustainability (Fig. 4.9).

6.3 Other issues in precision agriculture 

The site-specific management of crop nutrition remains the issue of major 
weight in the move towards precision agriculture, according to Auern-
hammer (2001). The resulting advantage is, therefore, quite small, and it is 
perceived that the technique will gain importance only when collateral 
benefits, such as reduced environmental burden and increased flow of in-
formation, are acknowledged as an added value. As to this, an environ-
mental benefit of primary importance has been shown by Sehy et al. 
(2003), who observed how site-specific fertilizer treatments (method of 

authors to provide reliable information for directing soil sampling to better 
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previous-yield maps), supplying less N fertilizer to low-yielding areas, re-
sulted in 34% less releases of the highly-noxious nitrous oxide from the 
soil, while not depressing maize yield.

Fig. 4.9. Systematic approaches for the implementation of site-specific fertilisation. Re-
produced from Computers and Electronics in Agriculture, 30, Auernhammer, Precision 
farming - the environmental challenge, 31-43, © 2001 Elsevier B.V., with permission from 
Elsevier.

The issue of an adequate return from the adoption of precision-
agriculture techniques is only second in importance to the problem of 
which system to choose. To this aim, Godwin et al. (2003) have laid out a 
practical guideline in the shape of a flow chart, based on their experience 
on nitrogen fertilization of winter cereals in the UK. Five stages are identi-
fied: i) an appraisal of within-field variation; ii) the quantification of the 
threshold yield increases needed to justify the investment; iii) understand-
ing the causes of variability and identifying management zones; iv) ad-
dressing fundamental management practices (e.g. other nutrients; non-
nutrient limiting factors) prior to N variable application; v) the real-time 
management of variable nitrogen fertilizer for optimising economic yield. 
The five-step process allows to correctly evaluate all the factors implied in 
precision cropping, in order to implement it on a sound basis. 

On conclusion, precision agriculture is a domain of rapid scientific-
technical development, where today’s knowledge, assumptions and results 
may soon be obsolete. Basically, it does not contribute new concepts to 
agronomy, whereas it promotes a re-organisation of agricultural practices, 
on the grounds of a better compliance with the characteristics and the po-
tential of the cropping site. 
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7. Harvest, conditioning and storage

Harvest and subsequent conditioning/storage of crops for industrial end 
uses is another category that cannot fit simplification. The plant organs of 
industrial interest are the most varied: seeds, possibly with the associated 
fruits; stems; the whole above-ground biomass; or even roots or under-
ground storage organs. According to this, a first subdivision may be traced 
between grain crops for industrial end uses and “biomass” ones, meaning 
for the latter those crops where the portion of commercial interest is repre-
sented by vegetative organs. 

7.1 Grain crops 

Harvest, conditioning and storage of common grain crops for industrial 
end-uses, such as many cereals and oilseeds, are widely known and repre-
sent a state-of-the-art that in the present chapter seems needless to discuss. 

Maybe the only exception is represented by oilseed rape (Brassica
napus L.), a cruciferous in which harvest time and method are basic deter-
minants of crop yield. In fact, Weiss (1983) reported that yield losses may 
be up to 30% due to an incorrect use of harvest machinery. Oilseed rape is 
considered mature when pods become yellow and seeds very dark with a 
moisture of about 15%. This usually occurs about 200-230 days after sow-
ing autumn crops and 100-130 days after spring ones, but the species is 
also characterized by a progressive bottom-to-top ripening, associated with 
the risk of pod-shattering. Given this constraint, the optimum harvest win-
dow may reduce to only one week (Weiss, 1983). The best technique, ac-
cording to the species’ biology, consists in cutting and windrowing the 
stems when pods at mid-height become yellow, then threshing with a pick-
up combine when full maturity is achieved. It is essential that cutting oc-
curs at a seed moisture not exceeding 35%; operating below 20% and over 
45% will cause significant losses, respectively on yield (pod shattering) 
and quality (oil and protein content). The alternative is to combine the 
standing crop, at a more-advanced maturity. Combining either directly or 
from windrows is the single operation that causes the largest losses: the 
small size makes the rapeseeds easy to disappear at the cutting edge or 
through the smallest cracks and holes in the machines. 

After combining, rapeseeds have a moderate-to-high moisture (approx. 
15-25%), requiring a rapid air-drying (to 7-9%) to be carried out, in order 
to avoid seed deterioration: in fact, only 24 hours are needed to start seeds 
deterioration at 20 °C and 18%  moisture. Besides, a number of impurities 
are normally present with the seeds, therefore re-cleaning is often neces-
sary to prevent contamination and heating in bulk. 
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7.2 Biomass crops 

7.2.1. Herbaceous biomasses 

In general, proper biomass crops are tall and stiff (e.g. giant reed, Miscan-
thus). As such, standard mowing machines for grass and forage crops do 
not generally work well with them and need to be adapted in order to suc-
cessfully perform, though in some cases this may be untrue, as some bio-
mass crops were found to be very suited to common forage machines 
without adaptations (Venturi et al. 2004; Hadders and Olsson 1997). For 
example, in Miscanthus the ‘Kemper’ mowing attachment used for silage 
maize should be row-independent and work rather high to prevent jam-
ming. In this case, most biomass could be lost unless a special mowing de-
vice for low-cutting is added (Lewandowski et al. 2000).

Various harvesting chains have been tested so far: mowing and chop-
ping, mowing and baling; mowing and bundling, etc.. If feasible, baling 
should be usually favoured, as it leads to a more compacted material at 
higher energy density. For example, the bulk density of round and square 
bales of switchgrass were from 112 to 141 kg m-3 of dry matter, while 
chopped material did not reach 70 kg m-3 (Venturi et al. 2004). Moreover, 
the choice of the harvest method also influences the costs per energy unit 
for the subsequent storage and transport. As for this, Venturi et al. (2004) 
calculated that 1904 and 2131 MJ m-3 are transported, using round or rec-
tangular bales, respectively. Hence, with an available volume of approx. 30 
m3 (truck plus trailer), 57.1 and 63.9 GJ can be delivered each time. As for 
biomass sorghum, harvest is further complicated by the fact that problems 
associated with sweet sorghum are different from those of fibre sorghum, 
the first having much more soluble sugars in the stem.

In the Mediterranean area, the best available technique may be cutting 
and conditioning in one pass (counter-rotating drums), then windrowing to 
air-dry the material and finally baling it up by means of a high-pressure-
chamber baler. However, meteorological constraints frequently delay the 
windrow drying, thus favouring fermentation processes while increasing 
biomass losses, especially in sweet sorghum. Sugar cane harvest machines 
can be very suited for sweet sorghum as well, although they generate cut 
stems of about 0.3 m length which can be stored no longer than 3 days 
prior to processing, making them of limited practical use. 
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Fig. 4.10. The organisation of the supply to power plants, by means of biomass crops har-
vested around the year. M. Christou, internal meetings, EU Project Bio-energy chains from 
perennial crops in South Europe (2001-2005).

As for the relationship between harvest time and biomass quality, gen-
erally speaking, the later is the harvest, the lower are moisture and mineral 
content, thus enhancing the quality of the harvested biomass. However, 
there is a trade-off, since postponing the harvest to the springtime has a 
cost in terms of yield, mostly explained by leaf losses (Huisman and 
Kortleve 1994). For many biomass crops, the harvest window may extend 
from early autumn to the following spring, looking for the best compro-
mise between full exploitation of the growing season’s potential and ac-
ceptable operativeness at harvest. There are also exceptions of crops per-
forming a rapid growth before the onset of drought, like cardoon (Cynara
cardunculus L.), which in turn enable a better round-the-year supply of 
“fresh” biomass to power plants (Fig. 4.10).

For the rest of biomass crops, whenever the steadiness of supply can be 
achieved through storage, harvest is more often performed in spring, in or-
der to collect a dry standing biomass, i.e. with the maximum uncut dry 
matter. Nonetheless, in spring the optimal time for harvesting can be very 
short because of the risk of heavy rainfall, associated to the need of sowing 
the following crop (annual biomass crops), or to the beginning of plant re-
growth (perennial crops), that in temperate regions usually occurs in early 
April. Alternatively, many biomass crops may be harvested twice a year: 
early in the season (during summertime) at top moisture, followed by field-
drying; then in winter, exploiting natural freeze-drying from the season’s 
frosts. The outcome in terms of yield, quality and economic profitability is 
still under evaluation. Artificial drying or ensiling does not seem worth-
while for biomass crops at energy uses.
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There are unavoidable losses of dry matter during harvest and storage of 
plant material (Moser 1980), either one or the other being prevalent de-
pending on climate conditions, harvesting method, biomass composition, 
the last term being especially related to moisture content. For example, 
Rees (1982) estimated the total dry matter losses up to 30% with most of it 
resulting from plant respiration during drying; Coble and Egg (1987) 
showed total harvesting losses up to 40% for sweet sorghum, due to unre-
coverable biomass.

Biomass losses may be also affected by the shape of the harvested bio-
mass: it was shown that an almost two-fold deterioration of sweet sorghum 
occurred in the surface layer for outdoor storage over six months (Coble 
and Egg, 1987). These results were corroborated by Bledsoe and Bales 
(1992): the authors concluded that a wetter biomass was the main cause for 
the losses, the upper 0.15 m being more weathered than inner parts. There-
fore, all the techniques which decrease rain seeping or allow a better drain-
age may strongly reduce storage losses (Russell and Buxton 1985).

At last, some crops such as switchgrass have been found to be less sus-
ceptible to biomass losses both during harvesting and storing. For exam-
ple, Sanderson et al. (1997b) estimated biomass losses during baling of 
switchgrass at 1 to 5%, while dry matter losses after 12 months of storage 
were only 5 to 13%. 

7.2.2. Short rotation coppice 

An even more substantial research and development effort has been carried 
out in the mechanisation of the short rotation coppice (SRC) during the last 
decades. However, some issues still persist, mainly concerning harvest and 
the associated downstream processes that are clearly the most significant 
points in terms of overall effectiveness of the enterprise. Typically, the 
most suitable SRC within Europe are types of poplar (Populus spp.), wil-
low (Salix spp.) and Eucalyptus, the last being especially adapted to 
Southern Europe. Harvesters can synthetically split into two categories: i) 
stick harvesters, i.e. machines collecting long sticks or shoots; ii) cut and 
chip harvesters, i.e. those cutting and chipping the crop in a single pass. 
Both may have advantages and disadvantages. For example, stick harvest-
ing is generally cheaper and has lower biomass losses; in contrast, it needs 
large storage space: indeed the low bulk density of sticks make the trans-
port expensive in conventional systems. At present, cut and chip harvesting 
seems favoured by the larger operations feeding chips to power-generation 
plants (Culshaw and Stokes 1995). This could be mainly attractive where 
the chips go straight from the field to a combined heat-and-power plant 
which can burn them within a few days from harvest. 
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Another problem associated with perennial biomass crops, both grass 
and tree ones, is that, since they are usually harvested in the winter months 
when soils are often wet, soil compaction becomes an important issue with 
respect to harvesting technique; in fact, since there is no opportunity to 
carry out cultivation operations to repair any soil-structure damage over 
the plantation’s life. Soil compaction can be minimized by using large 
tyres, keeping machines weight as low as possible and by reducing unnec-
essary traffic across the field. 

7.2.3. Fibre crops 

Prominent fibre crops (cotton, flax) already own well-developed harvest-
and-conditioning chains with dedicated machinery, fine-tuned logistics 
etc., the occasional difficulties arising from unfavourable weather, crop 
faults (e.g. biotic stresses, non-uniform maturity) or other causes. 

In contrast to this, hemp was a traditional fibre until it almost disap-
peared at the advent of artificial fibres, in the second half of the twentieth 
century. The crop is now undergoing a process of re-introduction through a 
better valorisation of its fibres. In this frame, the development of a suited 
harvest-and-conditioning chain is to be thoroughly re-designed, according 
to the end use of hemp fibre: for example, it must be taken into account 
whether or not to use core and bark separately, whether or not to maintain 
fibre parallelism, the fibre length demanded by the end-user, etc.. How-
ever, not only the end use but also the processes following harvest are cru-
cial for the choice of the machinery; for example, if scutching is done be-
fore or after retting, fresh or dry stems will be used.

For textile destinations, machines for flax could be used, apart from the 
fact that their hackling systems are dimensioned for fibre ribbons varying 
from 0.9 to 1.1 m, which are substantially smaller than that of hemp. How-
ever, the construction of hackling systems for the processing of longer 
stems, though already technically feasible, is likely too expensive because 
of the currently-limited hemp market. It is therefore necessary: i) to keep 
the hemp plants short (“baby-hemp”), or ii) to cut the stems into two or 
more pieces, no longer than 1.2 m. The first option can be achieved by fol-
lowing appropriate crop techniques such as using early varieties, with high 
plant density (Amaducci et al. 2002), or curbing the growth by means of 
chemical treatments (i.e. the “standing dead”). However, because of the 
chemicals used, the standing dead is in contrast with ecological trends; 
moreover, it has received a poor rating due to low fibre quality. Alterna-
tively, scutching and hackling could be achieved by cutting hemp stems 
into smaller sections. For that purpose, the crop is grown in the traditional 
way, whereas major changes must be applied to the harvester (Amaducci 
2005), according to prototypes developed in a recent EU Project (HempSys).
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Once harvested, successive phases (swaths turning, baling, fibre 
separation, etc.) can be performed by flax-dedicated machines without 
substantial modifications.

To cut the plant, different mowers can be used (see Venturi 2004 for re-
view). For sparse crops with thick stems, rotary drums mowers with con-
veyor belts tend to work best, bashing the stems before cutting them, and 
with lateral separators to avoid wrapping of the fibre around the cutting or-
gans. An interesting variant could be the use of a mower-conditioner that 
crushes the stems, removing part of the core, thus facilitating field-drying. 
Interesting outcomes were also found by combining mower and on-field 
decorticator: the mower leaves stems in swaths, followed by a decorticator 
with a pick-up that collects the cut stems for immediate decortications 
(Venturi 1970).

8. Conclusions

Agronomy and management of industrial crops are an area of some techni-
cal/scientific delay with respect to food, cash and forage crops. The rea-
sons are the novelty of many such crops, and the research focus that has so 
far targeted subjects of mixed agricultural-industrial interest, instead of 
proper cropping issues. Despite this, the management of industrial crops 
may not actually be considered backward with respect to “conventional” 
crops, thanks to the transitive property of many advancements in agron-
omy.

Areas of potential recovery of the former over the latter still exist, espe-
cially in those aspects where a specific work has been tailored to the re-
quirements of large-scale crops, such as in fertilization and irrigation; but 
the weak points are counterbalanced by the remarkable potential expressed 
by many industrial crops under several viewpoints: energy efficiency, re-
duced environmental impact, carbon-sink potential, renewable raw prod-
ucts replacing non-renewable ones, just to mention some of them. Others 
more are envisaged in the future, in the light of today’s research commit-
ment.

References

Aboudrare A, Debaeke P, Bouaziz A, Chekli H (2006) Effects of soil tillage and 
fallow management on soil water storage and sunflower production in a semi-
arid Mediterranean climate. Agric Water Manage in press (doi: 10.1016/ 
j.agwat.2005.12.001)



120      Lorenzo Barbanti, Andrea Monti, Gianpietro Venturi 

Adamchuk VI, Hummel JW, Morgan MT, Upadhyaya SK (2004) On-the-go soil 
sensors for precision agriculture. Comput Electron Agric 44: 71-91 

Adamchuk VI, Lund ED, Sethuramasamyraja B, Morgan MT, Dobermann A, 
Marx DB (2005) Direct measurement of soil chemical properties on-the-go 
using ion-selective electrodes. Comput Electron Agric 48: 272-294 

Al-Kaisi MM, Yin X, Licht MA (2005) Soil carbon and nitrogen changes as influ-
enced by tillage and cropping systems in some Iowa soils. Agric Ecosyst En-
viron 105: 635-647

Amaducci S, Amaducci MT, Benati R, Venturi G (2000) Crop yield and quality 
parameters of four annual fibre crops (hemp, kenaf, maize and sorghum) in 
the North of Italy. Ind Crop Prod 11: 179-186

Amaducci S, Errani M, Venturi G (2002) Plant population effects on fiber hemp 
morphology and production. J Ind Hemp 7: 33-60. 

Amaducci S, Monti A, Venturi G (2004) Non-structural carbohydrates and fibre 
components in sweet and fibre sorghum as affected by low and normal input 
techniques. Ind Crop Prod 20: 111-118 

Amaducci S (2005) Hemp production in Italy. J Ind Hemp 1: 109-115. 
Auernhammer H (2001) Precision farming — the environmental challenge. Com-

put Electron Agric 30: 31-43 
Barbanti L, Grandi S, Vecchi A, Venturi G (2006) Sweet and fibre sorghum 

(Sorghum bicolor (L.) Moench), energy crops in the frame of environmental 
protection from excessive nitrogen loads. Eur J Agron in press (doi: 10.1016/ 
j.eja.2006.03.001)

Basso B, Ritchie JT, Pierce FJ, Braga RP, Jones JW (2001) Spatial validation of 
crop models for precision agriculture. Agric Syst 68: 97-112

Bescansa P, Imaz MJ, Virto I, Enrique A, Hoogmoed WB (2006) Soil water reten-
tion as affected by tillage and residue management in semiarid Spain. Soil Till 
Res 87: 19-27

Bhattacharyya R, Prakash V, Kundu S, Gupta HS (2006) Effect of tillage and crop 
rotations on pore size distribution and soil hydraulic conductivity in sandy 
clay loam soil of the Indian Himalayas. Soil Till Res 86: 129-140 

Bledsoe BL, Bales BM (1992) Bale wrap evaluation. ASAE Paper No. 921573 
Botta GF, Jorajuria D, Balbuena R, Ressia M, Ferrero C, Rosato H, Tourn M 

(2006) Deep tillage and traffic effects on subsoil compaction and sunflower 
(Helianthus annus L.) yields. Soil Till Res in press (doi:10.1016/j.still.2005. 
12.011)

Chen Y, Tessier S, Irvine B (2004) Drill and crop performances as affected by dif-
ferent drill configurations for no-till seeding. Soil Till Res 77: 147-155 

Clifton-Brown JC, Lewandowski I (2000) Water use efficiency and biomass parti-
tioning of three different Miscanthus genotypes with limited and unlimited 
water supply. Ann Bot 86: 191-200 

Coble CG, Egg R (1987) Dry matter losses during hay production and storage of 
sweet sorghum used for methane production. Biomass 14: 209-217 

Condon AG, Richards RA, Rebetzke GJ, Farquhar GD (2004) Breeding for high 
water-use efficiency. J Exp Bot 55: 2447-2460 



Improved agronomy and management of crop plants for industrial end uses      121 

Connor DJ, Sadras VO (1992) Physiology of yield expression in sunflower. Field 
Crop Res 30: 333-389 

Consoli S, D’Urso G, Toscano A (2006) Remote sensing to estimate ET-fluxes 
and the performance of an irrigation district in southern Italy. Agric Water 
Manage 81: 295-314 

Corwin DL, Plant RE (2005) Applications of apparent soil electrical conductivity 
in precision agriculture. Comput Electron Agric 46: 1-10 

Culshaw D, Stokes B (1995) Mechanization of short rotation forestry. Biomass 
Bioenerg 9, 127-140. 

Dam RF, Mehdi BB, Burgess MSE, Madramootoo CA, Mehuys GR, Callum IR 
(2005) Soil bulk density and crop yield under eleven consecutive years of 
corn with different tillage and residue practices in a sandy loam soil in central 
Canada . Soil Till Res 84: 41-53 

Damas M, Prados AM, Gómez F, Olivares G (2001) HidroBus® system: fieldbus 
for integrated management of extensive areas of irrigated land. Microprocess 
Microsy 25: 177-184 

Deen W, Kataki PK (2003) Carbon sequestration in a long-term conventional ver-
sus conservation tillage experiment. Soil Till Res 74: 143-150

Duiker SW, Beegle DB (2005) Soil fertility distributions in long-term no-till, 
chisel/disk and moldboard plow/disk systems. Soil Till Res in press (doi: 
10.1016/j.still.2005.04.004)

Ercoli L, Mariotti M, Masoni A, Bonari E (1999) Effect of irrigation and nitrogen 
fertilization on biomass yield and efficiency of energy use in crop production 
of Miscanthus. Field Crop Res 63: 3-11 

Farré I, Faci JM (2006) Comparative response of maize (Zea mays L.) and sor-
ghum (Sorghum bicolor L. Moench) to deficit irrigation in a Mediterranean 
environment. Agric Water Manage in press (doi:10.1016/j.agwat.2005.11. 
001)

Fismes J, Vong PC, Guckert A, Frossard E (2000) Influence of sulphur on appar-
ent N-use efficiency, yield and quality of oilseed rape (Brassica napus L.) 
grown on a calcareous soil. Eur J Agron 12: 127-141

Flagella Z, Rotunno T, Tarantino E, Di Caterina R, De Caro A (2002) Changes in 
seed yield and oil fatty acid composition of high oleic sunflower (Helianthus
annuus L.) hybrids in relation to the sowing date and the water regime. Eur J 
Agron 17: 221-230 

Fortes PS, Platonov AE, Pereira LS (2005) GISAREG—A GIS based irrigation 
scheduling simulation model to support improved water use. Agric Water 
Manage 77: 159-179 

Frank AB, Berdahl JD, Hanson JD, Liebig MA, Johnson HA (2004) Biomass and 
Carbon Partitioning in Switchgrass. Crop Sci. 4: 1391-1396

Di Virgilio N, Monti A, Venturi G (2006) Spatial variability of switchgrass (Pani- 
cum virgatum L.) yield as related to soil parameters in a small field. Accep- 
ted by Field Crop Res



122      Lorenzo Barbanti, Andrea Monti, Gianpietro Venturi 

Gajri PR, Gill KS, Chaudhary MR, Singh R (1997) Irrigation of sunflower (Heli-
anthus annuus) in relation to tillage and mulching. Agric Water Manage 34: 
149-160

Gale F, Tuan F, Lohmar B, Hsu H, Gilmour B (2002) China’s food and agricul-
ture: issues for the 21st century. USDA Economic Research Service Agricul-
tural Information Bulletin no. AIB775, Washington, DC 

Garten CT, Wüllschleger SD (2000) Soil carbon dynamics beneath switchgrass as 
indicated by stable isotope analysis. J. Environ. Qual. 29: 645-653

Gherbin P, De Franchi AS, Lupo F (2005) Esperienze sulla propagazione della 
canna comune (Arundo donax L.) (in Italian). In :Giuliani MM, Gatta G (eds) 
Atti XXXVI Convegno Società Italiana di Agronomia, Foggia, I, pp 262-263 

Godwin RJ, Wood GA, Taylor JC, Knight SM, Welsh JP (2003) Precision farming 
of cereal crops: a review of a six year experiment to develop management 
guidelines. Biosyst Eng 84: 375-391 

Göksoy AT, Demir AO, Turan ZM, N (2004) Responses of sunflower 
(Helianthus annuus L.) to full and limited irrigation at different growth stages. 
Field Crop Res 87: 167-178 

Graeff S, Claupein W (2003) Quantifying nitrogen status of corn (Zea mays L.) in 
the field by reflectance measurements. Eur J Agron 19: 611-618

Hadders G, Olsson R (1997) Harvest of grass for combustion in late sum-mer and 
in spring. Biomass Bioenerg 3: 171-175 

Hamilton-Manns M, Ross CW, Horne DJ, Baker CJ (2002) Subsoil loosening 
does little to enhance the transition to no-tillage on a structurally degraded 
soil. Soil Till Res 68: 109-119 

Huang M, Shao M, Zhang L, Li Y (2003) Water use efficiency and sustainability 
of different long-term crop rotation systems in the Loess Plateau of China. 
Soil Till Res 72: 95-104 

Huisman W, Kortleve WJ (1994) Mechanization of crop establishment, harvest, 
and post harvest conservation of Miscanthus sinensis x Giganteus. Ind Crops 
Prod 2: 289-297 

Jaggard KW, Stafford J, Lark RM, Fisher S (2000) Are there opportunities for 
profitable use of precision agriculture in sugar beet crops? In: Proceedings of 
the 63th IIRB Congress. Interlaken, pp 317-323 

Jeuffroy MH, Recous S (1999) Azodyn: a simple model simulating the date of ni-
trogen deficiency for decision support in wheat fertilization. Eur J Agron 10: 
129-144

Jia L, Buerkert A, Chen X, Roemheld V, Zhang F (2004) Low-altitude aerial pho-
tography for optimum N fertilization of winter wheat on the North China 
Plain. Field Crop Res 89: 389-395

Koch HJ, Stockfisch N (2006) Loss of soil organic matter upon ploughing under a 
loess soil after several years of conservation tillage. Soil Till Res 86: 73-83 

Da�üstü



Improved agronomy and management of crop plants for industrial end uses      123 

Lankford B (2004) Resource-centred thinking in river basins; should we revoke 
the crop water requirement approach to irrigation planning? Agric Water 
Manage 68: 33-46 

Laureti D, Monotti M, Conti D, Del Pino AM, Pieri S, Ridoni G (2006) Girasole: 
panorama varietale per il 2006 (in Italian). L’Informatore Agrario 10: 34-39 

Lewandowski I, Clifton-Brownb JC, Scurlockc JMO, Huismand W (2000) 
Miscanthus: European experience with a novel energy crop. Biomass Bio-
energ 19: 209-227 

Li XY, Gong JD, Gao QZ, Li FR (2001) Incorporation of ridge and furrow 
method of rainfall harvesting with mulching for crop production under semi-
arid conditions. Agric Water Manage 50: 173-183 

Li XY, Gong JD (2002) Effects of different ridge:furrow ratios and supplemental 
irrigation on crop production in ridge and furrow rainfall harvesting system 
with mulches. Agric Water Manage 54: 243-254 

Liebig MA, Tanaka DL, Wienhold BJ (2004) Tillage and cropping effects on soil 
quality indicators in the northern Great Plains. Soil Till Res 78: 131-141

Liebig MA, Johnsons HA, Hanson JD, Frank AB (2005) Soil Carbon under 
Switchgrass Stands and Cultivated Cropland. Biom. Bioenerg. 28: 347-354 

Long SP, Zhu XG, Naidu SL, Ort DR (2006) Can improvement in photosynthesis 
increase crop yield? Plant Cell Environ 29: 315-330 

Ludlow MM (1989) Strategies of response to water stress. In: Kreeb KH, Ritcher 
H, Hinckley TM (eds) Structural and Functional Responses to Environmental 
Stresses, SPB Academic Publishing, The Hague, The Netherlands, pp 269-281 

Machet JM, Dubrulle P, Louis P (1990) AZOBIL: a computer program for fertil-
izer N recommendations based on a predictive balance sheet method. In: 
Scaife A (ed) Proc. 1st Congress of the European Society of Agronomy, Paris, 
pp 21-22 

Malhi SS, Lemke R, Wang ZH, Chhabra BS (2006) Tillage, nitrogen and crop 
residue effects on crop yield, nutrient uptake, soil quality, and greenhouse gas 
emissions. Soil Till Res in press (doi: 10.1016/j.still.2005.09.001) 

Mastrorilli M, Katerji N, Rana G (1999) Productivity and water use efficiency of 
sweet sorghum as affected by soil water deficit occurring at different vegeta-
tive growth stages. Eur J Agron 11: 207-215 

Matson PA, Parton WJ, Power AG, Swift MJ (1997) Agricultural intensification 
and ecosystem properties. Science 277: 504-509

Metherell AK, Cambardella CA, Parton WJ, Petersen GA, Harding LA, Cole CV 
(1995) Simulation of soil organic matter dynamics in dryland wheat-fallow 
cropping systems. In: Lal R, Kimble J, Levine E, Stewart BA (eds) Soil Man-
agement and Greenhouse Effect. Adv. Soil Sci., CRC-Lewis Publishers, Boca 
Raton, pp 259-270 

Meynard JM, Doré T, Lucas P (2003) Agronomic approach: cropping systems and 
plant diseases. C R Biol 326: 37-46 



124      Lorenzo Barbanti, Andrea Monti, Gianpietro Venturi 

Monti A, Amaducci MT, Pritoni G, Venturi G (2005a) Growth, fructan yield and 
quality of chicory (Cichorium intybus L.) as related to photosynthetic capac-
ity, harvest time and water regime. J Exp Bot 56: 1389-1395 

Monti A, Venturi P, Elbersen HW (2001) Evaluation of the establishment of low-
land and upland switchgrass (Panicum virgatum L.) varieties under different 
tillage and seedbed conditions in northern Italy. Soil Till Res 63: 75-83 

Monti A, Venturi G, Amaducci MT (2002). Comparison among sorghum, kenaf 
and miscanthus for energy production under different water and nitrogen lev-
els. Riv Agron 36: 213-220 

Monti A, Amaducci MT, Venturi G (2005b) Growth response, leaf gas exchange 
and fructans accumulation of Jerusalem artichoke (Helianthus tuberosus L.) 
as affected by different water regimes. Eur J Agron 23: 136-145 

Morari F , Lugato E, Borin E (2004) An integrated non-point source model-GIS 
system for selecting criteria of best management practices in the Po Valley, 
North Italy. Agric Ecosyst Environ 102: 247-262 

Moser LE (1980) Quality of forages as affected by post-harvest storage and proc-
essing. In: Crop Quality, Storage and Utilization, Am Soc Agron, pp 227-260 

Murali NS, Secher BJM, Rydahl P, Andreasen FM (1999) Application of informa-
tion technology in plant protection in Denmark: from vision to reality. Com-
put Electron Agric 22: 109-115

Murillo JM, Moreno F, Pelegrín F, Fernández J (1998) Responses of sunflower to 
traditional and conservation tillage under rainfed conditions in southern Spain. 
Soil Till Res 49: 233-241

Németh K (1982) Electro-ultrafiltration of aqueous soil suspension with simulta-
neously varying temperature and voltage. Plant Soil 64: 7-23 

Oenema O, Kros H, de Vries W (2003) Approaches and uncertainties in nutrient 
budgets: implications for nutrient management and environmental policies. 
Eur J Agron 20: 3-16 

Oerke EC, Dehne HW (2004) Safeguarding production—losses in major crops 
and the role of crop protection. Crop Prot 23: 275-285 

Olson KR, Lang JM, Ebelhar SA (2005) Soil organic carbon changes after 12 
years of no-tillage and tillage of Grantsburg soils in southern Illinois. Soil Till 
Res 81: 217-225 

Pagliai M, Vignozzi N, Pellegrini S (2004) Soil structure and the effect of man-
agement practices. Soil Till Res 79: 131-143

Parrish DJ, Wolf DD, Peterson PR, Daniels WL (1997) Switchgrass as a biofuels 
crop for the upper Southeast: Variety trials and cultural improvements. Final 
Report (1992-97) for Biofuels Feedstock Development Program, Environ-
mental Sciences Division, Oak Ridge National Laboratory 

Passioura J (2006) Increasing crop productivity when water is scarce—from 
breeding to field management. Agric Water Manage 80: 176-196 



Improved agronomy and management of crop plants for industrial end uses      125 

Piovanelli C, Gamba C, Brandi G, Simoncini S, Batistoni E (2005) Tillage choices 
affect biochemical properties in the soil profile. Soil Till Res in press (doi: 
10.1016/j.still.2005.08.013)

Rasmussen KJ (1999) Impact of ploughless soil tillage on yield and soil quality: A 
Scandinavian review. Soil Till Res 53: 3-14 

Rees DVH (1982) A discussion of the sources of dry matter loss during the proc-
ess of haymaking. J Agric Eng Res 27 : 469-479 

Rémy JC, Hébert J (1977) Le devenir des engrais azotes dans le sol (in French), 
CR Acad Agric France 63, pp 700-710 

Rémy JC, Viaux P (1982) The use of nitrogen fertilizers in intensive wheat grow-
ing in France. In: Symposium on Fertilizers and Intensive Wheat Production 
in EEC, The Fertilizer Society, pp 67-92 

Reyniers M, Vrindts E, De Baerdemaeker J (2006) Comparison of an aerial-based 
system and an on the ground continuous measuring device to predict yield of 
winter wheat. Eur J Agron 24: 87-94 

Rinaldi M (2001) Application of EPIC model for irrigation scheduling of sun-
flower in Southern Italy. Agric Water Manage 49: 185-196 

Rinaldi M, Losavio N, Flagella Z (2003) Evaluation and application of the 
OILCROP–SUN model for sunflower in southern Italy. Agric Syst 78: 17-30 

Robinson TP, Metternicht G (2005) Comparing the performance of techniques to 
improve the quality of yield maps. Agric Syst 85: 19-41 

Rosenzweig C, Strzepek KM, Major DC, Iglesias A, Yates DN, McCluskey A, 
Hillel D (2004) Water resources for agriculture in a changing climate: interna-
tional case studies. Global Environ Chang Part A 14: 345-360 

Russell JR, Buxton DR (1985) Storage of large round bales of hay at different 
moisture concentrations and treated with sodium diacetate and/or covered 
with plastic. Animal Feed Sci Tech 13: 69-81 

Salinas-García JR, Velázquez-García JJ, Gallardo-Valdez M, Díaz-Mederos P, 
Caballero-Hernández F, Tapia-Vargas LM, Rosales-Robles E (2002) Tillage 
effects on microbial biomass and nutrient distribution in soils under rain-fed 
corn production in central-western Mexico. Soil Till Res 66: 143-152

Sanderson MA, Reed RL, Hussey MA, Tischler CR, Read JC, Ocumpaugh WR 
(1997a) Switchgrass management for biomass energy feedstock in Texas. In: 
Proc. 18th Int. Grassld. Cong., Winnipeg, Manitoba, and Saskatoon, 
Sasskatchewan, Canada 

Sanderson MA, Egg RP, Wiselogel AE (1997b) Biomass losses during harvest 
and storage of switchgrass. Biomass Bioenerg 2: 107-114 

Scherer HW (2001) Sulphur in crop production — invited paper. Eur J Agron 14: 
81-111

Schittenhelm S (1999) Agronomic performance of root chicory, Jerusalem arti-
choke and sugarbeet in stress and non-stress environment. Crop Sci 39: 1815–
1823



126      Lorenzo Barbanti, Andrea Monti, Gianpietro Venturi 

Scotford IM, Miller PCH (2005) Applications of spectral reflectance techniques in 
Northern European cereal production: a review. Biosyst Eng 90: 235-250

Sehy U, Ruser R, Munch JC (2003) Nitrous oxide fluxes from maize fields: rela-
tionship to yield, site-specific fertilization, and soil conditions. Agric Ecosyst 
Environ 99: 97-111 

Sepaskhah AR, Kanooni A, Ghasemi MM (2003) Estimating water table contribu-
tions to corn and sorghum water use. Agric Water Manage 58: 67-79 

Sieling K, Kage H (2006) N balance as an indicator of N leaching in an oilseed 
rape – winter wheat – winter barley rotation. Agric Ecosyst Environ 115: 261-
269

Singh B, Malhi SS (2006) Response of soil physical properties to tillage and resi-
due management on two soils in a cool temperate environment. Soil Till Res 
85: 143-153

Somerville C, Briscoe J (2001) Genetic engineering and water. Science 292: 2217 
Song G, Li L, Pan G, Zhang Q (2005) Topsoil organic carbon storage of China 

and its loss by cultivation. Biogeochemistry 74: 47–62 
Tan Z, Lal R (2005) Carbon sequestration potential estimates with changes in land 

use and tillage practice in Ohio, USA. Agric Ecosyst Environ 111: 140-152
Tavakkoli AR, Oweis TY (2004) The role of supplemental irrigation and nitrogen 

in producing bread wheat in the highlands of Iran. Agric Water Manage 65: 
225-236

Thomson AM, Izaurralde RC, Rosenberg NJ, He X (2006) Climate change im-
pacts on agriculture and soil carbon sequestration potential in the Huang-Hai 
Plain of China. Agric Ecosyst Environ 114: 195-209 

Todorovic M, Steduto P (2003) A GIS for irrigation management. Phys Chem 
Earth Parts A/B/C 28: 163-174 

Tolk JA, Howell TA (2003) Water use efficiencies of grain sorghum grown in 
three USA southern Great Plains soils. Agric Water Manage 59: 97-111 

Vamerali T, Bertocco M, Sartori L (2005) Effects of a new wide-sweep opener for 
no-till planter on seed zone properties and root establishment in maize (Zea
mays, L.): A comparison with double-disk opener. Soil Till Res in press (doi: 
10.1016/j.still.2005.07.011)

Venturi G. (1970) Confronto fra metodi di raccolta della canapa. Nota II. 
Destinazione cartaria del prodotto. Industria della Carta 1: 8-18. 

Venturi G. (2004) The hemp between tradition and innovation. Int. Symposium: 
Hemp: perspectives for advanced utilization. Bologna, March 5-6, in press 

Venturi P, Monti A, Piani I, Venturi G (2004) Evaluation of harvesting and post-
harvesting techniques for energy destination of switchgrass. Proc. of the II 
World Conference on Biomass for Energy, Industry and Climate Protection, 
Rome, 1, pp 234-236 

Vyn TJ, Galic DM, Janovicek KJ (2002) Corn response to potassium placement in 
conservation tillage. Soil Till Res 67: 159-169 

Wang WJ, Dalal RC (2005) Carbon inventory for a cereal cropping system under 
contrasting tillage, nitrogen fertilisation and stubble management practices. 
Soil Till Res in press (doi:10.1016/j.still.2005.11.005) 



Improved agronomy and management of crop plants for industrial end uses      127 

Weiss EA (1983) Oilseed crops. Longman Ltd, pp 660 
Wiklicky L (1982) Application of the EUF procedure in sugar beet cultivation. 

Plant Soil 64: 115-127
Xue Q, Zhu Z, Musick JT, Stewart BA, Dusek DA (2006) Physiological mecha-

nisms contributing to the increased water-use efficiency in winter wheat under 
deficit irrigation. J Plant Physiol 163: 154-164 

Yadava UL (1986) A rapid and non-destructive method to determine chlorophyll 
in intact leaves. HortScience 21: 1449-1450 

Zamuner EC, Picone LI, Echeverria HE (2005) Comparison of phosphorus fertili-
zation diagnostic methods for wheat under no-tillage. Soil Till Res in press 
(doi: 10.1016/j.still.2005.06.010) 



5

Lignin manipulation for fibre improvement 

Jennifer Stephens, Claire Halpin 

Plant Research Unit, School of Life Sciences, University of Dundee at 
SCRI, Invergowrie, Dundee DD2 5DA, UK (e-mail: 
c.halpin@dundee.ac.uk)

1. Introduction 

For centuries plant fibres have been used in a number of commercial areas 
including textiles, construction, paper and pulp, reinforced composites, and 
as biomass for energy production. These fibres come from a whole host of 
crops ranging from cotton, jute and flax for textiles; wood crops such as 
poplar, eucalyptus and conifers for paper and pulp; and cereal crops such 
as maize, sorghum and barley to provide straw, bedding and animal fodder. 
In more recent years the popularity of fibre crops in some of these areas 
has been superseded by synthetic fibres such as those made from plastic or 
glass. Environmentally, these synthetic fibres are non-renewable and con-
tinue to accumulate as sources of pollution. The impact of this pollution 
has led to a renewed interest in the use of plant fibres as a sustainable 
commodity for the future. 

With the exception of cotton fibres, which are almost pure cellulose, 
most plant fibres also contain hemicelluloses, pectins and lignins con-
nected together in a complex network. Although each of these components 
is likely to have an effect on the properties of the plant fibre that is pro-
duced, little is known of the basic biological processes underlying the pro-
duction of most of these polymers. It has been estimated that 15% of the 
transcribed genome of Arabidopsis comprises genes directly involved in 
cell wall metabolism but few of these genes have been studied in any detail. 
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Of the different cell wall polymers, the most intensively studied to date has 
been lignin. Interest in lignin biosynthesis has been driven mainly by the 
perceived value that improvements in the extractability of lignin would 
have to the pulp and paper industry. Manipulating genes in the lignin bio-
synthesis pathway has also been shown to have an impact on the digestibil-
ity of certain forage crops. Most of the genes in the lignin biosynthesis 
pathway (Fig. 5.1) have now been cloned, characterized and manipulated 
in a range of species including Arabidopsis, herbaceous woody angio-
sperms (tobacco) and trees (poplar and eucalyptus). This available data of-
fers a starting point for further research into fibre crop improvement by fo-
cusing on manipulating lignin genes. Although genetic modification (GM) 
of crop plants offers the greatest potential for rapidly improving fibre 
traits, research in this area is currently limited due to public concerns over 
the safety of GM. As an alternative approach, conventional breeding can 
still benefit from the latest biotechnological tools which are being used to 
identify candidate genes for marker-assisted breeding. 

2.1 Lignin 

Lignin is an important component of plant secondary cell walls. It is a 
complex polymer of phenylpropanoid units that is cross-linked to other 
components, including cellulose, within the wall. The integration of lignin 
into the cell wall strengthens and maintains the structure of the cell. Lignin 
also offers the plant some protection against external threats such as herbi-
vores and pathogens. During papermaking, lignin is difficult to degrade, 
demanding the use of highly toxic chemicals during its extraction, which 
go on to pollute the environment. As a component in forage crops, lignin 
makes it difficult for animals to break down the plant fibre to release the 
available energy. Much research has been done on manipulating the genes 
that are involved in lignin biosynthesis in an attempt to make lignin that is 
more amenable to extraction during pulping (Baucher et al. 2003), and to 
improve the digestibility of forage crops (Barriere et al. 2003). 

2. State-of-the-Art and the latest advances of the sector 



Lignin manipulation for fibre improvement      131 

lanine ammonia lyase; C4H, Cinnamate-4-hydroxylase; 4CL, 4-Coumarate:CoA ligase; 
HCT, Hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltransferase; C3H, 
Coumarate-3-hydroxylase; COMT, Caffeate 3-O-methyltransferase; CCoAOMT, Caffeoyl 
CoA 3-O-methyltransferase; CCR, Cinnamoyl-CoA reductase; F5H, Ferulate-5-

Fig. 5.1. The lignin biosynthesis pathway (adapted from Raes et al. 2003). PAL, Phenyla-

hydroxylase; CAD, Cinnamyl alcohol dehydrogenase. 
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There are three monomers (monolignols) produced by the lignin path-
way that become major components of the lignin polymer - para-
hydroxyphenyl (H), guaiacyl (G) and syringyl (S) monomers (Fig. 5.2). 
These monomers differ only in their degree of methoxylation. The per-
centage of each monomer that is incorporated into lignin varies from spe-
cies to species, and also within plants from cell type to cell type (Campbell 
and Sederoff 1996). Generally, lignin in gymnosperms is predominantly 
composed of G units while angiosperm lignin is a mixture of G and S 
units, with lignin in the grasses additionally containing H units. 

The content, composition and structure of lignin within cell walls, as 
well as the type and frequency of linkages between lignin and other wall 
polymers, influence the mechanical and industrial properties of plant fi-
bres. A considerable body of research, summarized in the next section, il-
lustrates how the physical and chemical properties of fibres can be modi-
fied by manipulating lignin. Most of this work focuses on improving wood 
for applications in pulping or improving forages as animal feedstocks. 
However the results of this research are equally relevant to the improve-
ment of other types of fibre crop, irrespective of whether or not they have 
applications in pulping or animal feed production, since they demonstrate 
the types and extent of manipulation that is possible without adverse ef-
fects on plant health and viability. 

(G) and syringyl (S) units.
Fig. 5.2. The major monomers incorporated into lignin: para-hydroxyphenyl (H), guaiacyl 
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2.2 Manipulation of genes involved in lignin biosynthesis 

All of the genes known to be involved in lignin biosynthesis have been 
targeted for manipulation or mutation in model plants such as Arabidopsis,
tobacco, or poplar. There are currently ten genes known to be involved in 
monolignol production. The roles of each of these genes have been charac-
terized following up- or down-regulation of gene activity in transgenic 
plants, either in a single construct or in combination with other lignin 
genes. Mutants have also been isolated for some of the lignin genes. A 
brief explanation of their role in the pathway follows along with results 
from studies of gene manipulation.

2.2.1. Phenylalanine ammonia lyase (PAL) 

PAL is the first enzyme in the pathway and catalyses the deamination of 
phenylalanine to trans-cinnamic acid (Wanner et al. 1995). This reaction is 
regulated by a feedback loop that inhibits PAL activity in the presence of 
high levels of trans-cinnamic acid (Blount et al. 2000). Down-regulating 
PAL activity in tobacco (Sewalt et al. 1997a) leads to a decrease in the 
content of G lignin, but does not alter the content of S lignin. Although 
down-regulating PAL can have a big impact on lignin content, it frequently 
leads to the production of plants with pleiotrophic detrimental phenotypes 
making PAL unsuitable as a target for improving fibre qualities while 
maintaining normal plant growth. 

2.2.2. Cinnamic acid 4-hydroxylase (C4H) 

Trans-cinnamic acid is hydroxylated by C4H to produce p-coumaric acid. 
C4H belongs to the family of cytochrome P450-dependent monooxy-
genases. It has been shown that C4H activity is tightly co-ordinated with 
PAL activity (Koopmann et al. 1999). Down-regulating activity of C4H in 
tobacco (Sewalt et al. 1997a) and alfalfa (Reddy et al. 2005) plants results 
in a reduction in lignin content and a decrease in the S/G ratio. Although 
the lignin composition in the C4H down-regulated alfalfa plants was not 
hugely altered, there was a large improvement in digestibility, suggesting 
that lignin content rather than lignin composition may be a key determi-
nant in improving digestibility. 
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2.2.3. Coumarate:CoA ligase (4CL) 

There are multiple isoforms of 4CL in Arabidopsis which catalyze the 
formation of CoA esters of p-coumaric acid, caffeic acid, ferulic acid, 5-
hydroxyferulic acid and sinapic acid (Raes et al. 2003). Down-regulating 
activity of 4CL in tobacco plants results in reduced lignin content and the 
plants with the greatest lignin reductions were stunted and had collapsed 
xylem vessels (Kajita et al. 1997). The S/G ratio in the plants was de-
creased, although studies in plants other than tobacco report an increased 
S/G ratio (as reviewed by Boerjan et al. 2003). In poplar, reduced lignin in 
4CL-down-regulated plants is apparently compensated for by an increase 
in cellulose in healthy plants that grow taller than normal (Hu et al. 1999), 
although the growth effects depend on the promoter used to drive the 
transgene (Li et al. 2003a). 

2.2.4. Hydroxycinnamoyl-CoenzymeA Shikimate/Quinate 
Hydroxycinnamoyl Transferase (HCT) 

HCT has recently been identified as acting upstream and downstream of 
C3H. It catalyzes the conversion of p-coumaroyl-CoA to the corresponding 
shikimic acid or quinic acid esters. It also catalyzes the reverse reaction 
leading to caffeoyl-CoA. Down-regulation of HCT results in plants with a 
reduced lignin content, containing less S units, and more H units. Arabi-
dopsis plants severely down-regulated in HCT (with ~1% of wild type ac-
tivity) have almost no S units in the interfascicular fibre cells. These plants 
have a dwarf phenotype and are sterile (Hoffmann et al. 2004). 

type, yielding significantly less lignin than the wild type. Ref8 lignin is 

and lignin was found in C3H down-regulated alfalfa plants (Reddy et al. 
2005) which showed evidence of compensatory cellulose accumulation, as 

most severely down-regulated alfalfa plants showed delayed growth, the 
majority of the plants were phenotypically similar to wild type alfalfa de-
spite having dramatically altered lignin. These alfalfa plants had a massive 
increase in H units with the biggest increase in digestibility yet found in 
forage crops. The dramatic changes in lignin structure due to the altered 

caffeoyl units (Schoch et al. 2001). C3H is a P450-dependent monooxy-
genase. The Arabidopsis C3H-defective mutant (ref8) has a dwarf pheno-

previously reported in 4CL down-regulated poplar plants. Although the 

2.2.5. Coumarate-3-hydroxylase (C3H) 

amounts in the wild type (Franke et al. 2002). A reduction in hemicellulose 

C3H catalyzes the hydroxylation of shikimic acid and quinic acid esters to 

composed almost exclusively of H units which are only found in trace 
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composition of the polymer are thought to be responsible for the signifi-
cant digestibility improvement (Ralph et al. 2006). 

2.2.6. Caffeic acid3-O-methyltransferase (COMT) 

COMT has been implicated to act at different levels in the pathway (Inoue 
et al. 1998; Maury et al. 1999). It is currently thought to be predominantly 
active at the level of the aldehydes and alcohols, leading to S lignin 
biosynthesis. Down-regulation of COMT in tobacco produces plants with a 
phenotype indistinguishable from wild type plants. The amount of lignin is 
not significantly reduced, but the composition of the lignin is altered, con-
taining less S units, and abnormally high amounts of 5-hydroxyguaiacyl 
(5-OH-G) units (Atanassova et al. 1995; Pinçon et al. 2001a). The incorpo-
ration of 5-OH-G units following down-regulation of COMT has also been 
reported in poplar (Jouanin et al. 2000) and in maize (Lapierre et al. 1988). 
COMT mutants have been reported in maize (Vignols et al. 1995) and sor-
ghum (Porter et al. 1978). These mutants have a brown midrib phenotype 
and show reductions in lignin content along with improvements in digesti-
bility (Cherney et al. 1991; Bout and Vermerris 2003). COMT is one of the 
main candidates for improving digestibility. 

2.2.7. Caffeoyl CoA 3-O-methyltransferase (CCoAOMT)

CCoAOMT methylates caffeoyl-CoA to give feruloyl-CoA. Down-
regulating activity of CCoAOMT leads to a reduction in lignin content. It 
has no effect on S units, but shows a reduction in the amount of G units in 
tobacco (Pinçon et al. 2001a) and alfalfa (Guo et al. 2001a) plants. The al-
falfa CCoAOMT down-regulated plants reportedly had a much higher di-
gestibility than wild type plants (Guo et al. 2001b). In poplar, plants sup-
pressed in CCoAOMT made a lignin that was less cross-linked than 
normal and increased levels of free and bound p-hydroxybenzoic acid were 
detected in the cell walls (Zhong et al. 2000). 

2.2.8. Cinnamoyl-CoA reductase (CCR) 

CCR is a key enzyme in the pathway converting cinnamoyl-CoA esters to 
their respective cinnamaldehydes. This is the first committed step in mono-
lignol biosynthesis leading to the production of coniferaldehyde, 5-OH 
coniferaldehyde and sinapaldehyde. Down-regulating CCR in a variety of 
species has revealed its important role in regulating lignin content. CCR-
suppressed tobacco plants have large reductions in lignin content and 
changes to lignin structure (Ralph et al. 1998; Piquemal et al. 1998; 
O’Connell et al. 2002). Similar changes to lignin content and structure 



136      Jennifer Stephens, Claire Halpin 

have been identified in transgenic or mutant Arabidopsis plants with re-
duced CCR activity (Jones et al. 2001; Goujon et al. 2003). Many of these 
CCR-deficient plants do not develop completely normally and have 
stunted growth, altered leaf morphology and collapsed or irregular xylem 
vessels. The changes in lignin seem to result in a disorganization and loos-
ening of the secondary walls of fibres and vessels, leading to mechanical 
weakness (Chabannes et al. 2001a,b; Pinçon et al. 2001b; Goujon et al. 
2003).

2.2.9. Ferulate-5-hydroxylase (F5H) 

F5H preferentially catalyzes the 5-hydroxylation of coniferaldehyde 
(Humphreys et al. 1999) leading to the production of the S lignin mono-
mer. F5H is a member of the CYP84 family of P450-dependent monooxy-
genases. The Arabidopsis F5H-deficient mutant (fah1; Meyer et al. 1996) 
exhibits only trace amounts of S units, while over-expression of F5H under 
the control of the C4H promoter results in a lignin that is almost entirely 
composed of S units (Marita et al. 1999). Despite the absence of S units, 
the fah1 mutant shows no change in cell wall degradability by rumen mi-
cro-organisms (Jung et al. 1999). Down-regulation of F5H in alfalfa 
(Reddy et al. 2005) shows a reduction in S units with no effect on digesti-
bility.

2.2.10. Cinnamyl alcohol dehydrogenase (CAD) 

CAD is the final enzyme in the monolignol biosynthesis pathway and re-
duces para-coumaraldehyde, coniferaldehyde and sinapaldehyde into their 
corresponding alcohols. Down-regulating CAD in various species includ-
ing tobacco and poplar produces plants with a red-brown colour in the 
stem wood. This is thought to be due to an increase in the amount of alde-
hydes incorporated into the lignin in these plants (Higuchi et al. 1994; 
Baucher et al. 1996). Due to this colour, a number of potential CAD mu-
tants have been identified in maize and sorghum (see Cherney et al. 1991), 
and recently in rice (Zhang et al. 2006). Experiments on CAD-antisense 
tobacco plants indicated that the structural and compositional changes of 
the tobacco lignin changed the mechanical properties of the stem wood, al-
though the possible impact of these changes on plant health and wood 
processing properties were not directly addressed (Hepworth and Vincent 
1998, 1999). However, long-term field trials of poplar trees with reduced 
CAD activity have shown that tree growth and fitness is normal as are eco-
logical interactions with insects and soil microbes (Pilate et al. 2002) al-
though the trees have significant pulping benefits (discussed below). 
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2.2.11. Manipulation of multiple monolignol biosynthesis genes

Although some of the genes in the lignin biosynthesis pathway appear to 
be good candidates for crop improvement, the greatest results may come 
through manipulating more than one gene at a time. There are a few re-
ports where two or more lignin genes have been targeted simultaneously. 
Both COMT and CCoAOMT have been simultaneously suppressed in to-
bacco (Zhong et al. 1998; Pinçon et al. 2001a) and alfalfa (Guo et al. 
2001a). In tobacco, the double gene suppression promoted a greater reduc-
tion in lignin content than could be achieved by targeting either gene 
alone. Similarly, tobacco suppressed in both CAD and CCR showed syn-
ergistic effects of the two genes in reducing lignin quantity (Chabannes et 
al. 2001a). Plants suppressed in both genes had lignin decreases of ap-
proximately 50% compared to 32% and 12% reductions in plants sup-
pressed in CCR or CAD alone. Simultaneous suppression of COMT and 
CCR has been achieved in tobacco by crossing plants down regulated in 
the single genes (Pinçon et al. 2001b). In this case, the effects of CCR sup-
pression on lignin predominated - plants had reduced lignin content and 
increased S/G ratio but lignin changes typical of COMT suppression were 
not detected, possibly due to insufficient levels of COMT down-regulation 
(Pinçon et al. 2001b). Down-regulating CAD and COMT together in to-
bacco produces plants with a normal phenotype and reduced lignin con-
tent, while plants down-regulated in CAD, COMT and CCR together re-
duces lignin content but produces a stunted phenotype (Abbott et al. 2002). 
In poplar trees where F5H was up-regulated in tandem with 4CL down-
regulation, additive effects were observed compared to transformants 
where only one of the genes had been manipulated. Lignin composition 
was altered and lignin content was reduced while cellulose content was in-
creased (Li et al. 2003a). This work illustrates the potential for manipulat-
ing different complex traits affecting fibre quality by targeting relatively 
few genes (Halpin and Boerjan 2003). 

2.2.12. Manipulation of monolignol transport and polymerisation 

Considerable scope exists for manipulating lignin by targeting processes 
other than monolignol biosynthesis, such as monolignol transport or po-
lymerization. Indeed these late steps in lignin deposition might be expected 
to be particularly suitable targets as unintentional effects on connected bio-
chemical pathways could be avoided. Unfortunately, the details of how 
monolignols are transported and how they become polymerized within 
plant cell walls is still unclear and several possible mechanisms have been 
proposed (see Halpin 2004 for review). Monolignols are assumed to be ex-
ported from the cell as glucosides, although direct evidence for this is still 
lacking. In Arabidopsis, a number of UDP-glucosyltransferases have been 
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identified that are capable of glucosylating lignin monomers or their direct 
precursors (Lim et al. 2001, 2005). Similarly, a gene encoding a coniferin 

-glucosidase that is capable of de-glucosylating monolignols has been 
found in pine (Dharmawardhana et al. 1999). Consistent with a potential 
role in deglucosylating exported monolignols prior to polymerization, the 
encoded protein is found in secondary cell walls of developing xylem 
(Samuels et al. 2002). Manipulating the expression of either the UDP-
glucosyltransferases or the -glucosidases that act on monolignols might 
be a useful strategy for manipulating lignin content or composition in 
crops, but, as yet, there are no reports of such work in the literature. 

The identity of the enzymes involved in polymerizing lignin monomers 
is still under debate with peroxidases, laccases, and other phenoloxidases 
all proposed to play a role. Controversy also exists as to whether lignin po-
lymerization is a random or highly ordered process, perhaps mediated by 
‘dirigent’ proteins (Davin et al. 1997). Several reports describe the effects 
of manipulating the expression of various peroxidase genes in planta. In 
most cases, modification of anionic peroxidase expression had little effect 
on lignin deposition in tobacco (Lagrimini et al. 1997a,b) although aspen 
with reduced activity of a stem-specific anionic peroxidase (prxA3a) had a 
moderate reduction in lignin content (Li et al. 2003b). Similarly, suppres-
sion of laccase activity in poplar had no effect on lignin amount or compo-
sition (Ranocha et al. 2002). By contrast, suppression of a cationic peroxi-
dase (TP60) in tobacco apparently reduced lignin content by 40-50% (Blee 
et al. 2003). However the exact roles of the multiplicity of different per-
oxidases and laccases present in different plant species, and the possibility 
of significant functional redundancy between them, makes effective modi-
fication of lignin via manipulation of monolignol polymerization an uncer-
tain prospect. 

2.2.13. Fibre improvement for pulp and paper making 

During pulp production from plant fibres, lignin has to be removed from 
cellulose in order to produce good-quality paper. However, due to its com-
plex structure, lignin is very difficult to extract, demanding the use of 
highly toxic chemicals which can pollute the environment. In order to 
make pulping easier and more environmentally benign, either (a) the lignin 
content of fibres could be reduced or (b) the extractability of lignin could 
be improved by modifying its chemical structure. Pulping studies have al-
ready been performed on some of the transgenic lignin-modified plants de-
scribed in the last section and the results demonstrate the potential that ex-
ists for manipulating fibres to improve pulping properties. 
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Transgenic poplar suppressed in CAD activity has been evaluated by 
chemical pulping analyses after growth in the greenhouse (Baucher et al. 
1996; Lapierre et al. 1999) and after two four-year field trials in France 
and the UK (Pilate et al. 2002). In all cases, the changes to lignin structure 
in CAD-suppressed plants made delignification easier using the chemical 
Kraft pulping process. In pulps made from the transgenic lines, the kappa 
number, a measure of residual lignin in the pulp after cooking, was re-

bleaching of the pulps was also easier and other pulp properties were not 
adversely affected by the lignin modification. In a pine cad mutant, no en-
hanced delignification was evident after Kraft pulping (MacKay et al. 
1999), probably reflecting the differences in lignin structure between gym-
nosperms and angiosperms. However, pulp produced from the mutant by 

lars overexpressing F5H also show significant improvements of Kraft 
pulping efficiency. Pulps from the F5H-expressing plants had lower kappa 

2003). The authors estimate that pulp throughput could be increased by 
60% and consumption of pulping chemicals decreased by this genetic im-
provement. Not all lignin modifications are beneficial for pulping, how-
ever. Wood from field-grown COMT-down regulated poplars has proved 

lignin was more difficult to extract and the kappa number was higher while 

late et al. 2002). 
Pulping performance has also been assessed for transgenic tobacco with 

various modifications to lignin biosynthesis (O’Connell et al. 2002; Kajita 
et al. 2002). The Kraft pulp produced from CAD- or CCR-suppressed to-
bacco had a lower kappa number than pulp made from wild type plants 
(O’Connell et al. 2002). However, after bleaching, the pulp from the low-
CCR plants had reduced brightness. This appeared to be due to a higher 
content of unextracted chlorophyll (O’Connell et al. 2002). Tobacco sup-
pressed in 4CL has also been shown to be improved for Kraft pulping, hav-

subsequent bleaching, than pulp from wild type plants (Kajita et al. 2002). 
As well as indicating how trees grown for pulping might be improved, 

this work also illustrates the potential for using and manipulating less 
traditional crops for paper production. The tobacco plants analyzed made 
high quality pulps that could be bleached to high levels of brightness and 
made into strong papers (O’Connell et al. 2002). This suggests a new op-
portunity for tobacco to be grown as a pulp crop and illustrates the poten-
tial for manipulating other annual crops for improved fibre production for 
pulp and paper making. 

duced compared to that of pulp made from wild type plants. Subsequent 

the soda pulping process had a lower kappa number than wild type. Pop-

to be more difficult to pulp than wood from wild type trees. The modified 

pulp brightness after bleaching was lower than that of wild type trees (Pi-

ing a higher efficiency of delignification, higher pulp yield, and improved 

numbers and increased brightness compared to wild type (Huntley et al. 
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Forage crops are the main source of nutrition for ruminating animals. In 
2005, over one billion metric tons of forage crops were produced world-
wide. The main bulk of this forage material comes from maize and alfalfa 
production (Fig. 5.3). 

The presence of lignin in these crops has a detrimental effect on their 
digestibility by ruminants (Cherney et al. 1991) due to the resistance of 
lignin to degradation by micro-organisms. Altering the content and/or 
composition of lignin by genetic manipulation of genes in the lignin bio-
synthetic pathway can result in changes to the digestibility of crop plants 
(see Barriere et al. 2003 for review). Numerous studies have shown that by 
down-regulating expression of certain genes in the lignin pathway the ratio 
of S/G monomers can be manipulated. Along with changes in lignin con-
tent, even small changes in the S/G ratio can have a significant impact on 
fibre digestibility as can changes to lignin structure. As already mentioned 
above, decreases in lignin content in C4H down-regulated alfalfa resulted 
in a large improvement in digestibility, but the massive structural changes 
resulting from the incorporation of increased levels of H lignin in C3H-
deficient alfalfa had an even greater effect on digestibility. CAD- and 
COMT-deficient transgenic tobacco and alfalfa have also been shown to 
have slightly improved digestibility (Bernard-Vailhe et al. 1996, 1998). 

Fig. 5.3. Worldwide production of crop plants grown for forage and silage in 2005 in mil-

PAL-suppressed transgenic tobacco or CCR-deficient transgenic Arabidopsis

lions of metric tons (from FAOSTAT data).

2.2.14. Fibre improvement for the forage industry 
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indicated similar improvements to enzymatic digestibility (Sewalt 
et al. 1997b; Goujon et al. 2003). 

Although modifications to digestibility have been demonstrated in GM 
plants, many of the species concerned are not normally used for forage. A 
better illustration of how lignin might be manipulated to improve digesti-
bility comes from data on a family of naturally-occurring or chemically-
induced lignin mutants, the brown midrib mutants. These mutants have 
been much used in digestibility studies and have been instrumental in fur-
thering understanding of the basic processes involved during lignification 
of grass cell walls. 

In maize, four naturally occurring brown midrib (bm) mutants exist 
(named bm1, bm2, bm3 and bm4), the first of which was discovered in 
1924. Brown midrib mutants have now been found in a number of other 
crop species including sorghum (Bout and Vermerris 2003), millet 
(Cherney et al. 1988), sudangrass (Fritz et al. 1981), and recently rice 
(Zhang et al. 2006). These mutants all exhibit a reddish or golden brown 
pigment in the midrib and stem. Most brown midrib mutants are suscepti-
ble to lodging, possibly due to brittleness of the stem caused by a reduction 
in lignin content. Bm1 is the result of a mutation in or near the CAD gene 
(Halpin et al. 1998) and bm3 is the result of a mutation in the COMT gene 
(Vignols et al. 1995). The genes for bm2 and bm4 have not yet been identi-
fied but it is thought that, if not directly involved in lignin biosynthesis, 
they could play a related role as transcription factors (Vermerris and Boon 
2001) or be involved in transportation of monolignols to the cell wall (Bar-
riere et al. 2004).

Studies of the bm1 mutant shows that both the total lignin content and 
the structure of the lignin polymer are altered (Halpin et al. 1998). These 
plants have improved lignin extractability, perhaps making them good 
candidates as novel pulping materials, and have modest improvements in 
digestibility. The lignin content in bm3 plants is reduced by 25-40%, with 
a reduction in S units. Bm3 maize mutants have been grown commercially 
in the USA for a number of years. Fig. 5.4 shows the combined results 
from 18 agronomic and dairy cattle feeding trials comparing bm3 and 
regular corn. On average the yield from bm3 corn was reduced by 6%, 
while acid detergent fibre (ADF) and neutral detergent fibre (NDF) were 
reduced by 3% and 2% (Lauer and Coors 1997). ADF is a measure of the 
lignin and cellulose components and is used to predict energy content, 
while NDF is a measure of the total cell wall, used to predict dry matter 
(DM) intake potential. From this data, calculations were made to predict 
milk/ton and milk/acre. Bm3 corn showed a 4% increase in milk/ton, but a 
2% decrease in milk/acre (Lauer and Coors 1997). Clearly, digestibility in 
bm3 is greatly improved compared to wild type maize, although this is at 
the expense of lower yields. Digestibility in maize decreases after flower-
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ing, while yield increases due to grain production. A trade-off therefore ex-
ists between digestibility and yield when deciding the optimum harvest 
time.

Brown midrib mutants have been created in sorghum by chemical 
mutagenesis. Bmr12, bmr18 and bmr26 are the result of point mutations 
generating premature stop codons in a COMT gene (Bout and Vermerris 
2003). The bmr mutants are allelic and show similar characteristics to 
maize bm3 but are distinct in some respects, e.g. bmr12 flowers 7 days 
early (Pedersen et al. 2005). 

Further work is needed to engineer or select plants with the increased 
digestibility found in bm3 mutants, while maintaining yield and resistance 
to lodging. The identification of COMT alleles showing a less dramatic ef-
fect than bm3 may efficiently improve digestibility without effecting these 
changes (Barriere et al. 2003).

to normal corn (100%) compiled from 18 trials (Lauer and Coors 1997).

2.2.15. Crop improvement for textiles and other markets 

Besides their use in papermaking and as components of animal forage, one 
of the biggest markets for natural fibres is still the textile industry. How-
ever, an increasing range of new markets are becoming more important, 
including potential for use of plant fibres in biocomposites for car manu-
facturing, construction and other industries, and as raw materials for en-
ergy production either as biomass for burning or for conversion into biofu-
els. These emerging commercial opportunities are fuelling new research 

Fig. 5.4. Average yield, ADF, NDF, Milk/Ton and Milk/Acre of bm3 corn mutants relative 
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initiatives into the ‘tailoring’ of plant cell walls for different applications 
but, as yet, few results of such work have been published. 

Cotton production dominates the textile market; in 2005, 66 million tons 
of cotton seed and 23 million tons of cotton fibre were produced world-
wide. Cotton fibres, being mostly cellulose, are not targets for lignin ma-
nipulation. Instead, major targets in cotton are to improve the yield and 
produce longer, more uniform fibres to improve the quality of materials for 
clothing and furnishings. Nevertheless cotton is an example of a geneti-
cally modified fibre crop that is already widely deployed commercially, of-
fering hope for growing acceptance of the production of transgenic fibre 
crops in the future. It is estimated that 28% of the global cotton planted in 
2005 was genetically modified (James 2005). Most GM cotton contained 
an insecticidal Bt gene from Bacillus thuringiensis which protects the 
plants from bollworm, an important pest on cotton. However, a significant 
proportion (37%) of the global GM cotton additionally contained a herbi-
cide-tolerance gene, along with the Bt gene, illustrating the state-of-the-art 
in engineering ‘stacked’ GM traits into crops and the potential for future 
manipulation of complex traits, such as fibre quality, with multiple trans-
genes.

Besides cotton, there are other fibre crops which are of interest to the 
textile industry (Table 5.1). Of these crops, jute is the most widely grown 
and has a greater yield per hectare than cotton. The biggest producer of 
jute is India where 2.8 million tons were produced last year. Jute is used to 
make lower quality products such as heavy duty clothing, home furnish-
ings and carpets. Jute is 100% biodegradable and has a high tensile 
strength and a strong resistance to heat and fire. Improvements in the qual-
ity of jute fibres would include making the fibres finer so that they would 
be suitable for use in higher quality products. A jute mutant, deficient lig-
nified phloem fibre (dlpf), was recently reported. It contains 50% less lig-
nin, and has a greater amount of cellulose than normal (Sengupta and Palit 
2004). This mutant has low levels of PAL activity and has a wavy, undu-
lated, stem phenotype. Although shorter than wild type jute, most of the 
tissues other than the phloem fibres develop normally. The phloem fibres 
in the mutant are reduced and are present as single fibres rather than in 
bundles as they are found in the wild type. The tensile strength of the fi-
bres was not significantly affected even though lignin was greatly reduced. 
The separateness of the fibres without loss of tensile strength is a trait that 
could be of interest to textile producers since the fibres have to be me-
chanically separated from bundles during their preparation for textile pro-
duction. This is the first lignin mutant to be found in jute, and it shows that 
there is potential for improving jute by manipulating genes on the lignin 
pathway.
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Crop Production 
Metric tons
x105

Area
Harvested
Hectares x103

Yield
Hectograms per
hectare x103

Kapok fruit     3.93     208.00 18.89 
Seed cotton 
Cotton lint 232.64 66665.98   3.49 
Flax fibre and tow     7.72     501.25 15.40 
Hemp fibre and tow     0.67       52.44 12.87 
Jute   28.62   1351.91 21.17 
Jute-like fibres     3.88     296.20 13.11 
Ramie     2.50     131.66 18.95 
Sisal     3.28     384.82   8.51 
Agave fibres nes     0.58       53.20 10.89 
Abaca (Manila hemp)     1.01     147.92   6.83 
Fibre crops nes     2.79       89.93 31.02 

Production, area harvested and yield of the main crops grown worldwide in 
2005 which are suitable for the use in textile making (FAOSTAT data, 2005) 

Other crops, such as hemp, are in much lower production although they 
have the advantages that they can be grown in more moderate climates 
than cotton, and need reduced inputs in order to achieve high yields (Eb-
skamp 2002). Along with flax, hemp is one of the most widely grown 
natural fibre crops in Europe. While its predominant use is in the clothing 
and home textile industries, hemp has a very wide range of potential and 
novel applications and is also used for paper, building materials, toiletries, 
composts, fuel and foods. To make textiles, lignin and pectins have to be 
removed from the fibre (Wang et al. 2003) and decreasing the lignin con-
tent could therefore reduce processing costs and improve the softness of 
the fibre. It has been reported that improving the fineness of fibre would 
widen its application in clothing and industrial textiles and that this could 
be done by breeding hemp varieties containing smaller fibre diameters 
(Ranalli and Venturi 2004). This reduction in diameters might also poten-
tially be achieved through reducing lignin by manipulating lignin biosyn-
thetic genes. 

tiles in 2005 (from FAOSTAT data). 

666.66 35217.38 18.93

Table 5.1. Worldwide production, area harvested and yield of crops suitable for use as tex-
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Future directed improvement of fibre crops, either by genetic manipulation 
or conventional breeding, requires increased research effort into identify-
ing the genes involved in all aspects of cell wall biosynthesis. The on-
going development of a variety of genomics tools, following the sequenc-
ing of the Arabidopsis, rice and poplar genomes, is enabling increasingly 
rapid identification and functional characterisation of previously ‘un-
known’ genes. Technologies such as DNA microarrays which allow global 
and parallel analysis of the gene expression profile of an organism or tissue 
under different conditions are providing vast amounts of information. 
Transcript profiling in plants is already being used to investigate a wide 
range of developmental processes, including secondary cell wall deposi-
tion. Even microarrays that cover only a small portion of a genome can 
yield useful data. For example, xylem microarrays have been used to in-
vestigate gene expression in distinct development zones within the wood-
forming tissues of hybrid aspen (Hertzberg et al. 2001). This analysis re-
vealed the strict transcriptional regulation that must underlie the observed 
stage-specific expression of different cell wall biosynthesis genes. Similar 
approaches are currently being used to investigate secondary cell wall for-
mation in fibre crops such as flax and hemp (Ebskamp 2002). Identifica-
tion of the genes underlying fibre development and cell wall biosynthesis 
will enable increasingly sophisticated GM strategies to manipulate the ex-
pression of combinations of those genes in order to develop ‘designer’ fi-
bres, improved for conventional and novel applications in the future. How-
ever, even without resorting to GM strategies, the identification of 
increasing numbers of genes affecting fibre quality will enable more rapid 
breeding improvement through marker assisted selection. 

One of the greatest potential benefits of gene expression studies will be 
the possibility of identifying candidate genes by linking gene expression 
data to fibre quality QTLs (quantitative trait loci). The development of 
QTLs, along with comprehensive molecular markers and linkage maps, 
has enormous potential for marker-assisted breeding (see Collard et al. 
2005 for review), enabling breeders to increase the precision of selection 
and more quickly advance the rate of improvements in crop plants. QTLs 
have been mapped for a range of agronomically important traits in many 
plant species. Several QTLs influencing wood properties have already 
been mapped in tree species used for pulp production, and forage quality 
QTLs have been identified in several crop species. However, few studies 
have yet identified the specific genes that underlie these QTLs, although 
progress is beginning to be made by simply mapping the few genes (such 
as lignin biosynthetic genes) that have already been shown to affect wood 
properties in order to see whether they co-locate with mapped QTLs. For 

3. Future and expected developments 



146      Jennifer Stephens, Claire Halpin 

instance, in eucalyptus, specific single nucleotide polymorphisms (SNP) 
that are significantly associated with microfibril angle, have recently been 
found in a CCR gene (Thumma et al. 2005). Similarly, in maize, a 
CCoAOMT gene has been shown to co-localize with a QTL for cell wall 
digestibility and lignin content (Guillet-Claude et al. 2004). The identifica-
tion of candidate genes that co-localize with QTLs will enable the devel-
opment of improved early-selection markers since the linkage between 
conventional markers and genes can be lost during recombination. Future 
research will increasingly combine data from QTL analysis of phenotype, 
genotype and expression levels from microarrays (eQTLs) in genetical ge-
nomics strategies (Kirst et al. 2004). 

4. Conclusion 

Modern, marker-assisted plant breeding, and genetic modification tech-
nologies have the potential to improve plant fibres for a variety of conven-
tional and novel end uses. To exploit this opportunity to the full, much re-
search is still needed to identify and characterise the genes involved in 
fibre cell wall biosynthesis. Using genomic and post-genomic technolo-
gies, including transcript profiling, the identification of these genes should 
proceed at an increasing pace. Verification of the functional role of those 
genes by isolating the corresponding mutants or by genetic manipulation 
will also yield the critical information on how the activity of specific genes 
affects fibre properties. This information can then be applied for fibre im-
provement. This strategy is already exemplified by the huge body of work 
over the past decade into the lignin biosynthesis pathway. To date, most, 
perhaps all, of the genes involved in lignin biosynthesis have been identi-
fied and functionally characterized. Mutants and transgenics where expres-
sion of those genes has been altered have indicated how fibres can be im-
proved for applications such as pulping and forage use. Modified lignin 
trees, genetically manipulated for improved pulping, have already been re-
leased in controlled field trials, and similar maize mutants with improved 
digestibility have been marketed in the USA and elsewhere for several 
years. This work indicates the real opportunities for manipulating lignin 
and other cell wall polymers for fibre improvement. Continuous innovation 
in fibre crop breeding either via GM approaches or marker assisted selec-
tion, is not only desirable, but is necessary if we are to meet the predicted 
increased future demand for sustainable, environmentally-friendly, produc-
tion of natural fibres. 
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1. Introduction 

Plant fibres have decisive advantages compared with synthetic fibres. One 
great advantage of plant fibres is their optimized strength to weight ratio. 
Others are their better workability as a result of optimum fibre length and 
cell wall thickness, their high anisotropic qualities and their good ion ex-
change capacity. The natural products are readily biodegradable and re-
newable.

Innovations in fibre applications are underway e.g. in biobased compos-
ites, specialised (hybrid) non-wovens and others. In these areas bast fibres 
play an important role. For the various applications, it is important to gain 
control over fibre characteristics, which in turn are determined by cell wall 
composition and interaction of cell wall components. Functional genomics 
projects are running to develop a comprehensive understanding of the ge-
netic mechanisms that control in planta cell wall development and, conse-
quently, regulate important fibre properties. 
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This chapter will focus on the latest developments in bast fibre research 
and its applications in composite materials. 

2. State of the art 

2.1 Plant fibre development 

Plant fibres originate from various tissues in a plant. Cotton fibres are 
elongated cells of the seed epidermis while wood and bast fibres originate 
from the vascular bundles in the plant stem. Based on the plant origin, fi-
bre development follows distinct pathways that result in specific technical 
properties for each type of fibre.

Wood fibres are tube-like lignified and dead cells. A typical softwood 
fibre is 2-4 mm long and 20-40 μm wide. A typical hardwood fibre is 1.1-
1.2 mm long and 14-40 μm wide. The formation of wood fibres is an or-
dered developmental process involving cell division, cell expansion, sec-
ondary wall deposition, lignification and programmed cell death (reviewed 
by Mellerowicz et al. 2001). Vascular cambium cells give rise to secon-
dary xylem or phloem, vessel elements or fibres. In the xylem, fibre and 
axial parenchyma cells expand primarily in the radial directions whereas 
vessel elements may undergo substantial tangential growth. Fibre elonga-
tion is achieved by intrusive tip growth. Because various cell types follow 
different developmental pathways, mechanisms that regulate the whole de-
velopment must be in place. 

After radial expansion is completed secondary cell walls are formed by 

derly arranged cellulose microfibrils. Vessel cells are joint end-to-end to 
form a functional vessel to ensure root to shoot water transport. Cell wall 
formation in the pit-perforation area is quite distinct from the other cell 
walls. Lignification starts in the middle lamella, particularly in cell corners 

progresses inwards concomitantly with cellulose, mannan and xylan depo-
sition. When lignification is complete vessel cells undergo programmed 
cell death that involves the hydrolysis of the protoplast.

Bast fibres are cellulose rich cells derived from vascular bundles that 
display high mechanical properties. Bast fibres used for industrial purposes 
originate from the procambium and correspond to sclerenchyma phloem 
cells. In the plant stem, individual cells (elementary fibres) are intimately 
associated through their middle lamellae to form fibre bundles, situated 

the formation of dense array of helical, almost transverse cellulose mi-
crofibrils (S1 layer). Successive layers of the secondary cell wall have or-

where cells have completed the deposition of the S1 layer. Lignification 
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parallel to the longitudinal axis of the stem. The elementary fibres are 20 
to 100 mm in length and 15-25 μm in diameter. Generally, secondary fi-
bres are shorter and thinner.

Bast fibres are characterized by thick secondary cell walls that at matur-
ity almost completely fill the lumen. The cell walls are rich in cellulose 
and contain moderate levels of hemi-cellulose and contain lignin levels be-
tween 3 and 8% in hemp (Crônier et al. 2005; Toonen et al. 2004) and 1.5 

amounts in the middle lamella it is considered important as a ‘cementing 
material’ to form the fibre bundles (Girault et al. 2000). In flax it has been 
suggested that the cementing material is reinforced by the presence of 
various ‘phenolic compounds’ (Sharma et al. 1999). 

Differences in fibre quality can be attributed to differences in crops and 
used varieties, agronomic conditions and environmental influences like 
weather conditions. In general, fibre diameter decreased with increasing 
plant density. Compression stress e.g. caused by wind load or growth 
stress may lead to fibre dislocations, already during the growth of the plant 
(Thygesen and Hoffmeyer 2005).

2.2 Plant cell walls 

The characteristics of plant fibres are determined by the chemical and 
morphological composition of the cell wall. This wall is composed of three 
independent but interlacing networks of cellulose-hemicellulose, pectin 
and structural glycoproteins, respectively. The cellulose-hemicellulose 
network is the principal load-bearing element in the primary cell wall. The 
secondary cell wall contains cellulose and non-cellulosic cross linking gly-
cans e.g. xylan (Awano et al. 2002) and lignin, together with a variety of 
proteins and other minor components. The lignin presumably binds cell 
wall polysaccharides through both covalent and non-covalent interactions 
to form a lignin-polysaccharide complex. According to fibre type, these 
non-cellulosic substances can add up to 30% weight in bast fibres and 
more than 50% in wood. 

Cells of dicotyledonous plants are composed of type 1 cell walls, which 
are characterized by a cellulose-xyloglucan framework with approximately 
equal amounts of cellulose microfibrils and xyloglucans. The cellulose-
xyloglucan framework is typically embedded in a network of abundant 
pectic polysaccharides, which comprise homogalacacturonases, rhamnoga-
lacturonan I (RG-I) and rhamnogalacturonan II (RG-II). Current models 
suggest that these three components are covalently linked to each other, 
thereby forming a pectic network (Willats, et al. 2001; Ridley et al. 2001).

and 4.2% in flax (Day et al. 2005). Although pectin is only present in low 
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Type II cell walls are predominantly found in monocotyledons, which 
include cereals and miscanthus. Compared to type I cell walls, type II cell 
walls contain less xyloglucans and pectin. The predominant glycans that 
cross-link the cellulose microfibrils are glucoronoabinoxylan and mixed 
glucans.

2.2.1 Molecular control of biosynthesis and texture of cell walls 

The molecular study of plant cell wall biosynthesis is still limited. Recent 
studies, in particular those exploiting Arabidopsis molecular genetics, have 
identified small sets of genes involved in the synthesis of cellulose synthe-
sis (Roberts and Roberts 2004), pectin (Bouton et al. 2002), xyloglucans 
(Faik et al. 2002; Madson et al. 2003; Vanzin et al. 2002) and galactoman-
nans (Liepman et al. 2005). Polymerization of cellulose is carried out by 
the membrane bound rosette complex, which most likely comprises 3 dif-
ferent cellulose synthase catalytic subunits. Two sets of three evolutionary 
conserved cellulose synthases are required for respectively primary cell 
wall deposition in growing cells and secondary cell wall thickenings in xy-
lem cells. In addition to the cellulose synthase genes, a membrane-bound 
endo-1,4-glucanase, a secreted chitinase-like protein, an unknown mem-
brane protein, and a GPI-anchored protein are required for cellulose syn-
thesis.

2.2.2 Mechanical properties of cell walls related to industrial 
applications

The structure of the primary cell wall components has been elucidated to 
some extent, however, little is known about the mechanical function of the 
individual polymers. Tensile property measurements of dark grown wild-
type and mutant Arabidopsis hypocotyls (Pena et al. 2004; Ryden et al. 
2003) have shown that several cell wall components, for example, galac-
tose-containing side chains of xyloglucan, and the cross linking of pectin 
by means of borate-complexed rhamnogalacturonan II, contribute to the 
overall stiffness and strength of the organ and thus the mechanical per-
formance of the cell wall. In terms of secondary cell walls, several investi-
gations showed the importance of cellulose orientation in the cell wall 
(Burgert et al. 2004) and the mechanical contribution of the matrix poly-
mers (hemicelluloses and lignin).

Mechanical characterization of plant cell walls at the micro- and nano-
scale demands sophisticated tools for sample preparation and testing. Us-
ing plant tissues to investigate the mechanical properties of cell walls does 
not allow distinctions to be made between deformation mechanisms inside 
the cell-wall from those mediated by cell-cell interactions. A chemical 



Improvement of fibre and composites for new markets      159 

treatment is non-specific and will result in fibres that are not only sepa-
rated at the middle lamella, but also cell wall polymers will be partly de-
graded. Therefore, chemical treatments cause major difficulties when in-
vestigating the mechanical relevance of the systematic modification of the 
ratio of cellulose fibrils and matrix polymers. 

2.2.3 Modelling of the cell wall, the geometrical model for cellulose 
microfibril orientation 

The cell wall texture is a composite of cellulose microfibrils arranged in 
one cellulose microfibril thick lamellae. The orientation of the cellulose 
microfibrils within a lamella is constant, but may vary between lamellae. 
The most striking texture is the helicoidal wall, which consists of subse-
quent lamellae in which the orientation of the cellulose microfibrils 
changes by a constant angle. Other wall textures are the axial, helical, 
crossed-polylamellate, transverse and the random wall textures, and com-
binations of these.  Since wall texture is cell type and developmental stage 
specific, its development must be highly regulated by the cell it embraces. 
It has been proposed (Emons and Kieft 1994) that the default mechanism, 
which determines the orientation of cellulose microfibrils as they are de-
posited in the absence of other influences, is geometrical in origin. Based 
on the observation that cellulose microfibrils always appear approximately 
evenly spaced in close-packed lamellae and that their average distance 
apart does not depend on their orientation with respect to the cell axis, the 
geometrical close packing rule was formulated (Emons and Kieft 1994):

sin
2
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R
α

π
=

This formula relates the cellulose microfibril winding angle to the number 
of cellulose microfibrils being deposited, the distance between them and 
the radius of the cell. This explicit mathematical rule is the corner stone of 
a dynamic developmental model, which rests on the assumption that new 
active cellulose synthases insert into the plasma membrane through exocy-
tosis of Golgi vesicles, or else, are activated within moving localized re-
gions along the cell, the cellulose synthase activation domains. Once acti-
vated in the plasma membrane, the cellulose synthases move forward 
propelled by the forces generated in the cellulose microfibril deposition / 
crystallization process. In the course of time, their angle of motion with re-
spect to the cell axis is continuously adapted to the changing number of 
other cellulose synthases in their neighbourhood in order to satisfy the 
geometrical close packing constraint. The cellulose microfibrils deposited 
follow the tracks of the cellulose synthases and as such constitute a
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‘recording’ of their motion. The final ingredient of the model is that cellu-
lose synthases have a finite active lifetime.

The geometrical model provides a conceptual framework for the align-
ment mechanism of cellulose microfibrils, which unites examples where 
cortical microtubules are and are not parallel to nascent cellulose microfi-
brils, and in which they do not directly move or channel the synthases but 
may be involved in their activation inside the plasma membrane. The 
model also enables function based design in model species using trans-
genic plants. This approach will lead to better understanding of the rela-
tionship between cell wall texture, chemical composition and mechanical 
properties and gene expression, thereby enabling breeding of crops for 
novel industrial applications. 

2.3. Retting and decortication 

After harvesting of the stems of fibre plants like flax and hemp the bound 
between individual fibres is loosened by a process called retting. subse-
quently processing is required to separate the bast fibres from the woody 
core of the stem. To satisfy the demand for high quality plant fibres, sev-
eral methods have been developed to process the plant stems. High quality 
fibres can be obtained from water retting or enzymatic retting though in 
Western Europe only dew retting can be economically applied. During the 
process of dew retting cell wall components are degraded by enzymes pro-
duced by micro-organisms. Due to the fact that the process can hardly be 
controlled and dependent on external conditions like weather the resulting 

developed for the decortication (scutching) of green, non-retted flax. The 
resulting fibres were very coarse and contained high amounts of adherent 
residual shives. In addition, the high mechanical impact resulted in kinks 
and flaws in the cellulosic structure leading to highly damaged fibres. In 
various European countries experiments have been carried out with chemi-
cal retting on the field e.g. with sulphur dioxide or retting on the stem by 
spraying with round-up. None of these efforts came to a final application 
due to increased coefficients of variation due to inhomogeneous retting, 
lack of specificity and high costs. Also the trials using enzymes for retting 
were not successful because they were not specific for the desired actions: 
removal of the cortex and release of the fibre bundles. 

fibre quality is very variable. To overcome this, new machinery has been 



Improvement of fibre and composites for new markets      161 

2.4 Fibre requirements for composites 

2.4.1 Inherent fibre properties 

After decortication cellulosic fibres are obtained. Their most important 
properties with respect to composites are mechanical strength, thermal sta-
bility and the interaction with water. The fibre structure and composition is 
specific for the plant and depends on the growth conditions, maturity and 
location within the plant. For reinforcement, the tensile strength of the fi-
bres should be as high as possible and the modulus of elasticity (MOE) of 
the fibres should exceed the modulus of the matrix at least by a factor of 
three. The natural fibres are by themselves complex composites, and even-
tually removal of non-cellulosic compounds has to be considered with re-
spect to any application.

Fibre tensile strength is directly correlated to cell wall properties. A re-
duction in cellulose content in Arabidopsis hypocotyls leads to a decrease 

tants MUR2 and MUR3 which contain mutations in genes encoding xy-
loglucan-specific fucosyl and galactosyl transferases it was concluded that 

The mechanical strength of the elementary fibres also depends on the 
number of inherent imperfections, which are greatly influenced by the dif-
ferent steps of the fibre extraction process and the further treatments. As 
described before, the anisotropic structure of the fibres is sensitive to 
transverse forces. Compression or bending can induce internal dislocations 
(also referred to as ‘kinks’) where the fibres will preferably break under 
load (Kohler and Kessler 1999).

All these factors give rise to a large variation in properties. In fact the 
measured fibre strength is the superposition of the cohesion of the fibrils, 
their adhesion to the natural matrix and the kind and number of defects. 
The general result is that the tensile strength of fibres increases with fibre 
fineness, and decreases with increasing distance between the test grips. 
The relations can be described by Weibull statistics accounting for the 
probability for the presence of defects (Dill-Langer et al. 2003; Gutowski 
1997; Lee 1993). As a consequence the mechanical testing of natural fibres 
has to be done at different distances between the grips to account for the 
imperfections. Published values are only comparable when the clamping 
length and the crosshead speed are reported. Although the most exact re-
sults are obtained by single fibre measurements, the big variations make it 
difficult to gain representative figures by this laborious method. Measuring

mine the tensile properties of the fibre (Ryden et al. 2003).

in tensile strength and modulus. Based on studies on the Arabidopsis mu-

the xyloglucan-cellulose network as well as RGII borate complexes deter-
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fibre bundles or other arrangements are more practical to give averaged re-
sults, but suffer from the confounding of additional factors (e.g. the bundle 
effect: in bundles the fibres break subsequently so that the initial cross-
sectional area decreases and the measured stress at break is too low (Harig
et al. 1994).

On the average, the specific tensile strength of the strong bast fibres is 
comparable to glass fibres, but the best values found by single fibre meas-
urements are much higher and almost comparable to aramide fibres. At 
present there is no process available to separate just the strongest fibres 
from the bulk, and even if it were, the yield would be much too low to be 
economic. So other strategies are needed for achieving improved compos-
ite properties. 

The thermal stability of the fibres is another important feature with re-
spect to compounding and the intended applications as well. Thermal deg-
radation of cellulosic fibres depends on their composition. Pure cellulose 
has the highest stability. Decomposition starts at about 150 °C beginning 
with elimination of water and discoloration. Beyond 220 °C mechanical 
strength drops rapidly with time. Under nitrogen the peak degradation 
temperature is about 350 °C (Kohler and Kessler 1999). Oven storage ex-
periments in air have shown that temperatures of 200 °C  for 10 minutes or 
even up to 220 °C for  about 3 minutes produce only a minor reduction of 
the tensile strength (Kohler et al. 1997).

Cellulosic fibres are hydrophilic. The water uptake from the vapor or 
liquid phase is a crucial factor with respect to the formation and the 
properties of composites. Interaction with water, generally characterized 
by sorption isotherms, depends on the content of hemicellulose, pectin and 
lignin and can be controlled by specific modification (Kohler et al. 2003; 
Sreekala and Thomas 2003).

2.4.2 Fibre reinforcement 

In order to obtain high quality composites the following points should be 
addressed:

Fibre shape
In composites with fibres of finite lengths, applied tensile stress is trans-
ferred from the matrix to the fibre as shear stress. The stress transfer starts 
at the fibre ends and increases symmetrically along the interface. The criti-
cal fibre length Lc is the minimum fibre length necessary for transferring 
sufficient stress to reach the tensile strength of the fibre so that it breaks. Lc

is minimal in the case of perfect adhesion. It can be determined experimen-
tally e.g. by the single fibre fragmentation test (Kim and Mai 1998), and 
taken as a measure for the actual fibre-matrix adhesion. 
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With increasing tension and sufficient adhesion the fibres are more and 
more fragmented to their critical length or shorter. The elongation of the 
sample is given by the elongation of the matrix in the space between the 
fibre ends, and with increasing fragmentation the MOE decreases due to 
this "end effect" (Stokes and Evans 1997). Adhesion is never perfect and 
with further elongation of the sample the fibres will delaminate from the 
matrix and finally the material will fail. 

For "short" fibres with limited length indeed the aspect ratio (length di-
vided by thickness) is the effective parameter, i.e. the finer the fibres the 
shorter they can be to achieve the same reinforcement, a very important 
consequence with regard to nanosized fibrils or whiskers. As a general rule 
the aspect ratio for maximum strength and modulus should be about 100. 
For fibres with quasi infinite length the elongation of fibres and matrix are 
equal and due to the small elongation of the fibres the MOE is high. As 
long as the fibre length exceeds 5 Lc the "end effect" is negligible and the 
modulus approaches that of continuous fibre composites (Stokes and Ev-
ans 1997). 

Fibre array and orientation
The crucial factor is the angle between the direction of applied stress and 
fibre orientation. When both are parallel (0°) maximum strength and 
modulus are obtained. The strength of composites with unidirectionally 
oriented fibres stressed perpendicular to the fibre axis is lower than the 
strength of the matrix alone (Gutowski 1997).

Loose fibres are in most cases randomly distributed providing isotropic 
properties. Rovings or yarns allow for oriented, especially unidirectional 
arrangement. The fibres are assembled parallel and held together by sur-
face contact or finishes. In non-woven mats the fibres can be randomly dis-
tributed or oriented to a certain degree and bonded by different mecha-
nisms. Woven or interlaid fabrics provide defined orientation. An 
important feature of mats and fabrics is the drapeability, necessary for the 
molding of three-dimensional forms (Gutowski 1997; Lee 1993).

Fibre volume fraction
The reinforcing effect of the fibres increases with increasing fibre content. 
Depending on fibre arrangement there is a maximum volume fraction that 
allows for a complete embedding into the matrix. With higher fibre content 
the matrix cannot fill all voids and the strength is reduced by the resulting 
pores (Stokes and Evans 1997).
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2.4.3. Fibre matrix adhesion 

The adhesion between fibres and matrix is decisive for the stress transfer, 
but also for energy dissipation on impact (Kim and Mai 1998; Stokes and 
Evans 1997).

The adhesion is widely governed by secondary chemical bonds, i.e. van 
der Waals forces and acid-base interactions. Both are directly related to the 
specific surface of the fibres and the surface energy of fibres and matrix 
respectively. Excellent wetting of the fibres is needed to achieve closest 
contact necessary for establishing strong bonds. 

Primary, covalent bonds are desirable because of their high bond en-
ergy. They need special functionality of fibres and matrix or the addition 
of functional coupling agents. 

addressed as "interphase", but little is known about its structure and proper-
ties. The character of the interphase and the understanding of the mecha-
nisms of adhesion and energy dissipation are eminent topics of the present 
research (Bismarck et al. 2002; George et al. 2002; Gutowski 1999; Pott 
2004).

2.5 Composites 

2.5.1 Matrix materials

Matrix materials are predominantly polymers from all three classes, ther-
moplastics, thermosets and elastomers, but also inorganic materials are 
important.

Thermoplastic polymers are ductile, easy to process by thermoforming, 
injection moulding and extrusion and simple to recycle. On the other hand 
thermoplastics have a high melt viscosity, which makes fibre wetting diffi-
cult and gives rise to increased shearing forces. Processing temperature 
and time and eventual shearing must be controlled so to not degrade the fi-
bres. The mechanical strength of thermoplastics is limited and drops sig-
nificantly above the glass transition temperature Tg.

At present polypropylene is the preferred thermoplastic matrix material. 
Polypropylene combines good mechanical properties with acceptable low 
processing temperature, low cost and ease of recycling, but poses problems 
with respect to fibre wetting and adhesion between the apolar matrix and 
the polar fibres. Present efforts aim at improved compatibility by the use of 
coupling agents or the modification of the components. PVC and mainly 

Actually the interphase has a finite thickness and should rather be
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polyethylene are used for wood fibre composites. Other thermoplastics are 
investigated but have not yet found broader industrial application. 

Thermosets provide good wetting of the fibres due to the low viscosity 
of the monomers. The fibre-matrix-adhesion is usually good and the me-
chanical and thermal properties are excellent due to the cross linked struc-
ture. On the other hand the processing is more demanding and recycling is 
restricted. Thermoset matrices are necessary whenever increased mechani-
cal strength, chemical and thermal stability are needed. The most used 
thermosets today are unsaturated polyesters, epoxy resins, polyurethanes 
and acrylics. Phenolic resins have been widely used because they combine 
good compatibility with cellulose and low flammability, but are outdated 
in car applications. 

Elastomeric matrices require excellent interfacial bonding because of 
the extreme differences in elongation. Natural fibre reinforced elastomers 
might be promising with respect to the upcoming nanosized fibres. 

Biopolymers as renewable and biodegradable materials are of increasing 
interest. Beside industrial scale products such as starch, natural latex or the 
well-known cellulose esters, there are various biological raw materials un-
der investigation which will gain importance for novel products as de-
scribed below. 

2.5.2 Composite processing 

Composites are prepared by the existing approved methods (Gutowski
1997), but the special properties of the natural fibres need adapted process-
ing. There are two main routes of manufacturing thermoplastic compos-
ites:

Extrusion
Compounding the fibres with thermoplastic polymers in an extruder. The 

ened at least to the length of the granules. 
Long-fibre thermoplastics (LFT) (Anonymous 2006; Henning et al. 

2005; Van Hattum et al. 2005), for high performance composites are pro-
duced by two variants. (1) The unidirectional oriented fibres are impreg-
nated forming a rope which is cut into long granules of 11-25 mm. (2) In 
new specialized D-LFT production lines thermoplastics and fibres are 
compounded in a twin-screw extruder and the melt is directly delivered to 
a hot press or to a modified injection moulding machine (Anonymous
2006; Henning et al. 2005). The challenge for using natural fibres in these 
processes is to assure continuous and homogeneous dosage in a form that 
is easily opened and distributed in the polymer melt. The fibres are either 
fed to the extruder in the form of tow or roving, or special devices must be 

molten compound is cooled and granulated, whereas the fibres are short-
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developed which can handle loose fibres, open entangled structures and al-
low for a continuous dosage from stock. 

Non-woven sheets 
Semi-finished non-woven sheets or mats with intimately blended natural 
and thermoplastic fibres (e.g. polypropylene) can be directly used for the 
production of parts by compression moulding with established procedures. 
Thermoset composites are mainly prepared by producing non-woven mats 
from the natural fibres, followed by impregnation with thermoset resins. 
In-line compounding with thermoset resins, analogous to D-LFT can be 
expected.

3. Towards novel applications 

3.1 Challenges for in planta fibre modification 

3.1.1 Cell wall genomics 

The cell wall as the main building block of plant fibres is a complex struc-
ture. During plant development it is a metabolically very active compart-
ment. Interlacing molecules are cleaved and reconnected and novel mole-
cules are deposited in the cell wall. The complexity of the biosynthesis and 
modification of the cell wall molecules is probably best illustrated by the 
number of genes involved. Carpita et al. (Carpita et al. 2001) estimated 
that 15 percent of the Arabidopsis genes are directly involved in cell wall 
metabolism. In studies on genes expressed in poplar and flax, around 4% 

2005; Sterky et al. 2004). Yokoyama and Nishitani (Yokoyama and Ni-
shitani 2004) classified the cell wall genes into 32 gene families. These 
families can be attributed to molecular processes like the biosynthesis and 
modification of cellulose, callose, glucans, pectin, lignin and structural 
proteins and the cross linking between the various cell wall molecules. If 
we learn how these processes are controlled we can modify fibre properties 
in planta. During the last decade, plant genomics studies have been initi-
ated to understand the genetic regulation of cell wall metabolism.

Due to its economic importance as a forestry species and its characteris-
tics  as a  model species,  Poplar (Populus spp.)  has extensively  been used
for genomic studies. Populus species have a small genome (five-fold the 
size of Arabidopsis), grow fast, can easily be propagated and can be

of the genes were attributed to cell wall metabolism (Boudet 1998; Day et al. 
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transformed. A significant contribution to the poplar community was the recent 
sequencing of the poplar genome, and annotation programs estimate the 

tabase with 101,019 sequences from 19 different libraries (Sterky et al. 
2004) and a microarray with 16,839 unigenes (http://www.populus.db-
umu.se) have been produced. Twenty three percent of the ESTs have no 
homologues in the various databases and a subset of these may encode 
novel functionalities in cell wall biosynthesis. Mainly by sequence homol-
ogy with Arabidopsis genes, over fifty percent of the ESTs could be attrib-
uted to a known function. This has enabled the identification of major car-
bohydrate active enzymes in wood forming tissues, including enzymes 
involved in cellulose and hemicellulose biosynthesis and remodelling 
(Aspeborg et al. 2005). Wood-specific enzymes from large gene families 
such as expansins and xyloglucan endotransglycosylases (XET) have also 
been characterized. In addition to characterization of genes, genetic maps 
have been made for several Populus species and quantitative trait loci 
(QTLs) have been mapped which will allow breeding for specific fibre 
traits.

For flax a set of 927 sequences has been published of which 4.4% could 
be attributed to cell wall biosynthesis (Stokes and Evans 1997). For hemp 
the expression of genes during plant development has been studied. Genes 
involved in lignin metabolism could explain major differences between the 
woody core and the bast fibre (Van den Broeck et al.). The expression of 
over 3000 genes in hemp fibre tissue was correlated to the chemical com-
position of the tissue by an integrated statistical analysis. Expression of 58 
different genes showed a high correlation to various chemical characteris-
tics of the cell wall (Reijmers et al. 2005). Further research is required to 
elucidate the function of the various genes in specific biosynthetic path-
ways.

Although the identification of new genes involved in cell wall biosyn-
thesis emerges rapidly, it is surprising to see how little (molecular) infor-
mation is available about cell wall biosynthesis. Extensive research is re-
quired to elucidate the role of biosynthetic enzymes in every aspect of cell 
wall biosynthesis. It can be foreseen that combining the data obtained from 
genomics and proteomics studies in the various model systems (Arabidop-
sis, Zinnia, Cotton and Populus) will give novel insights in the biological 
processes that underlie cell wall formation. These results can be used for 
applied fibre research. A number of examples are elucidated in the next 
section.

number of genes to be about 40,000. An expressed sequence tag (EST) da-
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3.1.2. Biotechnological approaches 

Important aspects for composite applications are the length and diameter 
of the fibre and physical properties of cellulose, including the degree of 
polymerisation, crystallite size and microfibril angle. These aspects also 
apply to textile fibres.

Cellulose based biocomposites are limited by poor interfacial binding 
between the polyhydroxyl fibre surface and the hydrophobic matrix com-
ponent. Gustavsson showed that in vivo modification of fibre surfaces 
could alter surface properties and therby binding to matrix materials (Gus-

in planta, such an approach would yield a whole new range of functional 
groups on natural fibres.

Cell length might be modified by expansins. These proteins have unique 
cell wall loosening properties and have demonstrated effects on the me-
chanical properties of plant cell walls. They appear to play a central role in 
the control of plant growth. Expansins are thought to mediate cell wall ex-
tension by disrupting hydrogen bonds between cell wall glycans and cellu-
lose microfibrils, thus allowing the microfibrils to slip. In vitro treatment 
of plant cell walls with expansins results in their extension (McQueen-
Mason and Cosgrove 1994). Experiments using transgenic plants have in-
dicated that it is possible to modulate cell expansion through manipulation 
of expansin expression (Zenoni et al. 2004). It may be hypothesized that 
high expression of expansins in fibre cells will increase cell elongation and 
thus yields longer and thinner fibres that are of high interest to the fibre in-
dustry.

New functionalities can be created by the production of biodegradable 
polymers inside a natural fibre. Introduction of low amounts of poly-
hydroxybutyrate (PHB) in the lumen of flax fibres already resulted in sig-
nificant modifications in Young’s modulus E. (Wróbel et al. 2004). With 
improved gene constructs and additional research this approach shows 
high potential for various applications e.g. in the field of composites where 
the inherent polymer promises improved adhesion and strength. 

3.2 Fibre modification for improved products 

tavsson et al. 2004; Gustavsson et al. 2005; see also section 3.3.2). Applied 

On a technical scale fibre bundles can be isolated (e.g. by decortication) 

rent research concentrates on specially designed combinations of chemical, 
thermal and mechanical fibre treatment for very substantial modifications 

and subsequently refined by approved processing methods (e.g. steam
explosion (Kessler 1998) Duralin®-process (Pott 2004), scouring/-
mercerization (Gassan and Bledzki 1999) or the use of additives). The cur-
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of fibre surface and structure (Azizi Samir et al. 2005; Gindl and Keckes 
2005; Kvien et al. 2005; Mathew and Dufresne 2002; Pöhler et al. 2004; 
Prasad  et al.  2003).
 phase will not be considered here. 

The objectives of fibre surface modifications are increased compatibility 
and adhesion to the matrix and reduced hydrophilicity. Because fibre 
modification is done by heterogeneous reactions, the effects are limited to 
the fibre surface and a certain zone accessible to the molecules, whereas 
the core of the fibres remains basically unchanged. Therefore the fibres 
always preserve to a certain extent the genuine properties of cellulose, 
mainly its hydrophilicity. These effects can be limited by technical modifi-
cation or modification of fibres in planta. 

3.2.1 Decortication / scouring / mercerisation 

Isolation of elementary fibres is hampered by the strong adhesion between 
the fibres in the plant stem. This adhesion might be loosened in planta by 
modification of the cell wall biosynthesis or during the retting process by 
the application of specific enzymes. However, due to the specific composi-
tion of the cell walls in the different tissues specific enzymatic treatments 
will be necessary for every step in the isolation of the fibre bundles and 
elementary fibres. In the cortex the main adhesive molecules are the cal-
cium pectates. These can be hydrolysed using polygalacturonase or pectate 
lyase resulting in dissociation of the cortical tissues. The interface between 
the fibre bundles (phloem cells) and core (cambium cells) is characterized 
by a large variety of polymers, including some pectins but also hemicellu-
loses such as xylans and xyloglucans. To date it is not clear which poly-
mers contribute most to the adhesion between both tissues. The xylans 
might be one of them but it is likely that also other components (especially 
phenolics) are involved in the cross-linking. The adhesive components in 
the elementary fibres are also pectins but with a different structure in com-
parison to the cortex. Specific pectinases including galactanases have been 
shown to be able to degrade these carbohydrates thereby releasing the 
smaller fibre bundles and finally the elementary fibres. However, phenolic 
compounds still hamper the total release of the elementary fibres. 

Due to the fact that these cell wall components only contribute to 1% of 
the total cell wall materials the identification of these compounds will be 
challenging.

Although scouring and/or mercerization are already present for a long 
time, it are still important methods for improving reinforcement fibres. The 
alkaline treatment removes most of  the hemicellulose and pectin,  helps to

homogeneousProcesses with dissolved cellulose in   
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liberate single fibres and increases their specific surface by roughening 
(Bismarck et al. 2002; Gassan and Bledzki 1999; Kozlowski and Wladyka-
Przybylak 2004). Furthermore, depending on tension, the fibre structure is 
changed, accessibility is altered and mechanical strength is improved.

3.2.2 Enzyme treatment 

Results achieved by fibre treatment with various enzymes reach from fibre 
bundle disintegration and scouring effects (e.g. by pectinases, xylanases), 
surface smoothing (cellulases) to chemical surface modification and im-
proved adhesion (laccase in lignocellulosic systems (Felby and Nielsen 
1997; Ossola and Galante 2004; Widsten 2002). Although enzymes are in-
creasingly available in industrial amounts at reasonable cost, their use for 
improvement of natural reinforcing fibres is still subject to research and 
development. The potential of the work is shown by the modification of 
cellulose fibres by lipase B. Derivatisation to make the cellulosic fibre 
more hydrophobic leads to degradation of the cellulose structure and dis-
ruption of the hydrogen bond network. Enzymatic modification of the cel-
lulosic fibres is more gentle and reactions can be carried out more specifi-

fused to a cellulose binding domain (CBD) catalysed ring-opening polym-
erisation on fibre surfaces (Widsten et al. 2004). Hydrophobicity of the fi-
bre surface arose from lipase-catalysed polymerisation of externally ap-
plied -caprolactone. The polymer was attached to surface deposited 
polymers. A similar approach was used to modify xyloglucan. Regioselec-
tive acetylation of xyloglucan oligosaccharides (XGOs) was catalysed by 
the C. antarctica lipase B. The modified XGOs could be incorporated into 
xyloglucan chains by a xyloglucan endotransglycosylase (XET). The re-
sulting xyloglucans exhibited a high affinity for cellulose surfaces which 
resulted in fibres with altered surface properties (Gustavsson et al. 2005).

3.2.3 Cationization 

In water cellulose has a negative surface charge. By reaction with agents 
containing quaternary amino groups the surface is rendered cationic. 
Cationized cellulose acts as ion-exchanger and has been demonstrated to 
successfully remove complexed heavy metal ions such as chromate from 
waste water (Hashem et al. 2003).

cally. A specific lipase B is able to modify fibre surfaces. The protein 
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3.2.4 Coupling agents 

The simplest way for improving the adhesion between the polar, hydro-
philic cellulose fibres and the apolar polymer matrix is by addition of 
compatibilisers, adhesion promoters or coupling agents. These substances 
function by reducing interfacial energy and enabling additional secondary 
or primary bonds between themselves and fibres and matrix respectively. 
Secondary bonds are established for instance by amphiphilic molecules 
which undergo hydrogen bonding to the OH-groups of the cellulose 
whereas their apolar part interacts with the matrix by dispersion forces. 
Long chain polymeric amphiphiles are more effective than short molecules 
due to an increased interface. 

Strong covalent bonds to both components are obtained with reactive 
coupling agents (Bismarck et al. 2002; George et al. 2001; Kozlowski and 
Wladyka-Przybylak 2004; Gassan and Bledzki 2000). For this the matrix 
must have functional groups. Typical examples are: 

MAPP (Polypropylene modified with maleic anhydride) where the an-
hydride can form covalent ester bonds with OH-groups 
reactive silanes, which after being hydrolysed to silanols bond to OH-
groups, and the reactive part (e.g. vinyl or amino group) reacts with un-
satured polyester resin or epoxy resin respectively 
polymers with isocyanate groups which react with active hydrogen at-
oms

New considerations indicate that long chain molecular entanglement is 
more important than just covalent bonds (Gutowski 1999). Coupling 
agents can be applied to the fibre surface first, added to or copolymerized 
with the matrix polymer prior to or during the preparation of the compos-
ite. For best effects the proper choice of application method and reaction 
conditions is mandatory. 

3.2.5 Chemical surface modification / surface grafting 

Analogous to the reaction of coupling agents with the fibre surface, the fi-
bres can be subject to different chemical reactions that alter their surface 
polarity and surface energy. A well tested example is the acetylation of 
cellulose (George et al. 2001; Kozlowski and Wladyka-Przybylak 2004; 
Zafeiropoulos et al. 2002) making the surface apolar and hydrophobic. 
Different from the production of cellulose ester polymer in solution, sur-
face grafting is a heterogeneous reaction at the interface where only the 
accessible OH-groups will react under special conditions. Also other reac-
tions with the OH-groups can be used to covalently bond molecules to the 
fibre, thus offering a broad range of possible surface modification. 
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3.2.6 Corona / Plasma / UV treatment 

The dry "physical" treatment of fibres in a plasma of ionized gas, gener-
ated by corona discharge at atmospheric pressure or in a cold plasma under 
reduced pressure, is very appealing because drying processes and waste 
water problems are avoided (Gassan and Gutowski 2000; Yuan et al. 
2004). Whereas corona discharge induces only reactions with ionized air, 
mainly oxidation, the treatment in a low pressure plasma chamber is more 
effective and offers a broad range of different reactions with different 
gases including surface graft polymerisation when using monomers. Fur-
thermore in cold plasma there is always high energetic UV radiation pre-
sent that contributes to the surface reactions. UV radiation in air generates 
radicals and results in oxidation, but in combination with wet chemistry 
high energy radiation allows for grafting reactions e.g. with acrylic mono-
mers. Corona treatment and UV radiation of jute increased the polar com-
ponent of surface free energy and improved the adhesion to an epoxy ma-
trix, but led to a decrease of fibre strength (Gassan and Gutowski 2000).

3.2.7 Fibrillation 

The use of nano-sized fibres is presently the most innovative and promis-
ing approach for the generation of high performance composites, and ef-
forts are increasingly undertaken to develop suitable processes (Azizi
Samir et al. 2005; Gindl and Keckes 2005; Kvien et al. 2005; Mathew and 
Dufresne 2002; Pöhler et al. 2005; Prasad et al. 2003). Fibrillation means 
disintegration of the whole fibres and liberation of the microfibrils from 
the different S-layers. The idea is to get rid of the confounded effects of 
cellulose strength, adhesion between microfibrils and existing defects, and 
directly use the highly crystalline microfibrils with their high aspect ratio 
for the formation of strong nano-composites. 

4. Novel products 

To develop novel composite materials and to develop novel markets for 
biobased products, intelligent combinations of the factors described, 
choice of fibres and matrix, fibre preparation and processing technology 
are required. This section highlights some of the latest developments. 
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4.1. Biobased matrix materials 

An important field for the development of novel products is the use of bio-
logical matrix polymers. Especially thermoplastic biopolymers from re-
newable resources, such as polylactide (PLA) (Wallenberger and Weston 
NE 2004; Oksman and Selin 2003) and polyhydroxyalkanoates (PHA) are 
most promising. The biopolymers can be blended with synthetic biode-
gradable polymers to achieve different properties and still preserve biode-
gradability.

thermoplastic polymers are generated by bacteria and are obtained in in-
dustrial amounts from biotechnological processes. By genetic engineering 

plants of commercial interest. These include detailed studies on the 
changes in metabolism created by the expression of the introduced genes 
(Snell and Peoples 2002). As described before, expression of PHA in fi-
bres may open totally new possibilities for natural fibres and composites. 

Reactive substances from biological raw materials are also increasingly 
used for thermoset matrices (e.g. curing triglycerides (O'Donnell et al. 
2004) or as components such as natural polyols in polyurethane formula-
tions (Lichtenthaler and Peters 2004; Marsh 2003). An important feature of 
some biopolymers is biocompatibility, which make them useful for bio-
medical applications. 

4.2 Nanocomposites 

Presently many efforts aim at the development of high performance com-
posites with greatly improved strength by the use of nano-sized cellulose 
fibrils ("whiskers"). These are microfibrils liberated from plant fibres or 
cell-walls or more exotic fibrils such as tunicin whiskers from sea animals 

Mathew and Dufresne 2002; Pöhler et al. 2004; Prasad et al. 2003). Due to 
the high crystallinity, high aspect ratio and almost complete absence of de-
fects, the tensile strength of such fibrils is near the theoretical strength of 
cellulose and almost comparable to aramide. Significant improvement of 

two problems: (1) Up to now the extraction of intact fibrils from the fibre 
or cell walls has only be achieved by very time consuming multi-stage 
processes. (2) Presently the fibrils can only be held separate in diluted wa-
ter suspension. In more concentrated suspension and on drying the fibrils 

"True" nanocomposites are still in the research stage, mainly because of 

(Azizi Samir et al. 2005; Gindl and Keckes 2005; Kvien et al. 2005; 

composite strength is obtained even with fibre loads below 10%. 

production of PHA has been successfully transferred to plants (Poirier et al. 

Especially PHA is in the focus of research (Peterson et al. 2002). These 

1992). However, significant additional efforts are needed to create 
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entangle and adhere strongly together so that there is still no pragmatic 
way to re-separate and homogenously distribute them in hydrophobic 
polymer compounds. 

More related to practice is a partly fibrillation of the S1 layer of bast fi-
bres by subsequent processes comparable to common textile scouring, 
which can be realized on existing finishing machinery (Kohler and Nebel 
2005; Nebel and Kohler 2005). As a result the specific surface is extremely 
increased although most of the fibre cores are preserved. Again the entan-
glement of the fibrils poses a problem for polymer compounding, but 
composites with considerably improved mechanical properties have been 
successfully prepared from impregnated wet-laid sheets.

son of mechanical properties of epoxy resin composites reinforced with 70% cellulose fi-
bres steam exploded hemp (Hemp STEX) vs. fibrillated hemp (III A).

4.3 Micro- and nano-fibrillar structures 

In addition to the nano-composites the cellulose fibrils offer great pros-
pects for innovative products. Possible applications are the replacement of 
micro-glass fibres in filter materials, which can then be composted or in 
cinerated, biodegradable adsorbents or ion exchangers, non-woven sheets 
for special textiles, scaffolds for tissue engineering, precursors for biomor-
phic ceramics etc.

Tensile Strength max.

Tesile Modulus

Flexural StrengthModulus in Flexure

Impact Strength

III A

Hemp STEX

10.000 MPa 

200 MPa

50 (mJ/mm²)

10.000 MPa 250 MPa

Fig. 6.1. a) SEM micrograph of a partly fibrillated S1 layer of a hemp fibre. b) Compari-
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4.4 Biobased carbon-fibre structures and ceramics

By pyrolysis of cellulose or preferably lignocellosic materials carboniza-
tion occurs whereby the process conditions determine the preservation of 
the original morphology (e.g. wood, non-woven or woven fabrics, corru-
gated cardboard, etc.) which can then be used as template for biomimetic 
structures (Popovska et al. 2005). The carbonized materials can possibly 
be used for thermal resistant products such as insulation material, filters, 
friction materials, electroconductive products etc. 

Porous activated carbon with extremely high specific surface can be 
produced and used as filter material or adsorbents. 

Last but not least the carbonized cellulose structures can be converted 
into biomorphic ceramics by melt or vapor infiltration with inorganic sub-
stances forming carbide ceramics. Examples are chemical vapor infiltra-
tion with SiCl4 / H2 for SiC and TiCl4 / H2 for TiC ceramics. Innovative ap-
plications are catalysis supports, high temperature resistant filters, 
biomedical implants etc. (Fan et al. 2005; Rambo et al. 2005; Singh and 
Yee 2004).
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In planta novel starch synthesis 

Department of Plant Sciences, University of Saskatchewan, 
51 Campus 

1. Introduction 

Starch is the most abundant reserve carbohydrate present in higher plants, 
where it is predominantly found in the amyloplasts of storage organs such 
as roots, tubers and seeds. The green leaves have the unique ability to har-
vest light energy in the presence of carbon dioxide and water to synthesize 

sugars, which are transported to storage organs such as roots, tubers or 
seeds, where storage starch is synthesized for utilization by the plants at a 
later stage. Approximately 2050 and 679 million tonnes of storage starch is 
produced annually by the cereal and tuber crops, respectively, (Tester and 
Karkalas 2002) and harvested by humans for food, feed and industrial ap-

Starch is a staple in the diet of the world’s population. Almost fifty per-
cent of the calories in human diet are supplied by starch based products.  In 
the tropics, the indigenous starch crops of the tropics, cassava, sorghum, 
millet or yam, are considered wonders of nature, because with the sun and 
rain, and little or no artificial inputs, they are able to grow in great abun-
dance. For centuries, tropical starches have served as staple food for mil-
lions of people, throughout the hot and humid regions of the world. These 
starch crops are so proficient to supplying essential calories to even the 
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carbohydrates, which are converted into starch. Starch present in the 

plications.

leaves is known as transitory starch, because it is broken down into simple 



very poorest people of the world that they are considered to be the quintes-
sential subsistence crop. 

In the developed countries, starch is also used in the food and beverage 
industries as a thickener and a sweetener, in a multitude of processed food 
products. Starch is one of the most preferred industrial raw materials and it 
is being used to produce hundreds of products for use in several industries 
such as paper and pulp, textiles, cosmetics, pharmaceutical, biodegradable 
plastic film, construction and mining. However, for industrial applications, 
native starches have to be chemically modified to confer the desired physi-
cal and chemical attributes (Ellis et al. 1998). The use of starch for indus-
trial purposes will only become economically viable when its use as a raw 
material can compete with petroleum-based products. The renewable and 
biodegradable nature of starch makes it increasingly attractive in response 
to the environmental concerns about the industrial wastes generated from 
petroleum products and the growing awareness of the potential deleterious 
consequences of greenhouse gas emissions from these activities. However, 
if starch can be modified in planta to confer some of the desirable traits, 
which will reduce post-harvest processing and modification, the utility of 
starch as an industrial raw material will be significantly enhanced. There-
fore, in the late twentieth century it was emphasized that the focus of 
starch production will shift from low value bulk starch to high value spe-
cialty starches (Stroh 1997). The non-food uses of starch are also a prime 
indicator of a country’s economic condition. During periods of reduced 
economic growth, the volume of starch going into non-food use also drops 
considerably. On the other hand, during periods of rapid growth, the de-
mand for construction materials for building industrial plants and housing, 
paper for packaging and wrapping various products, place a high demand 
on industrial raw materials (Jobling 2004). 

The demand for industrial starches is increasing, but four major crops, 
potatoes, maize, wheat and tapioca supply most of the requirements for 
non-food industrial applications.  Starch properties differ between the plant 
sources, but for specialized applications, the native starches are chemically 
modified. Therefore, it is advantageous to produce novel or tailor-made 
specialty starches in planta as it would decrease the currently imperative 
post-harvest modification, some of which are environmentally damaging 
(Slattery et al. 2000). Recent progress in the understanding of starch struc-
ture and biosynthesis and the development of molecular biology strategies 
to alter cellular metabolism has provided an opportunity to change starch 
structure in planta. In this chapter, we will discuss the storage starch struc-
ture, biosynthesis and strategies for its genetic modification for food, feed 
and industrial uses. 
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2. Starch structure 

Starch is stored as crystalline or semi-crystalline water-insoluble granules 
with an internal lamellar structure, which consists of two types of glucan 
polymers, amylose and amylopectin, trace amounts of lipids and proteins 
(Buléon et al. 1998). Amylose is a predominantly linear glucan polymer, 
composed of -1,4-linked glucose residues, that is sparsely branched with 

-1,6-linkages (approximately one branch per 1,000 glucose residues) 
(Takeda et al. 1986; Takeda and Hizukuri 1987). The degree of polymeri-
zation (dp) of amylose molecules is species dependent, ranging from 
around 800 in maize and wheat to approximately 4500 in potato (Morrison 
and Karlakas 1990; Alexander 1995).  Amylopectin on the other hand is a 
much larger (dp 105 to 107) and more complex glucan polymer. It is com-
posed of hundreds of short -1,4 glucan chains joined together by -1,6-
linkages, with approximately 5 % of the residues having both -1,4 and -
1,6-linkages (Myers et al. 2000). Studies have shown that both the length 
of the glucan branch chains and their pattern of branching are non-random. 
The ordered nature of the -1,6-linkages indicates that the branches in the 
amylopectin molecule are clustered. The branch length distributions of 
amylopectins from a variety of different plants were shown to be polymo-
dal, with peaks at approximately dp 15, and dp 45 (Hizukuri 1985). The 
unique and highly-ordered structure of the amylopectin molecule, in terms 
of both branch location and branch length, is essential to the formation of 
the starch granule (Myers et al. 2000; Buléon et al. 1998). A normal starch 
granule is made up of one-quarter amylose and three-quarters amylopectin. 
The ratio of amylose to amylopectin is an important determinant of starch 
physical properties and its end-use and its alteration will be discussed in 
subsequent sections.  Other components within all starch granules are pro-
teins (0.5% in cereal endosperm and 0.05% in potato tuber), which include 
the enzymes of starch biosynthesis and may contribute to the flavor of 
starch, and lipids (1% in cereal endosperm and 0.1% in potato tuber). 

The granular structure is relevant when considering the mechanism of 
starch degradation, as many glucan metabolizing enzymes appear to be un-
able to act upon intact granules as substrate (Buléon et al. 1998). Starch is 
accumulated in a diurnal fashion in chloroplast of leaves, and in photosyn-
thetic competent cells (transitory starch) to store sugar produced from pho-
tosynthesis. Starch stored in this way is degraded at night (dark period) for 
energy source and growth. Starch is stored in tuberous tissues (roots) and 
seeds are also used for an energy source for the formation of the next plant 
generation. Transitory starch has small granules, while reserve starch 
granules have species specific size and shapes (Davis et al. 2003).



3. Starch biosynthesis 

Studies on starch biosynthesis in plants have mainly been focused on pea, 
maize, rice, potato, wheat and barley where starch properties are important 
factors for crop quality. These studies have been aided by the availability 
of a large number of starch mutants primarily in pea, maize and barley, but 
also mutants created in the non-crop plant Arabidopsis and the unicellular 
green algae Chlamydomonas. Several recent reviews have summarized the 
extensive data related to starch biosynthesis (Ball and Morell 2003; Morell 
and Myers 2005; Smith 2001). Studies of starch mutants have so far pro-
duced a general consensus that ADP-glucose pyrophosphorylase (AG-
Pase), soluble starch synthases (SS), starch branching enzymes (SBE), 
starch debranching enzymes (DBE; pullulanase; isoamylase) and possibly 
also disproportionating enzyme (D-enzyme) catalyze the final steps lead-

(GBSS 1) is the only enzyme committed to amylose synthesis. Several of 
the starch biosynthetic enzymes exist in different isoforms, some of which 
vary in their sub-cellular distribution, enzyme specificity, temporal activity 
and interaction with other enzymes, thus causing variation of the starch 
biosynthetic pathway in different plant species and tissues. A minimal sub-
set of 14 conserved starch biosynthetic enzymes (two AGPases, five SS, 
three SBE and four DBE) is homologous in all the plant species studied to-
date (Morell and Myers 2005). Besides the core enzymes, additional en-
zymes such as starch phosphorylases, disproportionating enzymes and glu-
can water kinases also play important roles in starch biosynthesis.

AGPase is the first enzyme committed to starch biosynthesis and cata-

(Fig. 7.1).

key regulatory enzyme in the starch pathway and is composed of two large and 
two small subunits, both affecting allosteric and catalytic properties of the 
enzyme (Cross et al. 2004; Hwang et al. 2005). AGPase is activated by 3-
phosphoglyceric acid (3-PGA), a product of photosynthesis, and inhibited 
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ing to amylopectin synthesis (Figure 7.1). Granule bound starch synthase 1 

lyzes synthesis of ADP-Glu and pyrophosphate from ATP and Glu-1-P 
 ADP-Glu is then used as glucose donor for synthesis of linear 

chains on amylose and amylopectin, the two glucan polymers accumulated 
in the water-insoluble starch granules. AGPase has long been considered a 
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Fig. 7.1. Schematic illustration of two models for starch biosynthesis in plants. The 

i

In addition, some cereal AGPases are sensitive to heat stress, which affects 
crop yields (Singletary et al. 1994). AGPase is also under tight redox con-
trol in leaves, where the reducing conditions during the light cycle causes a 
thioredoxin-mediated reduction of a regulatory disulphide bond present be-
tween the two small subunits (Hendriks et al. 2003). The reduction of AG-
Pase results in increased activity and higher activation by 3-PGA than ob-
tained from the oxidized form present during the dark cycle. Due to redox 
and allosteric regulation of AGPase, the ADP-Glu production in green tis-
sues is tightly coordinated with the day/night cycles and carbon status of 
the source tissue (Gibon et al. 2004).

In addition to ADP-Glu synthesized by the plastidial AGPase, an alter-
native source of ADP-Glu for starch biosynthesis in leaves has been pro-
posed (Munoz et al. 2005). According to this study, a substantial amount 
of ADP-Glu is produced in the cytosol by the action of sucrose synthase 
(SuSy) and imported into the chloroplast for starch synthesis. In this alter-
native model, the role of plastidial ADPase is merely as a scavenger of 

In developing grains of cereals, most of the AGPase activity is localized 
to the cytosol of the endosperm (Denyer et al. 1996b; Thorbjørnsen 1996; 
Beckles et al. 2001). This contrasts the location of AGPase in other cereal 
tissues and sink tissues of non-cereal plants where the AGPase activity is 

breakdown products from starch degradation occurring during the dark cycle.

by inorganic phosphate (P ) in many plant tissues (Preiss and Sivak 1988). 

glucan recycling model” is shown by the light grey pathway.
“preamylopectin trimming model” is illustrated by the dark grey pathway and the “soluble



exclusively found in plastids (Beckles et al. 2001). The presence of 

Glu formed in the cytosol of cereal endosperm to be imported into plastids 
and utilized for starch biosynthesis (Shannon et al. 1998; Patron et al. 
2004). It has been speculated that the presence of a cytosolic, as well as, a 
plastidial AGPase in cereals will allow preferential channeling of available 
sucrose to starch biosynthesis at the expense of competing pathways utiliz-
ing sucrose-derived hexose phosphates as substrates (Beckles et al. 2001). 
In contrast to the leaf AGPases, the AGPases in sink tissues of different 
plant species show variable levels of allosteric regulation. In barley, wheat 
and maize, the endosperm AGPases are far less dependent on 3-PGA for 
activation than the leaf enzyme (Burger et al. 2003; Gómez-Casati and 
Iglesias 2002).

The main enzymes catalyzing synthesis of amylose and amylopectin 
from ADP-Glu are all located within plastids and include SS, SBE and 
DBE (Figure 7.1). It has long been believed that SS requires a primer to 
initiate glucan synthesis and it has been poorly understood how the polym-

function as the self-glycosylating glycogenin, the initiator of glycogen bio-
synthesis in yeast and animal cells (Cheng et al. 1995), is involved in the 
priming reaction. The latter hypothesis is supported by RNAi experiments 
in Arabidopsis where down-regulation of a gene encoding a glycogenin-

lymerization has also been put forward (Mukerjea and Robyt 2004). This 
model is based on growth of the glucan chain from the reducing end, as 
opposed to the long held belief that glucose units are added to the non-
reducing end of the glucan.

The glucan chain elongation is catalyzed by four main SS: SSI, SSII, 

chains. SSI, SSII and SSIII are primarily involved in amylopectin biosyn-
thesis, whereas GBSSI is the only enzyme associated with amylose pro-
duction. The shortest chains on the amylopectin molecule are mainly syn-
thesized by SSI and the longer chains are generally the result of SSII, SSIII 
and GBSSI actions. The relative contribution of each SS differs between 
plant species/tissues (Smith et al. 1997), and alterations to SS activities 
will affect the amylopectin fine-structure and/or starch granule morphol-
ogy (Craig et al. 1998; Edwards et al. 1999; Morell et al. 2003).
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The branches on the amylose and amylopectin molecules are introduced 
by SBE, which catalyzes cleavage of �-1,4 linkages and attaches the re-
leased chain through an �-1,6 bond to a new site on the glucan molecule. 
Two classes of SBE, SBEI and SBEII, with different substrate specificities 

SSIII and granule bound SS (GBSSI). These enzymes catalyze formation 

like protein in plastids resulted in reduced starch production (Chatterjee  

erization reaction is primed. One hypothesis is that a protein with similar 

et al. 2004). A model that excludes the need of a primer to initiate glucan po-

of �-1,4-linkages between the glucose units resulting in linear glucan 

ADP-glucose transporter channels in the plastid membrane allows ADP-
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have been identified in plants. Long chain branches are introduced by 
SBEI activity, whereas SBEII prefer transfer of shorter chains (Preiss and 
Sivak 1998). A larger form of SBEI, SBEIc, has been identified in plants 
of the Triticeae tribe and is preferentially associated with the large A-type 
granules (Båga et al. 2000; Peng et al. 2000).

Debranching activities, exerted by isoamylase and pullulanase enzymes, 
have been postulated to have an active role in starch biosynthesis (Ball et al. 
1996; Myers et al. 2000). The exact role of DBE in starch biosynthesis 
is not clear and two models for amylose and amylopectin biogenesis have 
emerged that includes different roles for DBE (Fig. 7.1). The “preamy-
lopectin-trimming model” suggests that the outer branches of preamy-
lopectin molecules are being trimmed by DBE to facilitate chain elonga-
tions by SS (Mouille et al. 1996). This will form amylopectin with an 
ordered branch structure and allow packaging of the molecule into starch 
granules. In addition, the glucan chains released by the DBE action on 
amylopectin can be elongated by GBSSI to form the amylose fraction. The 
role of DBE in the “soluble glucan recycling model” is to participate in 
degradation of short chain glucan molecules that may be produced by SS 
or SBE action to prevent accumulation of highly branched soluble poly-
mers at the expense of amylopectin formation (Zeeman et al. 1998).  Sev-
eral studies have suggested that amylose is synthesized within the starch 
granules (Kuipers et al. 1994; Denyer et al. 1996a), whereas the much lar-
ger and highly branched amylopectin biosynthesis occurs at the surface of 
the granules (Smith et al. 1997). The spatial separation of amylose and 
amylopectin synthesis may explain why the two polymers with very dif-
ferent structures and sizes, can be produced simultaneously in plastids. 

4. In planta starch modification strategies 

The complexity of the starch biosynthetic pathway has been a challenge 
for the targeted in planta modification of starch to cater to novelty end 
uses for the food, health and industrial applications. Nonetheless, signifi-
cant progress made towards better understanding of starch biosynthesis 
and altering biochemical pathways in plants has made possible to in planta
alter the physico-chemical properties of starch. The availability of 
mutagenized populations, gene knockouts, over-expression and silencing 
approaches can all aid in gene function assessment and alteration. There-
fore extensive efforts have been made to achieve similar end results within 
the plant itself. From screening for naturally occurring starch mutants to 
mutation breeding strategies to the use of newer technologies, including 
genetic transformation and genomics tools, the ability to alter starch
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fully employed for in planta starch modification are described in the fol-
lowing sections. 

4.1 Mutation breeding 

To incorporate new desirable traits into their breeding programs, plant 
breeders screen for naturally occurring mutants from wild species of culti-
vated crops and land races. However, such screening procedures are some-
times time-consuming and labor-intensive and identification of the desired 
traits may often be challenging. Screening for starch mutants has, in the 
past, been restricted to the phenotypic aberrances exhibited by the seeds 
and characterized as the commonly used terms such as waxy, sugary, 
shrunken, brittle and so on (Kossmann and Lloyd 2000). Among the natu-
rally occurring starch biosynthetic variants, over a century ago maize mu-
tants, sugary1 (su1) were identified (Correns 1901; cited in Jones 1924), 
which have been associated with sweet corn. It is now known that the su1
mutation in maize is due to a deficiency in the debranching enzyme (DBE) 
of the isoamylase-type (James et al. 1995). The food industry has benefited 
tremendously from such naturally occurring mutants and subsequently 
others such as sugary enhancer and shrunken2 (Young et al. 1997), which 
has further improved the sweetness of corn. However, most of the avail-
able cereal mutants are in diploid species like maize, rice and barley. 
Maize mutants for the Waxy locus have also been identified and grown for 
commercial purposes. The waxy maize starch has found uses as food stabi-
lizers and thickeners, and emulsifiers for salad dressings (Jobling 2004). 
Waxy maize starch is also used in the manufacture of gummed tapes as re-
moistening adhesives, in adhesives and in the paper industry (Fergason 
2001). As opposed to high amylopectin maize, the sugary2 mutants have 

SSIIa activity (Zhang et al. 2004). In recent years high amylose starches 
have come to be recognized for their health benefits (Jobling 2004) as well 
as other industrial applications. In cereal species like wheat the identifica-
tion of mutants is more difficult due to its hexaploid nature. Screening 
starch granule bound polypeptides useful natural starch mutants of wheat 
have been identified (Båga et al. 1999; Chibbar and Båga 2003). Naturally 
occurring starch mutants have not been found in potato (Solanum tubero-
sum L.) and other means of generating mutants by induced mutation, tissue 
culture and genetic transformation have been attempted. In the tropically 
grown cassava plant (Manihot esculenta Crantz) natural mutants for starch 

functionality has been demonstrated. A few strategies that have been success-

increased amylose up to 40% (Takeda and Preiss 1993) due to a lack of 
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have been identified with high free sugar content and lacking expression of 
the gene for starch branching enzyme (Carvalho et al. 2004). 

Although screening for naturally occurring mutants has been and is still 
practiced, alternative ways to create variability are being explored. Even 
though induced mutations may eventually result in the release of varieties 
with altered traits, the resource-demanding nature of the process can pre-
clude the benefits. This is because induced mutations, whether physical or 
chemical, are non-targeted leading to a large number of wasteful mutants. 
Induced mutants for starch biosynthesis have been generated in many 
plants.  The model plant, Arabidopsis thaliana, is probably one of the best 
examples for induced mutation studies for starch biosynthesis, although it 
is not a starch storing plant. It has been suggested that study of transitory 
starch synthesis in leaves of mutant Arabidopsis may help to better under-
stand the role of starch debranching enzymes in cereals (Zeeman et al. 
1998). Due to the ease of inducing mutations and ease of genetically trans-
forming Arabidopsis, it has been useful for studying starch biosynthesis 
and other metabolic pathways. Hovenkamp-Hermelink et al. (1987) in-
duced mutations by X-ray irradiation to produce amylose-free starch in po-
tato. In barley chemical mutagenesis was used to produce starch synthase 
IIa deficient lines with amylose content of 65-70% (Morrell et al. 2003) 
and one of the lines was shown to improve large bowel health in rats (Bird 
et al. 2004). In rice, retrotransposon-mediated insertion led to the produc-
tion of mutants deficient for starch synthase I (SSI), wherein there was a 
reduction in amylopectin chain length (Fujita et al. 2006). 

4.2 Genetic transformation 

Among the starch storing plants, dicotyledonous species, such as potato, 
have been more amenable to genetic transformation as opposed to the 
monocotyledonous species such as the cereals. Potato has, therefore, 
served as a model system for genetic engineering of starch biosynthesis in
planta using both the particle bombardment as well as Agrobcaterium spe-
cies. In recent years, however, significant progress has also been made in 
the genetic transformation of cereals, primarily due to improved regenera-
tion from cultured tissues and the ability to use Agrobacterium tumefa-
ciens, which was earlier thought to be non-competent for the transforma-
tion of cereals. Since the first reports on the transformation of a Japonica 
rice (Hiei et al. 1994) and an Indica rice (Rashid et al. 1996) using Agro-
bacterium, there have been numerous reports on the Agrobacterium-
mediated transformation of all the major cereals. Genetic transformation 
for in planta modification of starch was first successfully achieved in 
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potato, wherein an antisense construct for GBSS1 gene was introduced using 
Agrobacterium rhizogenes to down-regulate expression of the endogenous 
GBSSI (Visser et al. 1991). Transformed potato lines exhibiting 70-100% 
reduction in GBSSI activity were produced, with reduced to amylose-free 
starch. The availability of efficient physical and biological DNA delivery 
systems for the transformation of dicotyledonous species has resulted in a 
number of reports of in planta starch alteration; albeit with varying success 
as to the extent the desired change occurred. For dicotyledonous species 
like potato, Agrobacterium is still the preferred method due to its effi-
ciency. However, in spite of the perceived ease for in vitro culture and 
transformation of potato, not all varieties have been amenable to transfor-
mation and those that have been transformed have not always shown con-
sistent expression levels of transgenes (Dale et al. 1995; Heeres et al. 
2002). This genotype-dependent effect implied that tissue culture and 
transformation strategies had to be re-visited for poorly responsive geno-
types and different regeneration and/or transformation protocols needed to 
be used for different genotypes. Heeres et al. (2002) attempted the trans-
formation of 16 varieties of potato with an antisense construct for GBSSI
and found variable degree of suppression of GBSSI, reduced yield and re-
duced starch content in some of the transformants compared to wild-type 
plants. The antisense inhibition of ADP-glucose pyrophosphorylase (AG-
Pase) in potato resulted in reduced starch in tubers and accumulation of 
sucrose and glucose (Muller-Rober et al. 1992), while over-expression of 
an E. coli AGPase resulted in increase in sucrose to starch conversion 
(Stark et al. 1992). The transformation of other starch root crops has also 
been attempted.  Starch crops such as cassava (Manihot esculanta Crantz) 
and sweet potato (Ipomoea batatas) are tropical habitat plants and con-
sumed in many parts of the world. Raemakers et al. (2003) produced 
transgenic cassava plants with amylose free starch as a result of the inte-
gration of an antisense GBSS construct. Silencing of GBSSI gene in a 
transgenic sweet potato line led to the production of amylose free starch in 
tubers, in spite of the gene being introduced in sense orientation (Kimura 
et al. 2001). 

For cereal transformation, the particle bombardment approach has been 
most widely used, prior to Agrobacteirum being shown to be transforma-
tion competent. There have been a number of obstacles for cereal trans-
formation to become routine, particularly for the temperate cereals. First, 
the lack of efficient regeneration systems for cereals prevented production 
of high transformation frequencies of transformants. Furthermore, the tis-
sue culture responses were found to be highly genotype-dependent and 
only a few model genotypes were consistently used for transformation ex-
periments.  The high yielding commercial  varieties were  generally  less 
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responsive to tissue culture and were not targeted for transformation. 
Generally, immature embryos, immature scutella and inflorescences have 
been found to be responsive in tissue culture and competent for 
transformation. However, growth and maintenance of donor plants for 
isolation of immature explant tissues is very critical for high efficiency 
tissue culture response. Therefore the plants have to be grown under 
carefully controlled conditions and adequately fertilized to maintain their 
optimum physiological state and thereby improve tissue culture response.  
Consequently, growth of donor plants under such conditions adds to the 
cost, besides being time-consuming. Isolation of the immature tissues is 
also laborious and has to be done with minimal damage to the explants in 
order not to affect regeneration response. Furthermore the callus phase 
prior to plant regeneration has been known to be susceptible to somaclonal 
variation (Larkin and Scowcroft 1981). This occurs in monocotyledonous 
as well as dicotyledonous plants. This variation has been exploited for the 
regeneration and identification of useful variants and perceived, especially 
in the eighties as a novel source of in vitro-induced mutation. In 
combination with selection pressure in culture, regeneration of a number of 
plants with improved traits such as disease resistance and herbicide 
resistance have been obtained and released as varieties. 

With the development of more specialized media, commercial varieties 
of the major temperate cereals are now amenable to high frequency regen-
eration in a fairly genotype independent manner using mature embryos 
(Ganeshan et al. 2006). The mature embryo has an added advantage since 
there is no requirement for the growth and maintenance of donor plants for 
explant isolation for in vitro culture. Mature embryos can be readily iso-
lated from available mature seeds even from field-grown plants. The need 
for vernalization of winter cereals for obtaining immature explants for cul-
ture is also eliminated.  The mature embryo culture is thus a simple, effi-
cient and expedited approach for regeneration from cereals. The mature 
embryos have also been shown to be transformation competent using par-
ticle bombardment. 

With the transformation methodology now being a routine process in 
most laboratories involved in transgenics, the focus has shifted from single 
gene transfer to studying and assessing multiple transgene functions. This 
becomes more relevant for the manipulation of the complex starch biosyn-
thetic pathway, wherein multiple control points and interactions occur, in-
cluding pleiotropic effects. To this end transfer of large inserts carrying 
genes involved in starch biosynthesis would be valuable for in planta
starch modification. Recent advances in plant transformation technology 
using Agrobacterium and specialized vectors have led to the possibility of 
inserting large fragments of DNA into the plant genomes.  In order to 
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achieve this, binary bacterial artificial chromosomes (BIBAC) vectors 
were developed for plant transformation (Hamilton et al. 1996; Hamilton 
1997). More recently transformation–competent artificial chromosome 
(TAC) vectors (Liu et al. 1999) containing large-insert genomic DNA of 
hexaploid wheat has been developed (Liu et al. 2000). Using TAC vectors 
in Agrobacterium, transgenic rice carrying an 80 kb insert was recovered 
(Liu et al. 2002). Even though the stability of these large inserts has been 
questioned, progress has been made in determining factors influencing 
such instability and efficiency for transformation of tomato (Frary et al. 
2001), potato (Song et al. 2003) and rice (Nakano et al. 2005). With the 
availability of such vectors for large inserts, it would be possible to use a 
multi-gene linking approach to place a number of the cloned starch biosyn-
thetic genes in tandem and study their effects on in planta changes in 

genes (including 10 genes and functional DNA elements) into a TAC vec-
tor and successfully transformed rice plants. This approach also offers the 
possibility of studying potential gene interactions by pyramiding only 
those starch biosynthetic genes suspected to be involved in the concerted 
metabolism of starch. 

The available loss-of-function production systems such as induced mu-
tations, insertional knock-out mutagenesis and antisense down-regulation 
have been effective to varying degrees in plants, and as mentioned earlier, 
Arabidopsis thaliana being the most versatile. But generally these ap-
proaches are time-consuming, unpredictable and desired alterations may 
not always occur in the more complex plant genomes such as wheat. The 
hexaploid wheat genome is made up of three different genomes - A, B and 
D genomes.  Due to the occurrence of mostly three homoeologues of a par-
ticular gene in the wheat genome, there is a compensation effect from loss-

allele on starch biosynthesis for example becomes complicated and con-
founded. More recently there has been interest in RNA interference 
(RNAi) as an approach at gene silencing. RNAi is a post-transcriptionally 
occurring gene silencing mechanism induced by double-stranded RNA and 

down-regulatory potential can be specifically targeted to each gene of in-
terest and would be valuable for polyploid species like wheat for both 
starch biosynthetic gene function analysis as well as for targeted in planta
starch modification. 

starch. Using this approach, Lin et al. (2003) were able to stack multiple 

house et al. 1998). Although RNAi is not a knock-out strategy per se, its 

was first reported in the nematode worm, Caenorhabditis elegans (Fire et al. 

of-function of one homoeologue.  Therefore, studying the effect of a null 

1998). RNAi-mediated silencing in plants has also been shown (Water-
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The application of the RNAi technology to plants is straightforward and 
relies on the availability of a transformation system and carefully designed 
transgene construct such that the transgenes produce hairpin RNA 
(hpRNA) with double-stranded RNA (dsRNA) regions (Waterhouse and 
Helliwell 2002).  Several studies have explored the possibility of using the 
RNAi technology for reverse genetics or for in planta starch alterations us-
ing model plants. Using an RNAi approach in tobacco plants Chen et al. 
(2005) targeted the gene that codes for sucrose-6-phosphate phosphatase, 
which catalyzes the last step in the sucrose biosynthetic pathway convert-
ing sucrose-6-phosphate to sucrose. Transgenic tobacco lines were found 
to accumulate 3-5 times more starch than non-transformed plants. Silenc-
ing of -amylase8 by RNAi in transgenic Arabidopsis plants led to starch 
accumulation in the leaves, with or without a six hour cold treatment at 
4oC (Kaplan and Guy, 2005). Induction of -amylase occurs during tem-
perature stresses and leads to increase in maltose content to protect mem-
brane proteins and the electron transport chain (Kaplan and Guy 2004). A 
similar observation has been reported in potato tubers stored at low tem-
peratures, wherein maltose accumulation occurred (Nielsen et al. 1997). 
Potato could therefore be an ideal candidate for RNAi-mediated silencing 
of -amylase to increase starch content. More recently, Regina et al. 
(2006) produced high-amylose wheat by RNAi silencing of two starch 
branching enzyme II isoforms (SBEIIa and SBEIIb), leading to more than 
70% amylose content. This resistant starch wheat was shown to improve 
large bowel indices in rats and offers potential for designing healthy 
starches for humans (Regina et al. 2006). 

4.3 Tilling 

As a retort to induced mutations, a targeted mutation strategy termed 
TILLING (Targeting Induced Local Lesions IN Genomes) was developed 
(McCallum et al. 2000). TILLING combines classical chemical mutation 
approach with high-throughput molecular biology techniques for the iden-
tification of desired mutants. It offers the possibility of identifying single 
base pair changes in a gene of interest (Till et al. 2003). The TILLING 
strategy involves mutagenizing seeds with ethlylmethane sulfonate (EMS), 
growing plants (M1), allowing selfing, planting of individual M2 seeds for 
DNA extraction from leaves and cataloguing M3 seeds. EMS primarily 
causes G/C to A/T transitions and in Arabidopsis thaliana up to 99.5% of 
mutations were shown to be randomly distributed G/C to A/T transitions 
(Greene et al. 2003). DNA extracted from the M2 plants is pooled for PCR 
of target gene. The PCR products are denatured and allowed to re-anneal 
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for the formation of heteroduplexes. In the original protocol, the heterodu-
plexes were analyzed for mutations on denaturing HPLC (McCallum et al. 
2000). This was subsequently modified wherein the heteroduplexes were 
treated with an endonulcease, CELI, which cleaves mismatches in the het-
eroduplexes between mutated and non-mutated variants (Colbert et al. 
2001). CELI, identified in celery, reconizes single base mismatches and 
cleaves on the 3’-side of the mismatch (Oleykowski et al. 1998). The 
cleaved heteroduplexes are separated by electrophoresis and mutations are 
identified. DNA from individual samples of the pool are then screened to 
identify the mutant plant. TILLING populations have been established for 
plant species such as Arabidopsis thaliana (Till et al. 2003), Lotus japon-

and wheat (Slade et al. 2005). The wheat TILLING population is of sig-
nificance since it has enabled the identification of a range of waxy pheno-
types from close to normal to near-null (Slade et al. 2005). 

5. Targets for in planta modification of starch synthesis 

5.1 Increased starch quantity 

Increased starch quantity in storage organs has several advantages there-
fore it was one of the first targets to successfully apply molecular tech-
niques to alter starch biosynthesis. In the first instance, AGPase, the rate 
limiting enzyme in starch biosynthesis, was genetically manipulated to in-
crease starch production and/or content in potato and maize. A 30% in-
crease in starch content was observed in transgenic potato expressing an E.
coli AGPase that is insensitive to Pi, a feed-back regulator of AGPase 
(Stark et al. 1992).  Similarly, site-specific mutagenesis was used in maize 
to produce a mutant AGPase large subunit that was also insensitive to Pi.  
In this mutant, seed weight was increased 11-18% without increasing or 
decreasing the percentage of starch (Giroux et al. 1996). The mutant AG-

unit which reduces Pi insensitivity and stable large and small subunit inter-
actions (Smidansky et al. 2002). The transgenic wheat showed enhanced 
AGPase activity and 38% more seed yield and an increase in total plant 
biomass by 31% (Smidansky et al. 2002). These results are similar to those 
reported in maize (Giroux et al. 1996) and rice (Sakulsingharoj et al. 
2004), where Pi insensitive AGPase large subunit gene did not increase 
grain starch concentration, but the seed weight was increased by 11-18%. 
Increased starch content in potato was also achieved through the manipulation

ica (Perry et al. 2003), maize (Till et al. 2004), barley (Caldwell et al. 2004) 

Pase gene when introduced into wheat resulted in altered large AGP sub-
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of a different enzyme, inorganic pyrophosphatase (PPi).  Expression 
of an E. coli PPase in transgenic potato increased starch content by 20-
30% (Geigenberger et al. 1998). Another approach to increase starch con-
tent in cereals is the manipulation of Bt-1, the plastidial adenylate trans-
porter (Shannon et al. 1998).  Bt-1 mutants in maize have markedly re-
duced starch contents (Creech 1965), and thus over-expression of Bt-1 
may lead to increased starch content. 

The increase of total starch concentration is not an economically viable 
alteration in starch metabolism. However, in some cases augmentation of 
starch synthesis may be needed to make the production of unique starches 
or other traits economically viable. Naturally occurring mutants and/or 
transgenic plants with altered starch biosynthesis often have significantly 
reduced starch contents associated with qualitative changes to the starch 
(Marshall et al. 1996; Creech 1965; Nishi et al. 2001). Therefore, increas-
ing the starch content in mutants/transgenics may be necessary to increase 
the yields of the starch with altered structure.

5.2 Phosphorylated cereal starches 

Phosphorous is present in minor quantities, but the relatively higher quan-
tity and its chemical nature in tuber starch contributes to their superior 
functional qualities over cereal starch for several applications (Alexander 
1995). Using the in planta modification strategies described in this chap-
ter, it may be possible to produce phosphorylated starches in wheat, barley 
and maize with endosperm-specific expression of the R1 protein (Lorberth 

the concomitant reduction in starch phosphate content resulted in starch 
with reduced peak viscosity and elevated setback viscosity (Albertsson and 
Karlsson 1995). Therefore, transgenic expression of R1 protein in cereal 
grains will likely increase peak viscosity and reduce setback, in 
phosphorylated cereal starches. Such changes could enhance the utility of 
cereal starches for industrial purposes. However, the precise changes due 
to the phosphorylated cereal starch cannot be predicted as there are other 
differences between cereal and potato starch, such as the structure and con-
tent of amylose molecules, phospholipids content and granule size. 

et al. 1998). Down regulating the R1 protein gene expression in potato and 
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5.3 High phytoglycogen starches 

The sugary-1 mutants accumulate phytoglycogen, a highly-branched, wa-
ter-soluble polysaccharide, in addition to starch in maize (Creech 1965) 
and rice (Nakamura et al. 1997), and the Sta7 mutant in Chlamydomonas
(Mouille et al. 1996). In both the maize and rice mutants, the phytoglyco-
gen content is approximately 25-30% of total carbohydrates.  Increasing 
the phytoglycogen content of maize to more than 30% could result in a 
storage polysaccharide with reduced viscosity, gel formation and retrogra-
dation rate with increased water holding capacity (Johnson et al. 2001a). In 
addition, a grain with high phytoglycogen-starch combination would have 
increased digestibility as a livestock feed, which could potentially have an 
enormous economic impact (Johnson et al. 2001a,b). Attempts have been 
made to increase phytoglycogen concentration by stacking different mu-
tant alleles in maize but have been unable to markedly increase phytogly-
cogen concentration.

The naturally occurring phytoglycogen accumulating sugary-1 mutants 
are often associated with a reduction in dry seed weight (Creech 1965).  
Increasing starch quantity through genetic engineering, as discussed in the 
previous section, may be necessary for the development of plants with a 
high phytoglycogen phenotype. In addition, the physiological role of the 
starch granule as a non-hygroscopic, non-osmotic energy store must also 
be considered. Higher phytoglycogen content may result in reduced starch 
concentration, and this could cause problems with germination and there-
fore agronomic viability. Thus, there may be a limit to which phytoglyco-
gen content may be increased, without interfering with the physiological 
characters of the grain. 

5.4 Starch with reduced amylose concentration 

Amylose free (waxy) starch has unique properties and it is used in various 
industries such as textiles, corrugating and adhesive industries. These re-
sult from their clear film forming properties.  Moreover, chemical modifi-
cation of waxy starch further extends its industrial applications and an 
enormous array of applications in the food industry (Fergason 2001).  
Natural mutants lacking GBSSI activity produce starch granules contain-
ing only the amylopectin glucan polymer. The waxy mutants have been 
shown to be present in maize, rice and barley, but till recently had not been 
identified in crops with multiple genomes, such as wheat. During the last 
decade, through breeding it has been possible to recombine the three null 
GBSSI present in different wheat germplasms to develop lines with <1% 
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amylose (Nakamura et al. 1995; see recent reviews Seib 2000; Chibbar and 
Chakraborty 2004).  "Partially waxy" starch, i.e. starch with amylose levels 
between normal and waxy starch, was identified as a potentially valuable 

wheat, the GBSS1 produced by the three genomes A, B and D, show activ-
ity levels in the order B>D>A (Miura and Sugiwara 1996) and therefore 
different combinations result in lines with varying amylopectin concentra-
tions, known as ‘partially waxy’ starch. Partially waxy starch, i.e. starch 
with amylose levels between normal (25%) and waxy starch is desired for 
production of certain foods, e.g. Japanese noodles (Seib 2000). Partially 
waxy wheat starch has been obtained through breeding of germplasm car-
rying one or two GBSSI null alleles (Demeke et al. 1999). The partially 
waxy wheat starches contain about 12% amylose and have higher swelling 
power and show crystallization patterns and gelatinization properties dis-
tinct from both normal and waxy starch (Seib 2000; Chibbar and Chak-
raborty 2004). 

5.5 Starches with high amylose concentration 

and candies and in the paper and pulp industry. Recently, an increased de-
mand for high amylose wheat starch within the food industry has emerged 
as high-amylose starch can be converted to resistant starch (RS) upon heat-
ing and subsequent cooling. RS is not digested in the small intestine, but is 
broken down by the bacteria in the colon. As a result, RS acts as dietary fi-
ber (DF), reduces the calories from food, has low glycemic index and is 

amylopectin ratio and higher average amylopectin branch length in 
starch is found in certain maize, rice and pea mutants, which lack expres-
sion of one of the two SBEII isoforms (Chibbar and Baga 2003).  The high 
amylose mutants in maize and pea have amylose concentrations of 50% or 
greater as compared to 25-30% for the normal endosperm and embryo 
starches.  In mutant indica rice, the amylose content is 39-41% compared 
to 24-25% for the wild type (Kaushik and Khush 1991). High amylose bar-
ley lines with grain endosperm amylose concentration up to 40% have 
been developed (B.G. Rossnagel, personal communication). The amylose 
fraction in some mutants has a lower molecular weight and wider size dis-
tribution than normal amylose. The amylopectin fractions of these starches 
are also more linear with longer branch length than normal starch. In high 
amylose barley (Himalaya) the mutation has been attributed to SSIIa defi-
ciency (Morell et al. 2003). Similarly, elimination of SSII polypeptides in 

Starch with elevated amylose concentration (  40%) is preferred for gums 

Asian noodle production (Hoshino et al. 2000; Yamaguchi et al. 2000). In 
quality trait in maize (Johnson et al. 2001a) and in wheat it is used for 

considered beneficial for colon health. An increase in amylose/



wheat increased apparent amylose (colorimetric assays) concentrations to 
30-37% (Yamamori et al. 2000). In a similar approach, wheat lines defi-
cient in SSII A and B genome polypeptides, resulted in lines showing up to 
35% amylose as determined by HP-SEC analyses (Chibbar et al. 2005). 
However, in rice, barley and wheat amylose concentrations could not be 
increased beyond 40%, although a recent report (Regina et al 2006) sug-
gest that RNAi silencing of SBEIIb genes in primary wheat transgenics 
amylose concentrations can be increased to 70%. 

5.6 Large or small granule starches 

Starch granule size is an important factor in several industrial processes in-
cluding the production of thin films (Lim et al. 1992), paper coatings, 
cosmetic products (Ellis et al. 1998), and carbonless copy paper (Nachter-
gaele and Van Nuffel 1989). Furthermore, starch granule size is important 
in the brewing process. A significant portion of the small B-type granules 
from barley is not completely gelatinized in the mash and the undegraded 
residue causes mechanical problems during subsequent processing, e.g. fil-
tration (Tillett and Bryce 1993). There are significant additional processing 
costs required for the isolation of large or small granules. Thus, the in
planta production of starches with predominantly large or small granules 
would be very desirable. 

Very little is known about the processes determining starch granule size.

antisense SBEI constructs have reported increased granule size in trans-
genic potato (Flipse et al. 1996). It has also been suggested from studies in 
wheat that an SBEI isoform, SBEIc, may be involved in determining bi-
modal starch granule size distribution in this crop. Production of the two 
size fractions of starch granules is only found in plants belonging to the 
Triticeae tribe, including wheat, barley rye and triticale. Analysis of wheat 
starch granule proteins has revealed a difference in the abundance of 
SBEIc, an isoform of starch branching enzyme, in small and large granules 
(Båga et al. 2000; Peng et al. 2000).  SBEIc is a large (~150 kD) protein 
that, in contrast to the 87 kD SBEI, is preferentially incorporated into the 
large starch granules. SBEIc is only found in wheat, barley and rye starch 
granules, and thus, is associated with plants showing bimodal starch gran-
ule size distribution in the endosperm. Down-regulation or a mutation in 
either SBEI or SBEIc can alter the proportion of A- and B-type granules.  
Both transgenic-antisense SBEI and/or SBEIc approach or traditional plant 
breeding techniques with mutagenesis could be taken to develop starches 
with altered starch granule size. 
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A few studies have indicated that SBEI may be involved. Studies using 
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5.7 Starches with altered chain lengths and branching patterns 

The molecular structures of amylose, amylopectin and the starch granule 
are important determinants of the functional properties of a starch. There is 
potential to produce a wide range of new starches through the alteration of 
the glucan chain lengths, branching patterns and granule crystallinity 
(Johnson et al. 2001a). Mutations in several different starch synthetic en-
zymes have been shown to affect the branch length and degree of branch-
ing of amylopectin (Craig et al. 1998; Yamamori et al. 2000; Edwards et 
al. 1999) resulting in altered starch physicochemical properties (Yamamori 
et al. 2000; Edwards et al. 1999). Recently, transgenic expression of a bac-
terial glycogen branching enzyme gene in rice resulted in a marked in-
crease in the degree of branching of amylopectin with high number of 
short branches (Kim et al. 2005). Given the many different enzymes in-
volved in amylopectin biosynthesis, various modifications to amylopectin 
structure and a diverse range of concomitant functional changes are possi-
ble. Some functional changes in maize, including improved gel formation 
and stabilized viscosity have been postulated to have a significant eco-
nomic value in maize (Johnson et al. 2001a).

6. Concluding remarks

Starch is one of the most abundant and versatile storage carbohydrates, 
which has a multitude of applications. Several modifications of starch 
structure have been made which have further enhanced its utility. Recent 
advances in our understanding of plant processes and cellular metabolism 
present numerous opportunities to modify starch structure for the benefit 
of humans. For example, the recent expression of the cellulose synthase-
like (CslF) genes from rice in Arabidopsis resulted in the synthesis of 
(1,3:1,4)- -D-glucan like polymers (Burton et al. 2006), which demon-
strates that novel glucan polymers can be synthesized in plants. Maize 
starch with beta glucan linkages has been suggested as a potentially valu-
able trait in maize (Johnson et al. 2001a). Similarly, introduction of 1,3 
and 1,6 linked glucosyl residues catalyzed by the transgenic expression of 
bacterial glucansucrases is another approach to modify glucan biosynthesis 
in plants (Kok-Jacon et al. 2003). The use of starch granules as carriers of 
valuable therapeutic drugs or other useful compounds has not been fully 
explored. Some of the starch biosynthetic enzymes are completely granule 
bound and this unique feature may be used to deposit compounds of inter-
est in the starch granules. The hydrophobic nature of starch granules will 
facilitate purification of the compound of interest.  New approaches to 



study grain development and starch biosynthesis (Jansson et al. 2006) will 
further improve our understanding of starch biosynthesis which can be 
used to produce genetically modified starches in planta.
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1. Introduction 

Bioethanol (CH3CH2OH) is a liquid biofuel which can be produced from 
several different biomass feedstocks and conversion technologies. Its main 
physical and chemical characteristics, compared to diesel and gasoline fu-

Table 8.1. Main physical and chemical properties of bioethanol (Source: DG XII 1994; 

Diesel Ethanol Gasoline 
Low Heating Value - LHV (MJ/kg) 42.7 26.9 43.7 
Low Heating Value - LHV (MJ/l) 36.4 21.0 32.0 
Viscosity (cSt) 2.5 - - 
Density (kg/m3) @ 15 °C 830 - 880 790 700 - 780 
Cetane number > 45 below 8 - 
Octane number (MON) - 96 - 106 79 - 98 
Stoichiometric ratio 14.5 9 15.1 
Vapour pressure @ 38 °C (psi) 0.04 2.5 7-9 
Flash point (°C) 55-65 13 -40 
Boiling temperature (°C) 170-340 78 33-213 
Vaporization heat (kJ/kg) - 842 300 
Auto-ignition temperature (°C) 230-315 366 300-371 
Flammability limits (°C) 64-150 13-42 (-40)-(-18) 
Flammability limits (% vol) 0.6-5.6 3.3-19.0 1.4-7.6 
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els, are given in the Table 8.1.

Blondy 2005; Mc Cormick et al. 2001).
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Bioethanol can be used as chemical in industrial applications, as fuel for 
energy generation, or as food. It can be produced by synthesis or by fer-
mentation processes, and be or not denatured. Ethanol can be used neat or 
blended with gasoline or diesel fuels. It is also used for the production of 
ETBE (Ethyl Tertiary Butyl Ether), an oxygenated fuel obtained by mixing 
ethanol and isobutylene and reacting them with heat over a catalyst. ETBE 
promotes clean  gasoline combustion, thus improving air quality. 

2. Bioethanol market

Biomass currently supply 4 % of EU energy needs from biomass (Biomass 
Action Plan, 2005). The increased use of biomass is expected to generate a 
wide range of benefits and advantages, such as a greater diversification of 
energy supply and reduction of energy imports, reduction of greenhouse 
gas emissions, and creation of new permanent jobs, especially in the rural 
areas.

EU 25 - in 1.000 tonnes/a (2003)

1504

446

Biodiesel

Bioethanol

World - in 1.000 tonnes/a (2003)

1600

18300

Biodiesel

Bioethanol

Bioethanol is playing a very important role in the liquid fuel market: 
bioethanol worldwide production was greater than 18 Mt/y in 2003, sig-

Fig. 8.1. EU-25 and World bioethanol production (from Biofuel Barometer, June 2004). 
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nificantly higher than biodiesel (approximately 1.6 Mt/y worldwide pro-
duction). The characteristics of the biofuel sector however are very differ-
ent in USA or EU-25, where biodiesel production was more than three 
times higher than bioethanol. In energy terms, at world level bioethanol 
represented more then 89 % of the energy in biofuels in 2003 (considering 
both bioethanol and biodiesel), while it was below 18 % in EU-25. 

Bioethanol accounted for 2.8 % of motor gasoline worldwide, while bio-
diesel reached only 0.2 % (1 % in EU). 

The most important bioethanol production Countries in the world are 

Sugar cane is the main feedstock for bioethanol production in Brazil, 
while corn and sugar beet are the major resources in US and EU respec-
tively.

The increased biofuel production in the EU (EU-25 considered only for 

Brazil and US/Canada, as shown in Figure 8.2. 

Fig. 8.2. World bioethanol production (Source: Fulton L. 2004;  F.O. Licht).

2004) is illustrated in Figure 8.3. 

0

5,000

10,000

15,000

20,000

25,000

30,000

1975 1980 1985 1990 1995 2000

M
ill

io
n

 li
tr

es Brazil

US+Can

EU

World

Percent of 2003 Motor Gasoline Use:
World: 2.8%

US/Canada: 2.3%



212      David Chiaramonti 

0

500

1000

1500

2000

2500

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

M
t/

y

Biodiesel

Bioethanol

Fig 8.3. Bioethanol production in EU (from Eurobserv’ER, www.energies-

The distribution of bioethanol and ETBE production among the various 
EU Countries is reported in the next graph (“EC” means wine alcohol 
transformed into bioethanol as automotive fuel and marketed by the Euro-
pean Commission, in the framework of the common wine market man-
agement).
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Fig. 8.4. Bioethanol and ETBE production (from Eurobserv’ER, www.energies-

renouvelables.org).

renouvelables.org).
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In 2003, three EU Countries, ES, FR and PO, produced 96 % of EU bio-
ethanol/ETBE: 5 EU Member States only were producing bioetha-
nol/ETBE at that time. 

In 2003, community legislation set ambitious targets for biofuels (Direc-
tive 2003/30/EC of 8 May 2003 on the promotion of the use of biofuels or 
other renewable fuels for transports, OJ L123 of 17 May 2003, page 42). 
This “Biofuel” Directive states that Member States must ensure by end of 
2005 a 2% and by end 2010 a 5.75% minimum proportion of biofuels of

(Source: Biomass Action Plan 2005).

Member
State

Market share 
2003

National indicative 
target for 2005 

Targeted increase 
2003-2005

AT 0.06% 2.5% +2.44% 
BE 0% 2% +2% 
CY 0% 1% +1% 
CZ 1.12% 3.7% (2006) + 1.72% 

(assuming linear path) 

DK 0% 0% +0% 
EE 0% 2% +2% 
FI 0.1% 0.1% +0% 
FR 0.68% 2% +1.32% 
DE 1.18% 2% +0.82% 
GR 0% 0.7% +0.7% 
HU 0% 0.4-0.6% +0.4-0.6% 
IE 0% 0.06% +0.06% 
IT 0.5% 1% +0,5% 
LA 0.21% 2% +1.79% 
LI 0% (assumed) 2% +2% 
LU 0% (assumed) not yet reported, 

assume 0% 
not yet reported 

MT 0.02% 0.3% +0.28% 
NL 0.03% 2% (2006) 0% 

(promotional measures will 
come into force from Janu-

ary 2006)
PL 0.49% 0.5% +0.01% 
PT 0% 2% +2% 
SK 0.14% 2% +1.86% 
SI 0% (assumed) 0.65% +0.65% 
ES 0.76% 2% +1.24% 
SV 1.32% 3% +1.68% 
UK 0.03% 0.3% +0.27% 
EU25 0.6% 1.4% +0.8% 

Table 8.2. Biofuel progress at National level (EU-25) towards Biofuel Directive 
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all gasoline and diesel fuels sold on their market. Biofuels can be made 
available as pure (neat) fuels, blended in mineral oil derivatives or liquids 
derived from biofuels such as ETBE. 

A recent communication and assessment from the European Commis-
sion (Biomass Action Plan, 2005) concluded that the 2005 reference value 
will not be achieved: assuming that all Member States are able to meet the 
targets they have set, only a share of 1.4 % will be reached.

About 90 % of biofuel consumption is covered by domestic raw mate-
rial, 10 % by imports. Approximately 1.8 million hectares (out of 97 mil-
lion hectares in EU-25) were used for biofuel production in 2005. The ob-
served trend shifted towards low blends and away from high blends or 
pure fuels, that were the main part in 2001. A report on Directives’ imple-
mentation will be elaborated by the Commission in 2006. 

However, various authors are expecting a fast growth of bioethanol in 
the EU, thanks to improved lignocellulosic-to-ethanol processes, currently 
at demonstration stage. 

BRAZIL

USA

EU

JAPAN

BRAZIL

USA

EU

JAPAN

Fig 8.5. Future trends in bioethanol markets (source: Luiz Otavio Laydner, CFA Banco 

More recent market estimations for bioethanol in 2010 give the figures 
reported in the following table.

Pactual, Brazil).
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Country/region Billion liters 
Brazil  21 
USA 18-20 
Europe (EU) 9-14 
Japan 6 
South Korea 1.9 
China 4.8 
Eastern Europe 1-2 
Canada 1-2 

Total 60-75

As regards supporting measures to biofuels in the EU, two main instru-
ments are adopted by Member States for promoting the use of liquid bio-
fuels for transports: 

Tax exemption 
Biofuel obligation 

Tax exemption can be implemented  under the Article 16 of the Direc-
tive  2003/96/EC of 27/10/2003 restructuring the Community framework 
for the taxation of energy products and electricity (OJ L 283 of 31.10.2003 
page 51), which allows Member States to apply exemption or reduced rate 
of taxation to biofuels and other products produced from biomass. Several 
EU Countries, such as Germany, France, Italy, Sweden, United Kingdom, 
received state aid approval to biofuel tax exemption or reduction measures. 
This approach, however, requires that tax reductions or exemptions are 
modified in line with changes in the price of raw materials, in order to 
avoid overcompensation. This represents a first risk of such measure: other 
possible problems due to adoption of tax exemption measures are related 
to investor uncertainty (the Energy Taxation Directive limits the duration 
of tax exemptions to 6 years only), and the adoption of quota-based ap-
proaches, that create risks of non-transparency, arbitrary allocation, and 
increased market concentration (Biomass Action Plan 2005). 

Biofuels obligations instead require that fuel supply companies incorpo-
rate a given percentage of biofuels in the fuel they place on the national 
market. It is a simpler and effective way to promote the introduction of 
higher amounts of biofuels, as the problem of oil dependence is addressed 
to the sector where it is originated. Moreover, these measures are not sub-
ject to time limits and establish sound and stable frameworks, which are 
basic requirements for investors. 

Table 8.3. Bioethanol market estimations at 2010 (Piacente and Wolter 2005). 
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A further technical barrier to biofuels is represented by the Directive 
98/70/EC of 13 October 1998 relating to the quality of petrol and diesel 
fuels (OJ L 350, 28.12.1998), as amended by Directive 2003/17/EC of 3 
March 2003 (OJ L 76, 22.3.2003). By limiting the vapour pressure of pet-
rol, limits are established on ethanol, ether and other oxygenates content. 
The Commission is reviewing the fuel quality directive. 

3. Production technologies 

Bioethanol can be produced from (i) sugar or starch crops (as sugar cane, 
sugar beet, corn and wheat), and from (ii) lignocellulosic biomass. While 
production technologies are well known and developed for microbiological 
fermentation of sugar and starch crops, bioethanol from lignocellulosic via 
acid/enzymatic hydrolysis or thermochemical processes is not yet fully de-
veloped at industrial scale (Hamelink et al. 2005).

Crop
Expected bioethanol

yield (lt/ha/y) 

Grain 1,800 – 2,500 
Corn up  to    3,800 
Sugar cane up  to    5,600 
Sugar beet up  to    7,000 
Lignocellulosic biomass up  to    9,000 

The production of bioethanol from lignocellulosic biomass represents a 
very promising alternative able to significantly increase feedstock avail-
ability and to reduce feedstock costs, but requires the industrialization of 
innovative processes and technologies currently at pilot/demonstration 
stage. Various conversion processes can be employed to produce bioetha-
nol from lignocellulosic biomass. 

Bioethanol from sugar/starch crops through traditional production tech-
nologies is included in the group of “1st Generation Biofuels” (together 

nd Gen-
eration Biofuel”. 

Table 8.4. Typical bioethanol yields from different feedstocks (Schieder 2005). 

with Pure Plant Oil and Biodiesel obtained from Vegetable Oil estherification), 
while bioethanol from lignocellulosic biomass is considered as a “2
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Milling and hydrolysis
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Hydrolysis
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Gasification

Fermentation
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Product separation EtOH separation

Syngas

Lignocellulosic Biomass

Milling and hydrolysis

Sugar/starch crops
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Gasification
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Product separation EtOH separation
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Fig. 8.6. Main pathways for bioethanol production (modified from Hamelinck et al. 2005; 

3.1 Bioethanol from sugar or starch crops 

Bioethanol production processes from sugar or starch crops are the most 
traditional and developed pathways. Fermentation is performed by microor-
ganisms (yeasts, bacteria, fungi) in the absence of oxygen according to the 
following main reactions:

 C6H12O6   2 C2H5OH  +  2 CO2

The theoretical maximum yield of ethanol is 0.5111 kg of bioethanol 
and 0.4889 kg of CO2 per kg of sugar. Saccharomices cerevisiae is the 
typical yeast for hexose sugars fermentation. 

The fermentation of 5-carbon sugars (pentoses, such as arabinose and 
xylose) derived from lignocellulosic biomass is also possible (see next 
chapters), but not with ordinary strains of yeasts, such as Saccharomices c.

3 C5H10O5    5 C2H5OH  +  5 CO2

Spath and Dayton 2003).
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3.1.1 Bioethanol from sugar cane and sugar beet 

Sugar Cane. Sugar cane is initially milled to extract sugars, which amount 
corresponds to 12-17 % (90% saccharose and 10 % glucose): the extrac-
tion efficiency is around 95 %. The remaining solid product is the bagasse 
which consists of lignocellulosic material.

After extraction, which is different according to the type of distillery 
(producing ethanol only, or ethanol and sugar), the sugar content has to be 
adjusted to 14-18% to achieve optimum fermentation efficiency of yeast, 
the most common being Saccharomyces c., at temperatures around 33-35 
°C and cell density of 8-17 % v/v (Zimbardi et al. 2002). Fermentation is 
interrupted at ethanol concentration of approximately 10 %: then, the broth 
is sent to the distillation and rectification phase, which product is an 
azeotropic solution of 95 % v/v ethanol. Further concentration to absolute 
ethanol (high grade or anhydrous ethanol) is finally achieved by molecular 
sieves or distillation using benzene or cyclohexane (azeotropic distilla-
tion).

The co-product of the distillation phase is the “vinasse”, which amount 
is 10-15 time the ethanol production, and that is sent to the cane fields for 
fertilisation and irrigation purposes. 

The solid lignocellulosic residue, the bagasse, can be used for cogenera-
tion (simultaneous generation of electricity and heat), so to provide the 
process with the necessary energy input. This also results in a further re-
duction of greenhouse gas emission, as the bagasse is biomass, i.e. a re-
newable fuel. 

Sugar Beet. Sugar beet is also a typical feedstock for bioethanol produc-
tion. Differently from sugar cane, which is first crushed and squeezed to 
mechanically extract the juice, the sugar beet slices are initially treated by 
contact with water or beet juice at 70-80 °C. Temperature is a critical pa-
rameter for the diffusion process as it has to break down the proteins in the 
cell walls. The juice is fermented by yeast (as Saccharomyces c.) or bacte-
ria: the use of bacteria is however still at batch level. The pulp, once 
drained, is used as animal feed or sold to the chemical or pharmaceutical 
industry (substrate for the production of citric acid and its esters). 
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Fig. 8.7. Main processes for bioethanol production from sugar cane and sugar beet (Zim-

Tops and leaves 38990 kgRoots 48740 kg

Sugar beet plant
87730 kg

Beet pulp 2760 kg
(dry matter)

Juice
Fermentable sugar content 7795 kg

Undecanted stillage 1220 kg
(dry matter)

Anhydrous ethanol 3775 kg
(4755 l)

bardi et al. 2002). 

Fig. 8.8. Mass balance of sugar beet to ethanol (source: DGXII 1994).
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3.1.2 Bioethanol from starch crops 

Starch crops (as corn, wheat, barley, oat, etc) are also other typical feed-
stocks for bioethanol production through traditional technologies. Starch is 
a polymer constituted by glucose molecules (monomers) C-O bonded to-
gether in different stereoisomerisms (  or bonds).

The most used milling processes in starch-to-bioethanol production 
plants are (i) wet milling or (ii) dry milling (Zimbardi et al. 2002). 

In the wet process (DGXII 1994), after backing and saccharification, a 
glucose solution is obtained (starch process) 
In the dry process, a rude home grinding of the grains is carried out, 
followed by a backing-liquefaction in hot water. 

Wet milling. The traditional wet milling process starts with softening the 
grains (steeping) in a 0.1-0.2 % SO2 water solution at 50 °C for 1-2 days. 
The softened grains are then milled: oil, protein and starch-rich are sepa-
rated, while the concentrated (50 % v/v) steep water becomes Corn Steep 
Liquor and the remaining liquid is used for adjusting the pH (4-4.5) of the 
saccharification process, supply nutrients to the fermentation process, and 
make the fermentation broth sufficiently diluted to make it compatible 
with the yeasts.

The gelatinised starch fraction, after addition of NaOH at 70 °C (so that 
pH becomes 5.5-6.2), is liquefied (DGXII, 1994) by adding the -amylase
enzyme (stabilised by adding CaCl2). Dextrins are produced during this 
phase. Maltose is a disaccharide composed by linking two glucose mole-
cules (monosaccharides): it is the typical product of starch digestion. Other 
disaccharides are sucrose (glucose + fructose: it is the common table 
sugar) and lactose (glucose + galactose: the main sugar in milk). Glucose, 
galactose and fructose are 3 structural isomer sugars. 

Starch hydrolysis (liquefaction)

2 n C6H12O11  +   n H2O              n C12H22O11

starch    water ( -amylase) maltose 

Dextrins are then converted into glucose by the glucoamylase enzyme 
(saccharification).

C12H22O11   +   H2O              2 C6H O6

maltose   

C12H22O11   +   H2O              C6H12O6  +  C6H12O6

water (invertase)  glucose        fructose 

12

water (glucoamylase) glucose 

saccharose   
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Finally, fermentation (i.e. conversion of monosaccharides into ethanol 
and CO2) is carried out by yeast (again, the most used is Saccharomyces c.)
at lower temperature (~29-35 °C). Bioethanol and CO2  can then be recov-
ered for various applications (for the food industry, for dry ice making, 
etc).

C6H12O6         2 C2H5OH   +   2 CO2

glucose, fructose  bioethanol   carbon dioxide 

450 g of yeasts must be added per 1000 l of mash, corresponding to 
about 5-10 mill.cells per ml (DG XII, 1994). The sugar concentration 
should be 16-24 % to achieve a bioethanol production 8-12 %, with a pH 
of 4.5 – 5. Theoretical yields are 0.568 kg EtOH / kg starch, and 0.538 kg 
EtOH / kg saccharose. 

Fermentation can be performed as a batch or a continuous process, de-
pending on the plant. Above 8-10 % v/v concentration yeasts cannot sur-
vive anymore: the liquor is then distilled to 95 % v/v concentration. Distil-
lation is performed in column: it is a very energy-demanding part of the 
entire process. Recently (Grassi et al. 2005), low-cost crystal hydrated 
compounds have been proposed to achieve a significant reduction of en-
ergy demand for bioethanol separation. 

Depending on plant type, before distillation yeasts can be recovered by 
centrifugation.

Anhydrous ethanol (absolute ethanol, 99 % v/v) can finally be obtained 
through dehydratation by molecular sieves or other similar processes. 

In case gluten is not recovered (Modified Wet Milling process), the 
“stillage” which remains after fermentation (10-15 times the ethanol vol-
ume) is used to produced Distillers’ Dried Grain (DDG) and Distillers’ 
Dried Soluble (DDS), that have a market as animal feed thanks to their nu-
tritional value (proteins, fibre, fats). 

Dry milling. Grains are here directly milled, without pre-treatment: after 
water addition and heating, the slurry is then hydrolysed, fermented and 
distilled as in the wet milling process. While wet milling assure the pro-
duction of purer starch and higher value co-products, dry milling offer 
some advantages such as lower power demand, lower investment costs, 
and higher bioethanol production. 

A summary of the processes described above is reported in the next ta-
bles for the corn-to-ethanol process. 
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Straw 7050 kgGrain 5420 kg

Wheat harvest
12470 kg

Mash
Content of fermentable solids 3252 kg

Undecanted stillage 1610 kg
(dry matter)

Anhydrous ethanol 1642 kg
(2081 l)

Wet Milling
Processes

Dry Milling
Process

Applications

Bioethanol Yes Yes Fuel, chemical 
CO2 Yes, but not 

always
recovered

Yes, but not 
always

recovered

Food industry, dry ice 

Corn Oil Yes No Human consumption 
Gluten Feed Yes No Animal feed 

(protein content: ~20 % wt dry basis) 
Gluten Meal Yes No Animal feed 

(protein content: ~60 % wt dry basis) 
Corn Steep 
Liquor (CSL) 

Yes No Animal feed 
(protein content: ~50 % wt dry basis) 

DDG-DDS
(DDGS)

No Yes Animal feed 

3.2 Bioethanol from lignocellulosic biomass 

Lignocellulosic biomass today represents the most interesting and promis-
ing feedstock for bioethanol production. It is abundant and widely avail-
able (either from woody or herbaceous crops, various kind of wastes, etc). 

The main constituents of lignocellulosic biomass are cellulose, hemicel-
lulose, lignin, extractives and ash (Van Loo and Koppejan 2002; Bryden 
1998, Zimbardi et al. 2002). 

Fig. 8.9. Mass balance of wheat to ethanol (source: DGXII 1994).

Table 8.5. Main products from wet and dry milling corn-to-ethanol processes. 
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Cellulose (C6H10O5) n is a high molecular weight linear polymer, consist-
ing of chains of bonded glucose monomers (C6H12O6). Fibers walls 
mainly consist of cellulose, which accounts for 30-60 % of wood (ligno-
cellulosic) dry weight. It is a rigid, ordered compact polymer, and resis-
tant to chemical attack. 
Hemicellulose is a short branched polymer similar to cellulose, but built 
from several sugars that encase cellulose fibres. It consists of short, 
highly branched, chains of sugars. It contains five-carbon sugars (usu-
ally D-xylose and L-arabinose) and six-carbon sugars (D-galactose, D-
glucose and D-mannose) and uronic acid. It corresponds to 10-40 % of 
wood dry weight. Part of hemicellulose is composed by 5-carbon sugar 
(as xylose and arabinose), the remaining by 6-carbon sugars (glucose, 
mannose, galactose). The amount of 6-carbon sugars is higher in soft-
wood, while hardwood contains more 5-carbon (xylose) sugars. Hemi-
cellulose is amorphous and relatively easy to hydrolyze to its constituent 
sugars.
Lignin is a three-dimensional non-sugar polymer which strength the 
wood fibers. It accounts for 10-30 % of wood (lignocellulosic) dry 
weight.
Extractives are non structural components (terpenes, fats and waxes, 
phenolics) that give the biomass a wide range of properties as taste, 
odor, color, etc. They can be “extracted” by using solvents such as wa-
ter, benzene or alcohol. Their amount is up to 5-10 % dry-weight.
Ashes are inorganic salts contained in biomass. 

bardi et al. 2002). 
Fig. 8.10. Cellulose, hemicellulose and hypothesized lignin chemical structure (reprinted from Zim-
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Table 8.5. Composition of various types of biomasses (source: Sun and Cheng 

Lignocellulosic materials Cellulose (%) Hemicellulose (%) Lignin (%) 

Hardwoods stems 40–55 24–40 18–25 
Softwood stems 45–50 25–35 25–35 
Nut shells 25–30 25–30 30–40 
Corn cobs 45 35 15
Grasses 25–40 35–50 10–30
Paper 85–99 0 0–15 
Wheat straw 30 50 15
Sorted refuse 60 20 20
Leaves 15–20 80–85 0 
Cotton seed hairs 80–95 5–20 0 
Newspaper 40–55 25–40 18–30 
Waste papers from
chemical pulps 

60–70 10–0 5–10 

Primary wastewater solids 8–15 Not available 24–29 
Coastal Bermuda grass 25 35.7 6.4
Switch grass 45 31.4 12.0

Table 8.6. Typical lignocellulosic biomass composition (source: Hamelinck et al. 

Feedstock Hard wood Softwood Grass
 Black 

locust
Hybrid
Poplar

Eucalyptus Pine Switchgrass 

Cellulose 41.61 44.70 49.50 44.55 31.98 
   Glucan 6C 41.61 44.70 49.50 44.55 31.98 
Hemicellulose 17.66 18.55 13.07 21.90 25.19 
  Xylan 5C 13.86 14.56 10.73 6.30 21.09 
  Arabinan 5C 0.94 0.82 0.31 1.60 2.84 
  Galactan 6C 0.93 0.97 0.76 2.56 0.95 
  Mannan 6C 1.92 2.20 1.27 11.43 0.30 
Lignin 26.70 26.44 27.71 27.67 18.13 
Ash 2.15 1.71 1.26 0.32 5.95 
Acids 4.57 1.48 4.19 2.67 1.21 
Extractives 7.31 7.12 4.27 2.88 17.54 
Heating value 
(GJHHV/tDM)

19.5 19.6 19.5 19.6 18.6 

2002).

2005).
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Various demonstration projects are currently ongoing on ethanol pro-
duction from lignocellulosic biomass (Biomass Action Plan, 2005). A first 
4 million liters plant was realised and operated by Iogen in Ottawa (Can-
ada), followed by a 150,000 liters facility in Sweden by ETEK. A third 5 
million liter unit is under construction in Spain by Abengoa (Zimbardi et
al. 2002). 

3.2.1 Hydrolysis 

The hydrolysis process consists of breaking the carbohydrates that con-
stitute the biomass into monomeric sugars, which can then be fermented 
by microorganisms to produce bioethanol. Two main hydrolysis methods 
are used: 

Chemical hydrolysis: it can be carried out as (i) Concentrated Acid Hy-
drolysis or (ii) Dilute Acid Hydrolysis 
Enzimatic hydrolysis 

Concentrated Acid Hydrolysis. The process (Zimbardi et al. 2002) starts 
with hemicellulose hydrolysis in a heated 10 % sulphuric acid solution 
(two hours) and lignin removal. 5-carbon and 6-carbon solubilised  sugars 
are then separated from the solid residue, which mainly consists of cellu-
lose and lignin, and sent, after neutralization, to the fermentation unit. 

After hemicellulose hydrolysis and lignin recovery, a second stage of 
cellulose hydrolysis is therefore performed: cellulose is converted to sug-
ars according to the following reaction (Hamelinck et al. 2005): (C6H10O5)n
+ nH2O nC6H12O6.

The solid residue is mixed with a 30 % acid solution, which is then fur-
ther concentrated up to 70 % by heating. The crystalline structure of the 
cellulose is here broken. Suspension in hot water into a hydrolytic tank is 
afterwards implemented, in which 10 % acid concentration media is real-
ised, and heating at 100 °C for two hours is carried out.

The solution, which contains 10 % acid and 10 % glucose after the cel-
lulose has been completely hydrolysed, is neutralised by adding Calcium 
hydroxide Ca(OH)2: the hydrated gypsum (CaSO4 2H2O) which is formed 
precipitates and is removed, and sugars are finally conveyed to the fermen-
tation plant. The use of the filtered gypsum is an important aspect of the 
process, especially as regards its economical performances: it could be 
used in agriculture (as a soil conditioner) or represent a waste to be dis-
posed of. Gypsum production range from 0.02 kg/kg feedstock to 0.6-0.9 
kg/kg feedstock, depending on the acid recycling strategy. 
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The efficiency of this process ranges from 90-96 % for hemicellulose to 
xylose (5-carbon sugar) to 79-90 % for cellulose to glucose (6-carbon), 
depending on feedstock type. The process therefore guarantees very high 
total yields, in the order of 90 %. 

Variations of this process have also been developed by various Compa-
nies, such as Arkenol. 

The separation of the acid for recycling is a critical aspect to improve 
the process economics. 

Lignin is a solid residue of the process, which remains available for 
various uses, as heat and power generation. 

Dilute Acid Hydrolysis. This process dates back to 1800 (first commercial 
plant in 1898). The dilute acid hydrolysis process first hydrolyses the 
hemicellulose in mild process conditions (typical process parameters: 0.5-
0.7 % H2SO4 at 160-190 °C) to recover the 5-carbon sugars. The reaction 
has to be controlled under mild conditions in order to avoid sugar degrada-
tion: this not only reduces yields but also causes the formation of inhibitors 
of the fermentation process (furfurals and other by-products).

Cellulose in the remaining solids is then hydrolysed in a 0.4-2 % H2SO4

solution at 200-215 °C. As in concentrated acid hydrolysis, solid residues 
(lignin and residual cellulose) can be used for heat and power generation, 
while the sugar-rich liquid is sent to fermentation. Ethanol yield (Zimbardi 
et al. 2002; Hamelinck 2005) is in the range of 74 to 89 % of the theoreti-
cal value (89 % for mannose, 82 % for galactose, and only 50 % for glu-
cose).

The reactor design is of particular importance in dilute acid hydrolysis 
processes, in order to reduce sugar degradation (and so the formation of 
yeast inhibitors, as furfural), maximise sugar yields and improve the eco-
nomics of the process. 

Enzymatic Hydrolysis. Enzymatic processes, in which selected cellulase 
enzymes break the polymeric chain of the cellulose and hemicellulose 
leaving the monomeric sugars available for fermentation, perform a higher 
hydrolysis yields than chemical processes. However, a barrier for these 
processes is represented by enzyme costs, that accounts for approximately 
40 % of total costs (Zimbardi et al. 2002). 

As only 20 % of the biomass pore volume can be reached by the large 
cellulase enzymes molecules, biomass pre-treatment becomes an essential 
step in enzymatic hydrolysis processes. In fact, biomass pre-treatment is of 
primary importance to improve cellulose hydrolysis and therefore increase 
sugar yields, which are above 90 % with pre-treatment while remain below 
20% without pre-treatment. Pre-treatment aims at increasing the surface 
accessible to enzymes by destroying the cell structure, breaking the 
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ligninhemicellulose shealth around cellulose and reducing the cellulose polym-
erisation and crystallinity.

Biomass (Hamelinck et al. 2005) has first to be cleaned (if necessary) 
and sized (from few centimetres to 1-3 mm).

A cost-efficient pre-treatment stage is a key to the success of the cellu-
lose-to-ethanol process, and a significant R&D effort is today devoted to 
this area (Ballerini and Monot 2005). Pre-treatment has to be optimised so 
to increase the yield of cellulose hydrolysis by reducing residence time 
(i.e. reduced capital costs) as well as enzyme consumption (i.e. reduced 
operating costs). Moreover, mass losses should be minimised in terms of 
non fermentable products and fermentation inhibitors. 

A list of possible biomass pre-treatment techniques is summarised in the 

Biomass pre-treatment

Method Type of process Examples
Xylose
yield

Downstream
enzymatic
effect (%) 

Physical Mechanical Milling 
Grinding

- - 

 Non mechanical Irradiation 
High pressure 

steaming
Liquid Hot Water 

-
-

88-98 % 

-
-

> 90% 
Chemical Alkali Dilute NaOH 60-75 % 55 

 Oxidative Oxidative treatment 
in alcaline peroxide 

medium

60-75% 50% 

 Dilute acid Dilute sulphuric acid 75-90 % <85 

Physical
or

Combined

Steam explosion (uncatalysed) 
Steam explosion (catalysed) 

45-65 % 90

Physical-
Chemical

Ammonia Fiber Explosion (AFEX) 
Carbon Dioxide Explosion 

- 50-90 (2 
steps)

75 (2 steps) 
Biological Enzymes produced by fungi (lab scale) - - 

et al. 2002; Hamelinck et al. 2005; Ballerini and Monot 2005). 

following table. 

Table 8.7. Biomass pre-treatments for enzymatic hydrolysis processes (Zimbardi 
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Physico-chemical Steam explosion Iotech, Abengoa, BCI, Sun Opta, 
CIEMAT, ENEA 

Steam explosion in acid 
conditions

ASCAF (IFP), Iogen, Un.Lund, 
ENEA

Hydrothermal process Elsam/Sicco 
Wet oxidation Risoe, Biocentrum-DTU 

Chemical Dilute acid NREL, ETEK 

Energy demand for biomass comminution is indicated in the tale below. 

Table 8.9. Energy requirement for mechanical comminution (reprinted from: Cadoche and 

Lignocellulosic materials Final size (mm) Energy consumption (kWh/ton) 
Knife mill              Hammer mill 

Hardwood 1.60 1.30 130 
 2.54 80 120 
 3.2 50 115 
 6.35 25 95 
    
Straw 1.60 7.5 42 
 2.54 6.4 29 
    
Corn  stover 1.60 NAa 14 
 3.20 20 9.6 
 6.35 15 NAa

 9.5 3.2 NAa

aNA - not available 

Among these processes, steam explosion is probably the most used pre-
treatment technique, which can be either uncatalysed (if steam only is 
used) or catalysed (if chemicals are used). Steam explosion (Zimbardi et 
al. 2002) consists of feeding a high-pressure reactor with chopped biomass 
and saturated water steam: biomass is then expelled through a valve. Dur-
ing this process, which can be operated in a batch or continuous mode, the 
biomass is “exploded” and its main constituents (cellulose, hemicellulose 
and lignin) separated by the sudden decompression to atmospheric pres-
sure. Steaming times are of the order of seconds/minutes, while typical 
process parameters are 1.5-4 MPa and 180-230 °C. The performances of 
the steam explosion process depend on the severity of the operating condi-
tions, i.e. temperature and pressure: however, an excessive increase in 
these parameters promotes the formation of inhibitors of fermentation. Re-
ported xylose-sugars yields are in the range of 45 % - 65 % (Hamelinck et 
al. 2005). Acid catalysts (as SO2, which oxidizes at H2SO4) can be used for 

Table 8.8. Examples of pre-treatment processes for hydrolysis (Ballerini and Monot 2005).

Lòpez 1989).
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improving the steam explosion process and increase the overall yield. 
Steam explosion can be carried out in batch or continuous plants. 

Examples of steam explosion plants exist in EU and USA. 

Owner Location Capacity Type Status 
CIEMAT Spain 200 kg/h Batch Existing 
Lund
University

Sweden Lab scale Batch Existing 

ENEA Italy 300 kg/h  Existing 
Stake
techn.

Virginia, USA Lab scale Bach Existing 

ASCAF France 2-4 t/h  Continuous Existing 
Abengoa Babilafuente 

(Salamanca)
Spain

70 t/d Continuous, 
Sun-Opta
techn.

Contract
signed

Liquid Hot Water (LHW) is a further interesting pre-treatment tech-
nique for biomass-to-ethanol hydrolysis processes (Hamelinck et al. 2005): 
it uses compressed hot water, above saturation point, which hydrolyse the 
hemicellulose and perform a high xylose recovery (88-98 %) without acid 
or chemical catalyst. LHW is still at laboratory scale. 

The main advantages offered by enzymatic hydrolysis are related to the 
very mild process conditions, that give high yields, and the reduced capital 
and maintenance costs (reactor materials), as corrosion problems are re-
duced (Hamelinck et al. 2005). 

Since intermediate products (cellobiose and glucose) act as inhibitors of 
cellulase activity, these have to be removed (by ultrafiltration or by simul-
taneous fermentation in the same reactor) or extra-enzymes have to be 
supplied to the reactor. Cellulase represents a significant cost of the enzy-
matic hydrolysis process, while the main consumable for dilute and con-
centrated acid hydrolysis is H2SO4.

Summarising and comparing (Hamelinck et al. 2005) the three main hy-
drolysis processes, i.e. dilute acid, concentrated acid, and enzymatic hy-
drolysis, it can be concluded that: 

the glucose yield vary significantly, from 50-70 % (dilute acid) to 90 % 
(concentrated acid) to 75 % (enzymatic). Enzymatic hydrolysis promise 
yields up to 95 % in the future. 
Operating temperatures and residence times are also very different: from 
215 °C and few minutes (3 min) of dilute acid, to 40 °C and 2-6 h of 
concentrated acid, to 50 °C and 1.5 days of enzymatic hydrolysis. 

Table  8.10. Selected steam explosion plants in EU and USA. 
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A considerable R&D effort is devoted to process integration. The fol-
lowing main options are today under investigation and development: 

Separate (or Sequential) Hydrolysis and Fermentation, SHF
Simultaneous Saccharification and Fermentation, SSF 
Simultaneous Saccharification and Co-Fermentation, SSCF 
Consolidated Bio Processing, CBP 

Separate (or Sequential) Hydrolysis and Fermentation, SHF. This tech-
nique first performs the hydrolysis step converting cellulose into C6 sug-
ars, and then the fermentation step to produce bioethanol. While the posi-
tive aspect of this sequential approach is the ability to guarantee optimal 
process conditions for enzyme and microorganisms (pH, T, oxygen), two 
distinct reactors are needed, and the inhibition activity of glucose on mi-
croorganisms must be taken into account. 

Simultaneous Saccharification and Fermentation, SSF. Saccharification 
and fermentation are carried out simultaneously in a single reactor, thus al-
lowing for cost saving and reduction of inhibitors, increasing hydrolysis 
rate. Obviously, the optimisation of process conditions for both enzymens 
and microorganisms at the same time is the critical issue of this solution. 

Simultaneous Saccharification and Co-Fermentation, SSCF. Continuous 
alcoholic co-fermentation of hexose and pentose sugars in a coimmobi-
lized system configuration containing cultures of S.cerevisiae and 
C.shehatae.

Consolidated Bio Processing, CBP. All enzymes and bioethanol are 
produced in a single reactor by a single microorganisms community. 

Process costs are expected to significantly decrease from SSF (10.5 
€/GJ) to SSCF (9.8 €/GJ) to CPB (4.5 €/GJ). A detailed description of 
these processes is available in literature (as Hamelinck et al. 2005; Zim-
bardi et al. 2002; Zacchi 2005). 

3.2.2 Thermochemical conversion processes 

A different approach to bioethanol production from lignocellulosic bio-
mass is represented by the thermochemical path, which consists of biomass 
gasification followed by catalysed reaction or fermentation. In fact, in both 
cases, the first stage of the process is the production of a low calorific 
value gas, which is then cleaned, and either catalytically  synthesized to 
the final product or fermented.
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Three main steps characterise of the first method (Caraballo 2005):

1. biomass gasification, in which syngas is produced (and cleaned) from 
solid biomass. Gasification is the thermochemical conversion of bio-
mass at high temperature (~ 800 °C), in the presence of an oxidising 
agent (as air, steam or oxygen), into a low calorific value raw gas, 
steam and tar. 

2. syngas transformation, where gas composition is adjusted by catalytic 
synthesis processes 

3. separation of products

Main advantage of the thermochemical processes is the capability to use 
the entire biomass as well as different feedstocks, but gas cleaning is still a 
major issue to make this solution sufficiently efficient and economically 
viable. The products of these processes are also called BTL (Biomass To 
Liquid) fuels, as liquid fuels are produced from solid (lignocellulosic) 
biomass.

The synthesis of ethanol and other alcohols from syngas is a very impor-
tant part of the process. In particular, ethanol synthesis is carried out simi-
larly to Fisher Tropsch or methanol production, but with lower results and 
therefore overall efficiency. In order to increase bioethanol yield, more 
R&D effort has to be directed to the catalyst field. 

Methanol synthesis CO + 2 H2  CH3OH
Water shift reaction CO + H2O  CO2 + H2

Ethanol synthesis 2 CO + 4 H2  C2H5OH + H2O
Higher alcohol synthesis n CO + 2n H2  CnH(2n+1)OH + (n-1) H2O
Olefins formation n CO + 2n H2  CnH2nOH + n H2O
Paraffins formation n CO + 2 (n+1) H2  CnH(2n+2)OH + n H2O
Synthesis of other products DME, methyl ester, acetic acid, etc 
Product homologation 

The H2/CO ratio has to be optimised to maximise the product yield (ap-
proximately 1 for ethanol synthesis), as well as process parameters such as 
pressure (typically > 50 bar), temperature (~ 240-350 °C), and the type of 
catalyst.

Another possible option for bioethanol production via mixed thermo-
chemical-biological path is represented by syngas fermentation (Spath and 
Dayton 2003). Similarly to the above reported BTL route, the initial stage 
is again biomass gasification: the CO and H2 rich syngas is then fermented 
to bioethanol, which is recovered from the broth with processes similar to 

Table 8.11. Main reactions for ethanol and higher alcohol synthesis (Caraballo 2005).
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those typical of the corn industry, as distillation and adsorption. The cell 
mass can be recycled to the gasifier, while it is not approved as animal 
feed.

As for the previous case, a significant advantage offered by the adoption 
of a first gasification stage is that a wide range of low-cost biomass feed-
stocks can be used, thus increasing biofuel production potential and reduc-
ing feedstock costs. 

The fermentation reactor can be a simple gas-sparged reactor (either 
batch or continuously operated), but other designs (as two-stage reactors) 
with better performances have been studied and proposed (Klasson et al. 
1991). Weak aspects of the gas-sparged reactor are low volumetric produc-
tivity, low gas conversion and very diluted bioethanol production (up to 
2% v/v). 

Biomass

Feeding

Gasification

Syngas

Syngas 
Fermentation

Gas cleaning
Conditioning and

Compressing

Water and nutrients

Cell mass

Tail gas

Ethanol recovery Water and solubles

Bioethanol

Biomass

Feeding

Gasification

Syngas

Syngas 
Fermentation

Gas cleaning
Conditioning and

Compressing

Water and nutrients

Cell mass

Tail gas

Ethanol recovery Water and solubles

Bioethanol

Fig 8.11. Bioethanol production via syngas fermentation (modified from Spath and Day-
ton 2003).
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4. Bioethanol use as transport fuel

4.1 Ethanol/ETBE in spark ignition engines 

Ethanol can be used in different ways as engine fuel. Non-food bioethanol 
is always denatured by adding a small amount of foreign materials which 
makes it unsuitable for human consumption. Blends of 5 % v/v (E5) anhy-
drous bioethanol in gasoline do not require any modification to standard 
engines or to the distribution infrastructures. Bioethanol is blended in 
gasoline up to 10 % v/v (E10) in USA and even up to 22 % v/v (E22) in 
Brazil, a major bioethanol producer. Brazil bioethanol use in cars dates 
back from 1975 for gasohol, blends of gasoline and anhydrous alcohol and 
1979 for hydrated ethanol (neat ethanol cars) (Moreira 2005). 

The use of higher blends of bioethanol in gasoline is also possible but 
the technology has to be adapted to meet the different physical-chemical 
characteristics of the biofuel. 85 % v/v (E85) is used in Flexible Fuel Ve-
hicles: FFVs represent a main innovation in the car market, as these vehi-
cles are able to recognise any blend from 0 % to 85 % and consequently 
adapt the main engine parameters. Neat hydrous ethanol can be used in 
dedicated E95 Internal Combustion Engine Vehicles (ICEV), or in Fuel 
cell vehicles with on-board reforming.

Table 8.12. Neat and blended bioethanol fuels and use in different Countries 

Neat/blended biofuel Description Use Countries 

ETBE
<15 % v/v blend 
in gasoline 

Spain, Italy, Ger-
many, France 

E5
5 % v/v ethanol 
in gasoline 

All gasoline
engines

Any country 

E10
(Gasohol)

10 % v/v ethanol 
in gasoline 

All gasoline en-
gines in USA 

Sweden, Canada, 
USA, Brazil 

E22
22 % v/v ethanol 
in gasoline 

All gasoline en-
gines in Brazil 

Brazil

E85
85 % v/v ethanol 
in gasoline 

Flexible Fuel 
Vehicles (FFV) 

Brazil, USA,
Sweden

E95
95 % v/v ethanol 
in gasoline 

E100 100 % ethanol

Dedicated
engines

Sweden, Brazil 

EtOH in Diesel 
(Diesehol) + 
Additive

< 15 % v/v
ethanol in diesel 

Almost standard 
diesel engine 

Sweden, USA 

(Schieder 2005; Specht 2005). 
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The ethanol’s low volatility limits the ignition capacity of bioethanol at 
low temperature (cold start): so, without blending with gasoline, the issue 
of wintertime start must be carefully addressed by engine manufacturers. 
Ethanol is also used for ETBE CH3CH2OC(CH3)3 production. ETBE 
(Ethyl-Tertiary-Butyl-Ether) is an oxygenated additive for gasoline made 
from ethanol (47 %) and % isobutylene (53 %), which can be blended to 
gasoline up to 15 % vol (known as ETBE/15G). Properties of ETBE are 
summarised and compared to both MTBE and ethanol in the next table. 

ETBE has a low volatility and a low aromatic content, thus reducing 
Volatile Organic Compound emissions. Its high octane number makes this 
oxygenated additive particularly suitable for high efficiency engines, in 
which the compression ratio is higher. ETBE is totally compatible with ex-
isting cars and infrastructures. 
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4.2 Ethanol in compression ignition (diesel) engines 

4.2.1 Ethanol in Diesel (Diesehol) 

Bioethanol in diesel oil (up to 15 % v/v) and almost neat ethanol fuel (i.e 
bioethanol with 10 % w/w additives) in diesel engines are also under in-
vestigation and used in some Countries, especially in Sweden.

The introduction of bioethanol in diesel oil seems a promising and 
effective mean to improve the environmental performances of the engine, 
especially in terms of smoke emission reduction: it is studied since the 
1970’s (South Africa). However, the properties of bioethanol are critical to 
its use in diesel: in particular, the reduction in the fuel cetane number (bio-
ethanol cetane number is ~8, while typical values for diesel oil are around 
48), the increased ignition delay, and the stability of the ethanol-diesel 
mixture (which can separate at temperature below room temperature) re-
quire the use of additives. The changes in other important fuel characteris-
tics, as viscosity, lubricity and heating value, must also be properly ad-
dressed, together with the variation in Flash Point and Vapour Pressure. 

Bioethanol can be added to diesel oil at different levels (Mc Cormick et 
al. 2001; Satgé de Caro 2001): 

Emulsions in the range of 5-15 % v/v of ethanol are technically possible 
(by adding a limited amount of organic polyfunctional additives) and 
economically interesting. 
20-40 % v/v emulsions are possible, but the amount of additive needed 
per litre is considerable. 
The use of almost neat (90 %) ethanol in diesel is also technically possi-
ble (see next chapter).

Other possible means for using bioethanol in diesel engines are fumigation 
and dual injection (Chiaramonti and Tondi 2004), not discussed here be-
cause of minor interest for future applications. 

Further than increasing the cetane number (which decreases linearly 
with ethanol content) and improving lubricity, emulsifiers are needed to 
stabilise the emulsion, to make the emulsion tolerant towards water and to 
increase material compatibility. They must be used also in case of very low 
amount (5 % v/v) of ethanol in diesel. Biodiesel is a good emulsifier for 
bioethanol in diesel fuels. 

As regards the performances of engines with e-diesel (ethanol-diesel 
blends, up to 15 % v/v), recent experimental work (Dominguez et al. 2005) 
on off-road (2-cylinder, air cooled, mechanical direct injection) and light-duty
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(4-cylinder, water cooled, supercharged, common rail) engines gave 
the following main results: 

Mechanical direct injection engines are sensitive to bioethanol addition 
(increased injection delay), while electronically (common rail) con-
trolled ones are rather indifferent to bioethanol addition. 
A modest power output loss (5 % at 15 % v/v) was observed, due to the 
lower heating value of bioethanol compared to gasoline, as well as an 
increase in the brake specific fuel consumption 
Smoke opacity was lowered at higher bioethanol blends, while no clear 
conclusions were achieved as regards NOx and particulates. At low 
loads, instead, increase in HC and CO emissions was observed. 

Transport, handling, storage and safety of diesel-ethanol mixtures are a 
major issue compared to diesel oil. In fact, the flammability limit of e-
diesel is very close to pure ethanol, which is ~50 °C lower than pure diesel 
and ~30 °C  lower than  pure gasoline. Specific measures, norms and stan-
dards for ethanol-diesel blends have to be developed and applied in trans-
portation and storage, since these e-diesel blends must be handled as gaso-
line and not as diesel oil. 

4.2.2 Neat ethanol in diesel engines 

Use of neat ethanol in diesel has been developed and widely tested in 
Sweden.

Sekab has developed and is commercialising a special bioethanol-based 
fuel for the use in large urban buses (ETAMAX-D). Specifications for 
ETAMAX-D are given in the table below (www.sekab.se; Wästljung 
2005).

Table 8.14. ETAMAX-D main physical-chemical characteristics (from 

Appearance  Clear, without particles ASTM D 2090 
PH min 5.2, max 9.0 AMSE 1131 
Water % w/w max 6.2 SS-ISO 760 
Density (D 20/4) g/ml 0.82 - 0.84 SS-ISP 758 
    
Fuel Composition    
Ethanol 95 % % w/w 90.2 
Ignition improver % w/w 7.0
MTBE % w/w 2.3  
Isobutanol % w/w 0.5  
Corrosive inhibitor ppm 90
Colour  Red  

www.sekab.se).
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MTBE (Methyl Tert-Butyl Ether) and iso-butanol are used as denatur-
ants, ignition improver is Beraid 3540. Corrosion inhibitor is up to 125 
ppm. SCANIA has been testing ethanol in diesel buses since 1985 in Swe-
den: today, 434 buses have been sold to 13 cities in Sweden. The main ad-
aptation of city-bus engines are the following: 

Increase in compression ratio (24:1 / 18:1) 
Enlargement of nozzles (to allow for a larger fuel flow) 
Modification of the injection timing 
Installation of larger fuel tanks and increase in fuel pump flow 
Change of gaskets and filters 

Stockholm (Ljung 2005) today has the largest EU bus fleet (253 buses in 

nol: all inner city buses are fed with ethanol. 
The environmental benefits associated with the use of neat bioethanol in 

diesel engines are considerable. NOx are reduced at 56 % of those typical 
of EURO 2 diesel engines, CO to 3.2-1 % of Euro 2 standard as well as 
HC (8-13 % of Euro 2 standard).

Table 8.15. Material compatibility with ethanol and ethanol-blended fuels (from 

RECOMMENDED  NOT RECOMMENDED 
metals

Aluminium  Zinc-galvanized (ethanol only) 
Carbon steel   
Stainless steel   
Bronze   

Elastomers
Buna-N (hoses & gaskets) (1)  Buna-N (seals only) (1)

Fluorel (1)  Neoprene 
Fluorosilicone (2)  Urethane rubber 
Neoprene (hoses & gaskets)   
Polysulfide rubber   
Natural rubber (ethanol only)   
Viton (1)   

Polymers
Acetal  Polyuretane (2)

Nylon (2)  Alcohol-based pipe dope (recently ap-
plied)

Polypropylene   
Teflon (1)   
Fiberglass reinforced plastic (2)

(1) Registered trademark; (2) The manufacturer of the specific material should be consulted

2004, 132 new buses expected to run in 2005-2006) running with bioetha-

Renewable Fuel Association 2002). 
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The present status of ethanol engines is able to meet the Euro 4 standard 
(Wästljung 2005). CO emissions are 1.5 g/kWh, hydrocarbon 0.46 g/kWh, 
NOx 3.5 g/kWh, and particulates 0.02 g/kWh. 

4.4 Material compatibility 

When using bioethanol in engines, a particular attention has to be given to 
verify that engine and storage tank materials are compatible with this cor-
rosive fuel. In fact, materials for tanks, pumps, sealants, filters, and other 
components have to be selected according to their characteristics: specifi-
cations on material compatibility with bioethanol are available. 

Long-term tests (2000 hours) have been conducted on non-automotive 
engines to verify material compatibility with 10 and 20 % ethanol in gaso-
line (Orbital 2003). Metal, brass and polymeric materials were investi-
gated. Corrosion of several metallic parts normally exposed to fuel was re-
ported: care has to be given to those parts where the oxides could dislodge 
and become trapped between moving parts, thus accelerating component 
wear-out. All brass components showed to be tarnished, indicating that 
oxidation was occurring: this can affect fuel metering and control in carbu-
retors. Finally, some polymeric components (as fuel line connectors, deliv-
ery hoses, bulbs, etc) were also significantly affected by the contact with 
ethanol: this cannot be accepted, as it can cause fuel leakage. 

A number of guidebooks and information documents are available as 
regards handling, storing and dispensing ethanol fuels (Renewable Fuel 
Association 2002; Center for Transportation Research 2000). 

4.4 Industries and biofuels 

The growing interest in biofuels production and use is stimulating discus-
sions among biofuel producers and end-user, namely car industries and oil 
Companies. They have recently expressed their point of view on biofuels 
and, in particular, on bioethanol. 

Volkswagen AG (Seyfried 2005) seems in favour of 5 % v/v bioethanol 
blending (which should be possible to increase up to 10 % v/v without ma-
jor efforts, while lower EtOH blending should be avoided). In addition, ac-
cording to VW, E15-E20 blending in GDI (Gasoline Direct Injection) en-
gines still need some R&D work, and significantly higher blending (as 
E85, in FFVs) presents higher risks of phase separation, require dedicated 
infrastructures for fuel distribution, and could be problematic as far as 
concerns cold start behaviour.
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Abengoa is implementing a large project on bioethanol, in Spain. 
Other industrial actors, as some EU oil Companies (e.g. Total, Blondy 

2005), seems instead more interested in BtL (Biomass to Liquid) fuels (as 
Sunfuel), rather than on bioethanol. 

5. Economics 

Bioethanol production costs have been estimated and assessed by various 
authors, among which Hamelinck (2003 currency). A summary of 
Hamelinck’s figures is given in the following table. 

Table 8.16. Bioethanol production costs from different feedstocks and technolo-

Feedstock type Bioethanol cost Country
Sugar cane 10-12  €/GJHHV Brazil

Sugar/starch
crops

16.2-23 €/GJLHV USA, Europe

Lignocellulosic
biom.

34-45 €/GJHHV Europe

Lignocellulosic
biom.

15-19 €/GJHHV USA

Hamelinck also reports forecasts by various authors about future pro-
jected bioethanol costs, that range from 4.5-10 €/GJHHV, to 6-8 €/GJHHV, to 
10-11 €/GJHHV.

Traditional bioethanol production in Brazil is today competitive with 
gasoline. The main reasons for bioethanol success in the Brazilian context 
(Moreira 2005) relies in the following three main factors: 

The external debt, which is decreased thanks to the savings generated by 
ethanol production and use 
The available land: 18 % increase of total harvested area in the period 
1988-2004
The low cost for manpower 

These production costs have however been reached after a long devel-
opment work of the entire chain, which lasted more than 20 years, as re-
ported by Goldemberg. 

gies (Hamelinck et al. 2005). 
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Fig. 8.12. Ethanol learning curve, Brazil (source: Goldemberg. Avail.at: 
http://www.treckin.com/seminarwssd/goldemberg.ppt)

IFEU also analysed various biofuels and related supply cost estimations. 
Main results are summarised in the following figure. 
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Fig. 8.13. Biofuel supply costs in €/100 km. (Source: IFEU).
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6. Environmental aspects and sustainable production
in EU 

The environmental aspects of bioethanol production and use is a major and 
very complex issue to be analysed, as it involves a proper understanding of 
the whole chain and the availability of a large amount of information. LCA 
or “well-to-wheels” studies must then be developed in order to achieve 
reasonable estimations. Deep investigations on GHG (Greenhouse gas) 
emission reduction, energy input/output ratio etc., have been carried out by 
various authors, and a considerable discussion is on going on these issues. 
Reviews are on this subject available in literature (e.g. IEA 2004). 

The analysis of GHG emissions and energy balance of bioethanol must 
be carried out distinguishing between: 

Ethanol from grains 
Ethanol from sugar beets 
Ethanol from sugar cane 
Ethanol from lignocellulosic feedstocks 

Ethanol from grains. A summary by the International Energy Agency 
(IEA) of the results of a large number of studies is reported in the follow-
ing table. 

As reported above, almost all studies except the one by Pimentel (2001) 
conclude that a GHG emission reduction in the range 20-40 % can be ex-
pected. The review of net-energy studies on bioethanol developed by the 
US Dept. for Agriculture (Shapouri et al. 2002) indicates that the key is-
sues for these analysis are: 

Corn yield per hectare. 
Ethanol conversion efficiency and energy requirements. 
Energy embedded in the fertiliser used to grow corn. 
Assumptions regarding use of irrigation. 
The value, or “energy credit”, given for co-products produced along 
with ethanol (mainly animal feed). 

These factors varies across the studies reviewed by Shapouri: in particu-
lar, Pimentel (2001) seems not to take into account the recent (last 10 
years) improvements in crop yields and conversion efficiencies, and in-
cludes some factors (such as the energy embedded in farm equipment and 
the cement used in bioethanol plant construction) which however accounts 
only for a small part of the differences. 
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Feedstock Ethanol 
production
efficiency

(litres/tonne
feedstock)

Fuel process 
energy

efficiency
(energy
in /out) 

Well-to-wheels GHG 
emissions: compared to 
base (gasoline) vehicle 

(per km travelled) 

    Fraction of
base vehicle 

Percent
reduction

GM/ANL 2001 corn-a 372.8 0.50 n/a n/a 
GM/ANL 2001 corn-b 417.6 0.55 n/a n/a 
Pimentel
2001/91

corn 384.8 1.65 1.30 -30%c

Levelton 2000 corn 470.0 0.67 0.62 38% 
Wang 2001a corn-dry 

mill
387.7 0.54 0.68 32% 

Wang 2001a corn-wet 
mill

372.8 0.57 0.75 25% 

Levy 1993 corn-a 367.1 0.85 0.67 33% 
Levy 1993 corn-b 366.4 0.95 0.70 30% 
Marland 1991 corn 372.8 0.78 0.79 21% 
Levington 2000 wheat 348.9 0.90 0.71 29% 
ETSU 1996 wheat 346.5 0.98 0.53 47% 
European
Commission
1994

wheat 385.4 1.03 0.81 19% 

Levy 1993 wheat-a 349.0 0.81 0.68 32% 
Levy 1993 wheat-b 348.8 0.81 0.65 35% 

Note: Where a range of estimates is reported by a paper, “a”and “b” are shown 
in the feedstock column to reflect this. c Negative greenhouse gas reduction esti-
mate connoted and increase. n/a: not available. Sources: Except for Levelton 2000, 
Wang 2001a and GM/ANL 2001, data presented here for these studies are taken 
from the comparison conducted by CONCAWE 2002. 

IEA reports that recent evaluations estimate that one energy unit of bio-
ethanol requires 0.6-0.8 fossil energy unit. It is important to remark that 
most of this energy is not petroleum-based: Shapouri estimates only 17 % 
from oil fuels, the rest from natural gas and coal, thus making only 0.12-
0.15 energy units of petroleum-based fuels necessary to produce one unit 
of bioethanol from grains (or, alternatively, “one gasoline-equivalent litre 
of bioethanol displaces 0.85-0.88 liters of petroleum on a net energy ba-
sis”-IEA, 2004). 

Ethanol from sugar beet. IEA indicates that GHG emission reduction 
could be up to 56 %, but also that (1) the same factors presented above for 

Table 8.17. Energy and GHG Impacts of Ethanol from grain: estimates from Corn- 
and Wheat-to-Ethanol Studies (reprinted from IEA 2004). 
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grains also apply to this feedstock, and that (2) more work is needed for a 
more detailed assessment which reduces the large variations in feedstock 
production and conversion efficiencies. 

Ethanol from sugar cane.  The use of fossil energy in bioethanol pro-
duction from sugar cane is considerably lower than the previous cases, 
thanks to (1) the rather high yields of sugar cane under low fertilisation 
conditions and (2) the use of bagasse for power and heat to feed the bio-
ethanol production process. The net energy balance (energy output/energy 
input)  of bioethanol production have been widely studied over the last 
decades, and main findings report an energy gain between 0.56  and  0.84. 
Nevertheless, more recent work by Macedo et al. 2003, concluded that the 
net energy balance ranges between 8 and 10: it means that per each energy 
unit of bioethanol, only 0.1 unit of fossil energy are needed. These results 
are possible thanks to the significant improvement in sugar cane yields per 
hectare as well as in conversion processes, which have been achieved in 
the period 1985-2002. 

As a consequence, well-to-wheel CO2 emission reduction is estimated at 
92 %, well above previous estimations by various authors (ranging be-
tween 35 % and 56 %). 

Energy requirement 
(MJ/tonne of processed cane)

Average Best values 
Sugar cane production 202 192 

Agricultural operations 38 38 
cane transportation 43 36 
Fertilisers 66 63 
Lime, herbicides, etc 19 19 
Seeds 6 6 
Equipment 29 29 

Ethanol production 49 40 
Electricity 0 0 
Chemicals and lubricants 6 6 
Buildings 12 9 
Equipment 31 24 

Total energy input 251 232 
Energy output 2089 2367 

Ethanol 1921 2051 
Bagasse surplus 169 316 

Net energy balance (out/in) 8.3 10.2 

Table 8.18. Energy balance of sugar-cane-to-ethanol in Brazil in  2002 (Reprinted 
from IEA 2004. Source: Macedo et al. 2003). 



244      David Chiaramonti 

Liters of bioethanol per ton cane

60

65

70

75

80

85

90

95

1985 1995 2002

Year

Ethanol from sugar lignocellulosic biomass. The process efficiency as 
well as the well-to-wheel emission of bioethanol from lignocellulosic bio-
mass has been evaluated by various authors: main differences are due to 
variations in end-use vehicle efficiency and assumptions on fertiliser 
needs. Average estimations are around 70-90 %. 

Table 8.19. Energy and GHG Impacts of Ethanol from lignocellulosic: Estimates 
from Corn- and Wheat-to-Ethanol Studies (Reprinted from IEA 2004). 

 Feedstock Ethanol 
production
efficiency

(litres/tonne
feedstock)

Fuel
process
energy

efficiency
(energy
in /out)

Well-to-wheels
GHG emissions:

compared to base
(gasoline) vehicle
(per km travelled) 

 Fraction of
base vehicle

Percent
reduction

GM et al. 2002 wood (poplar 
plantation)

n/a 1.20 0.49 51% 

GM/ANL 2001 wood-a 288 1.30 n/a n/a 
GM/ANL 2001 wood-b 371 1.90 n/a n/a 
Wang 2001a wood 288 1.52 -0.07 107% 
GM/ANL 2001 grass-a 303 100 0.29 71% 
GM/ANL 2001 grass-b 390 1.60 0.34 66% 
Wang 2001a grass 303 1.37 0.27 73% 
Levelton 2000b grass 310 1.28 0.29 71% 
GM et a.l 2002 crop residue 

(straw)
N/a n/a 0.18 82% 

Fig. 8.14. Bioethanol production in Brazil (Source: Macedo et al. 2003).
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Table 8.19. Energy and GHG Impacts of Ethanol from lignocellulosic: Estimates 
from Corn- and Wheat-to-Ethanol Studies (Reprinted from IEA 2004). 

 Feedstock Ethanol 
production
efficiency

(litres/tonne
feedstock)

Fuel
process
energy

efficiency
(energy
in /out)

Well-to-wheels
GHG emissions:

compared to base
(gasoline) vehicle
(per km travelled) 

Levelton 2000b corn residue 
(stover)

345 1.10 0.39 61% 

Levelton 2000 hay 305 1.32 0.32 68% 
Levelton 2000 wheat straw 303 1.12 0.43 57% 

Note: Where a range of estimates is reported by a paper, “a” and “b” are shown 
in the feedstock column to reflect this.

n/a: not available 
a Process  energy includes both biomass and non-biomass energy sources. 
Sources: GM et al. (2002), GM/ANL et al. (2001), Wang (2001a), and Level-

ton (2000b). 

Considering non-GHG emissions, two types of emissions must be consid-
ered, i.e. exhaust and evaporative ones.

The use of bioethanol blended in gasoline at 5-7 % v/v is able to reduce 
CO emissions by 14-40 %, and Unburned Hydrocarbons (UHC) emissions 
are the same or lower (by 2-7 %) of gasoline-fuelled vehicles. Also par-
ticulate emissions benefit from bioethanol blends. Slightly increase or no 
change in NOx emissions are instead observed. Aldehyde emissions 
(chemical compounds associated with incomplete combustion of bioetha-
nol) are reduced by the high efficiency of catalytic converters used in 
ethanol-cars.

Evaporative emissions relate to fuel evaporation and release in the at-
mosphere from vehicle fuel tank. Considering E85, it has fewer highly 
volatile components than gasoline, and therefore lower evaporative emis-
sions. However, it also results into difficult ignition at low temperature 
(possible cold start problems for the engine). 

As regards the EU region and its potential for environmentally sustain-
able biofuel production, the EEA (European Environmental Agency) re-
cently carried out a wide analysis on bioenergy potential from agriculture, 
forest, and waste in 2010, 2020, 2030 (Wiesenthal 2005). Taking into ac-
count that the use of biomass must not generate additional pressure on 
farmland, forest biodiversity, and soil and water resources, and that all 
other environmental constraints must be respected, as regards energy crops 
the analysis achieved  the conclusion reported in the following figure (see 
also EEA briefing 02-2005, ISSN 1830-2246). 
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According to the EEA analysis, the potential offered by 1st generation 
biofuels seems limited in dimension: in particular, sugar beet and rapeseed 
oil do not look so favourable in the EU-25. However, as cereals generally 
have lower impact than sugar beet and better yield the rapeseed, in the 
short term traditional bioethanol from cereals seems more promising than 
biodiesel. In the medium-long term new technologies are expected to enter 
into the market (2nd generation biofuels),  which are instead more promis-
ing from the environmental point of view, as they can use the whole crop 
(lignocellulosic material, including by-products from agriculture). More-
over, feedstock is less expensive that traditional oil/sugar crops. 

Finally, the use of bioethanol-derived oxygenated additives, as ETBE 
and ethers, has a number of environmental advantages, such as reduction 
of carbon monoxide emissions, reduction in the aromatic content of gaso-
line and resulting toxics, reduction of olefin content of gasoline, reduction 
of volatile organic compounds emissions (precursors of ozone pollution), 
and reduction of carbon dioxide. 

In the BIOFIT project (“Bioenergy for Europe: which ones best fit? – A 
comparative analysis for the community”, available at www.ifeu.de) a 
comprehensive investigation based on ISO 14040-14043 standards (LCA 
analysis) has been carried out. Among various solid and liquid biofuels, 
ETBE from sugar beet has been evaluated and compared to MTBE (for 
France, Germany and The Netherlands). The use of ETBE offers advan-
tages as regards greenhouse effect and reduction of fossil fuel use, while 
the impact in terms of acidification and eutrophication is not positive. The 

Fig. 8.15. Environmentally compatible bioenergy potential from agriculture by energy 
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effect on summer smog is instead almost equivalent. It has to be remarked 
that this study considered three EU Countries and sugar beet only. 

Fig. 8.16. ETBE from sugar beet versus MTBE (Source: IFEU, BIOFIT Final Report, 
available at www.ifeu.de)

7. Conclusions 

Bioethanol is already the main actor worldwide in the biofuel sector, and 
its role is expected to steadily grow in the coming years. In fact, market es-
timations forecast a rapid increase in bioethanol production and use even 
in those regions of the world (such as Europe) where bioethanol is still 
lagging behind biodiesel. The development and industrialisation of hy-
drolysis technologies for bioethanol production from lignocellulosic bio-
mass are expected to be the key issue for this development. 
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The potential for environmentally sustainable bioethanol production 
from lignocellulosic biomass is significantly greater than traditional pro-
duction from sugar or starch crops. In addition, environmental benefits are 
higher as well. 

The constant quality of bioethanol as transport fuel makes possible its 
use as neat or blended fuel in a wide range of engines, from spark to com-
pression ignition ones. 

Finally, the recent revision of the Common Agricultural Policy, together 
with the ambitious targets set by the European Commission in the frame-
work of the Greenhouse Gas emission reduction measures, will boost the 
production and use of this biofuel in the next years in the EU. 

The author wish to acknowledge Prof.Ing. Francesco Martelli, Dr. Fran-
cesco Zimbardi, Ing. Giacobbe Braccio, Dr. Tobias Wiesenthal and Ing. 
Aldo Nardi, for their contributions, suggestions and revision of the present 
work.
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Complex lipid biosynthesis and its manipulation 
in plants 

Irina A. Guschina, John L. Harwood 

1. Introduction 

In all living organisms lipids play several roles and, according to their 
structures, can be divided into two main groups: the non-polar lipids (acyl-
glycerols, sterols, free fatty acids, wax and steryl esters) and polar lipids 
(phosphoglycerides, glycosylglycerides, and sphingolipids). Triacylglyc-
erols act as compact, easily metabolised and non-hydrated energy stores. 
They are important storage products especially in plants producing oil-
seeds and in oily fruits such as avocado, olive and oil palm. Waxes are 
commonly extracellular components such as surface coverings, which 
function both to reduce water loss and to protect plants from noxious envi-
ronmental conditions. They also act as an energy store in jojoba. 

Polar lipids and sterols are important structural components of cell 
membranes with many diverse functions. The membrane lipids act as per-
meability barriers for cells and organelles (Gurr et al. 2002). They provide 
the matrix for assembly and function of a wide variety of catalytic proc-
esses as well as directly participating in metabolism and in a multitude of 
membrane fusion events. Moreover, the membrane lipids actively influ-
ence the functional properties of membrane-associated processes (Gurr et 
al. 2002). In additional to a structural role, lipids act as key intermediates 
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in cell signalling pathways (e.g. inositol lipids, sphingolipids, oxidative 
products) and play a role in sensing changes in the environment.

Plant fats and oils are utilised for many food and industrial applications. 
They include edible oils, processed ingredients for the food industry and 
feedstocks for chemical processes such as formulation of paints, inks, res-
ins, varnishes, plasticizers and biodiesel production (Kridl 1998).

Over the last decades, research into plant lipid metabolic pathways has 
expanded considerably and it has been influenced by an increasing impact 
arising from molecular genetic approaches. Many genes encoding lipid-
related enzymes have been isolated/cloned and this has allowed the ma-
nipulation of plant lipid metabolism for commercial purposes (Slabas and 
Sanda 1998; Murphy 2005). In theory, this genetic engineering approach 
required cloning of the genes controlling certain steps of biosynthesis, 
regulating the genes for proper expression in the seeds of plants and a 
transformation and regeneration system for the oil-seed of choice (Kridl 
1998). In this chapter we will summarize how this approach has been used 
for oil improvements and modulations of lipid biosynthesis.

Fig. 9.1. Simplified depiction of fatty acid biosynthesis in plants. Fatty acids are abbrevi-
ated with the number before the colon indicating the number of carbon atoms and the num-
ber afterwards showing the number of double bonds. Thus 16:0 = palmitic acid, 18:1 = oc-
tadecenoic acid (oleic acid in this case) etc. Abbreviations: ACC, acetyl-CoA carboxylase; 
FAS, fatty acid synthase; D,  desaturase (e.g. 9D, 9-desaturase); E, fatty acid elongase; 
TE, acyl-ACP thioesterase; ACS, acyl-CoA synthase.
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2. Summary of lipid metabolism 

Before summarising molecular biological attempts to manipulate lipid me-
tabolism in plants we must write a few words about the pathways con-
cerned. A detailed discussion is not appropriate here and the reader is re-
ferred to Gurr et al. (2002) for a simple description and Murphy (2005) for 
more details. Appropriate references will be found in these books. 

Basically, de novo synthesis uses acetyl-CoA carboxylase and fatty acid 
synthase to produce palmitic and stearic acids. The latter can be further 
modified by desaturation and elongation reactions and these processes use 
enzymes in different compartments of plant cells (Fig. 9.1). 

Complex lipids, usually based on a glycerol backbone, are made by the 
basic Kennedy pathway, together with additional reactions (Fig. 9.2).

3. Fatty acid manipulation 

Fatty acid biosynthesis is one of the primary pathways of lipid metabolism 
and an exclusive source of the acyl chains of complex lipids (Harwood 
1996; 2005). The major fatty acids from the world oil supply (mainly from 
soybean, palm and canola) are palmitic, linoleic and oleic acids 
(Hildebrand et al. 2005). Many unusual fatty acids have been identified in 
seed oils as major components. In some cases, these unusual acids com-
prise more than 90% of the seed oil (Hildebrand et al. 2005). Fatty acids 
may differ in terms of their chain length, degree of saturation, configura-
tion of double bonds, positional isomers, conjugation of double bonds or 
additional chemical groups such as hydroxy, allenic, epoxy, acetylenic, 
cyclo, fluoro and keto. The discovery of many biological activities (as well 
as industrial applications) of some unusual fatty acids has led to an in-
creased utilization of these molecules and to an attempt to domesticate 
several unusual fatty acid-producing oilseeds. Since domestication of most 
of these unusual oilseeds faces a number of diverse problems (e.g. low 
yield, climatic requirement), genetic engineering approaches often seem to 
be a more promising route for the development of such resources 
(Hildebrand et al. 2005).
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Fig. 9.2. The basic Kennedy pathway for glycerolipid synthesis in plants. Important ani-
onic phosphoglycerides in plants are phosphatidylglycerol, phosphatidylinositol and di-
phosphatidylglycerol (cardiolipin). Zwitterionic phosphoglycerides include phosphati-
dylethanolamine and phosphatidylcholine. For additional reactions that can be involved in 
phosphoglyceride and triacylglycerol formation, refer to Dörmann (2005) and Weselake 
(2005).
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Plants synthesize 18-carbon fatty acids through a pathway located in the 
plastid that begins with acetyl-CoA and then uses malonyl-acyl carrier pro-
tein (ACP) as the two-carbon donor (Fig. 9.1). The acyl-CoA needed for 
this synthesis comes ultimately from photosynthesis. The actual process of 
de novo synthesis to produce long-chain fatty acids involves the participa-
tion of two enzymes, acetyl-CoA carboxylase (ACC) and fatty acid syn-

ber of enzymes. ACC is a soluble Class 1 biotin-containing enzyme that 
catalyses the ATP-dependent formation of malonyl-CoA from bicarbonate 
and acetyl-CoA. This malonyl-CoA is used for de novo synthesis of fatty 
acids inside plastids. In addition, malonyl-CoA is needed for elongation of 
fatty acids on the endoplasmic reticulum as well as for synthesis of various 
secondary metabolites in the cytosol. As expected from such requirements, 
two isoforms of ACC are found in plants, the second of which is extra-
chloroplastic (presumed to be cytosolic) and is a multifunctional protein. 
These isoforms have distinct properties which give rise to their different 
susceptibility to herbicides (Harwood 2005). 

FAS is the second major enzyme complex involved in de novo fatty acid 
formation. The plant FAS is a type II dissociable multiprotein complex, 
like the E. coli system but unlike that of animals, i.e. the individual pro-
teins that make up FAS can be isolated and their function demonstrated 
separately. The first condensation reaction in fatty acid synthesis is cata-
lysed by -ketoacyl-ACP synthase III (KAS III) that uses acetyl-CoA and 
malonyl-ACP substrates to give a 4C-keto-intermediate. Successive reduc-
tion, dehydration, and a second reduction then produce a 4C fatty acid, bu-
tyrate, which is attached to ACP. The next six condensations are catalysed 
by KAS I to produce 6-16C fatty acids. The final reaction between palmi-
toyl-ACP and malonyl-ACP uses KAS II and results in synthesis of 
stearate. The remaining enzymes of FAS are -ketoacyl-ACP reductase, -
hydroxylacyl-ACP dehydrase and enoyl-ACP reductase (Fig. 9.3). 

Completion of  de novo fatty acid synthesis is made in one of three 
ways. Either the product of acyl-ACP is hydrolysed by a thioesterase, the 
palmitate or stearate products are desaturated or the acyl-ACPs are used di-
rectly for complex lipid formation using plastid acyltransferases. Through 
the action of thioesterases, non-esterified fatty acids are made available for 

complex lipids in the extra-plastid compartment (Fig. 9.1).

thase (FAS) which are usually multi-protein complexes containing a num-

conversion to acyl-CoAs which provide the acyl chains for assembly into 
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Fig. 9.3. Reactions of fatty acid synthase. * The first condensation reaction is catalysed by 
-ketoacyl-ACP synthase III (KAS III) that uses acetyl-CoA and malonyl-ACP substrates. 

The next six condensations are calalysed by KAS I and the final reaction between palmi-
toyl-ACP and malonyl-ACP uses KAS II.

3.1 -ketoacyl-ACP reductase modification 

This enzyme has been isolated and purified from several plant tissues and 
the monomer from Brassica napus has a molecular mass of 28 kDa (Slabas 
et al. 1992). cDNAs have been isolated from a number of plants and show 
55-81% identity for their derived sequences (Harwood 1996). The Arabi-

dopsis library shows only one gene for -ketoacyl-ACP reductase so far 
identified (Mekhedov et al. 2000). The B.  napus -ketoacyl-ACP reduc-
tase was down-regulated using an antisense approach (O’Hara et al. 2000). 
Only during the rapid phase of leaf expansion (days 4-7 after emergence) 
was it thought that -ketoacyl-ACP reductase could contribute to any sig-
nificant effects on total fatty acid synthesis rates. At other times, the major 
control of flux appeared to reside elsewhere in the pathway. Nevertheless, 
seeds gathered from antisensed Brassica lines showed some distinct mor-
phologies and a reduced lipid content (O’Hara et al. 2000).
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3.2 -ketoacyl-ACP synthase modification 

universal role in fatty acid biosynthesis, irrespective of the plant species 

2001). An increase in the levels of C16:0 was observed in tobacco (Nico-

(Spinacia oleracea) when under the control of the cauliflower mosaic vi-

overexpressing either of the Cuphea hookeriana KAS IIIs when expression 
was driven by napin. The transgenic seeds contained lower levels of oil as 
compared with the wild-type levels. In addition, the rate of lipid synthesis 
in transgenic rapeseed seeds was notably slower than that of the wild-type 
(Dehesh et al. 2001). The levels of the acyl-ACP intermediates as well as 
any changes in levels of other fatty acid synthase enzymes have been 
measured and it was suggested that malonyl-ACP, the carbon donor util-
ised by all the 3-ketoacyl-ACP synthases, was limiting in the transgenic 
plants. Malonyl-CoA has been further suggested to be a potential limiting 

2001).
In order to understand the contribution to chain length regulation that 

might be made by -ketoacyl-ACP synthase, Cw KAS A1, derived from 
Cuphea wrightii (a species that accumulates 30% C10:0 and 54% C12:0 in 
its seed oil) was investigated by Leonard et al. (1998). Expression of this 
gene in Arabidopsis seeds, especially when combined with C. wrightii

thioesterase (which has good activity with medium chain fatty acids), al-
lowed a doubling of the production of C10:0 (Leonard et al. 1998).

Decreased amounts of C18:1 and increased amounts of C18:2 and C18:3 
acids were observed as compared to control plants when E. coli fabH gene,
which encodes a KAS III-equivalent enzyme, was overexpressed  in B.

napus (Verwoert et al. 1995). Thus, expression of KAS genes cannot al-
ways be predicted to give a simple change in fatty acid composition.

3.3 Acyl-ACP thioesterase modification 

Since medium-chain fatty acids are valuable renewable resources, attempts 
have been made by researchers to produce high-yielding annual crops us-
ing genetic transformation. Expression of FatB1 cDNA encoding 12:0-
acyl-ACP thioesterase (BTE), isolated from the seeds of undomesticated 
California bay, in the seeds of  Arabidopsis thaliana and Brassica napus 

resulted in BTE activity, and in the accumulation of medium chain fatty

from which it is derived or the tissue in which it is expressed (Dehesh et al. 

tiana tabacum, WT-SR) leaves overexpressing KAS III from spinach 

Expression of cDNA encoding KAS III showed that this enzyme has a 

rus-35S promoter and in arabidopsis and rapeseed (Brassica napus) seeds 

factor affecting the final oil content and C16:0 extension (Dehesh et al. 
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storage lipids (up to 60% of the triacylglycerol acyl groups) indicating that 
the “foreign” fatty acid was exported from the plastids and utilised by the 
enzymes of the Kennedy pathway for the assembly of triacylglycerides 
(TAGs) (Voelker et al. 1992). Non-destructive analysis of the oil composi-
tion of single seeds enabled high-lauric lines to be selected from the best 
events and, through subsequent breeding and performance trials, a cultivar 
has been developed. This cultivar is known as “Laurate Canola” (Lauri-
calTM) and a very acceptable yield of oil was obtained from seeds grown in 
Michigan in the summer of 1995 and a crop in North Dakota in November 
1996. The oil is being used for the manufacture of soaps and detergents 
(Kridl 1998; Davies 1996). The possibility of LauricalTM use as a food in-
gredient is also under investigation. 

 Production of high levels of caprylate (C8:0) and caprate (C10:0) has 
also been achieved in transgenic canola, which normally does not accumu-
late any short chain FAs, by overexpression of Ch FatB2, a thioesterase 
cDNA isolated from the Mexican shrub Cuphea hookeriana (Dehesh et al. 
1996). A dramatic increase in the levels of these two fatty acids was ac-
companied by a preferential decrease in the levels of linoleate and linole-
nate (Dehesh et al. 1996).

Eccleston and co-workers transformed B. napus using a medium-chain 
acyl-ACP thioesterase isolated from Umbellularia californica (California
bay). Although laurate accumulated in seeds, none was detectable in leaves 
despite very high levels of the medium-chain thioesterase. If this thio-
esterase was expressed in seeds using a napin promoter, then up to 60% of 
the total seed fatty acids were laurate. At the same time -oxidation was 
increased and this was believed to be responsible for the limited accumula-
tion of seed laurate when the constitutive CaMV 35S promoter was used. 
In support of this hypothesis, isocitrate lyase activity was found to be sig-
nificantly increased in plants transformed with FatB1. In the high-laurate 
seeds, the levels of acyl carrier protein and several enzymes of fatty acid 
synthesis were increased, perhaps to compensate for the lauric acid lost 
through -oxidation (Eccleston et al. 1996; Eccleston and Ohlrogge 1998). 

The tropical tree species mangosteen (Garcinia mangostana) has been 
found to store stearate (C18:0) in its seed oil in amounts of up to 56% by 
weight (Hawkins and Kridl 1998). Expression of mangosteen thioesterase 
(Garm FatA1) in Brassica seeds led to the accumulation of stearate up to 
22% in seed oil suggesting that Garm FatA1 is, at least, partially responsi-
ble for determining the high stearate composition of mangosteen seed oil 
(Hawkins and Kridl 1998). 

acids at the expense of long-chain FAs (Voelker et al. 1992; Yuan et al. 
1995). Laurate became the most abundant FA and was deposited in the 
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3.4 -ketoacyl-CoA synthase modification 

ids (VLCFAs, fatty acids with chain length > 18 carbons) (Fig. 9.1). Ma-

the basis for the conversion of high erucic acid (C22:1) rapeseed (HEAR) 

there is an interest in HEAR cultivars to provide lubricant oils. TAGs from 

there has been considerable interest in raising the erucate levels further by 

synthase (KCS), from the jojoba plant, Simmondsia chinensis. In its native 
species this enzyme is part of the “elongase” system that produces the C20, 
C22 and C24 acyl groups that predominate in the stored wax esters. The 
introduction of this gene into canola resulted in the production of TAGs 
containing up to 58% of VLCFAs. The KCS gene will now be used to iso-
late the homologous gene from HEAR, in order to overexpress it and, thus, 
obtain an oil containing  higher than the typical HEAR value of 40-50% 
erucate (Davies 1996). 

From Limnanthes douglasii, cDNAs that encoded a homolog of KCS 
involved in production of VLCFA synthesis in this species have been iso-
lated (Cahoon et al. 2000). Expression of FAE1 homolog in somatic soy-
bean embryos showed the accumulation of C20 and C22 fatty acids, prin-
cipally as eicosanoic acid, up to levels of 18% (w/w) of the total fatty acids 
of single embryos. 

An 8-fold increase in erucic acid proportion in Arabidopsis seed oil has 
also been seen as a result of seed-specific expression of nasturtium 
(Tropaeolum majus) KCS (or elongase) gene (Mietkiewska et al. 2004).

3.5 -ketoacyl-CoA reductase modification 

Metz and co-workers purified an alcohol-forming fatty acyl-CoA reductase 
(FAR) from developing embryos of the jojoba, S. chinensis, plants (Metz 
et al. 2000). Jojoba is known to produce another kind of reserve lipid in 
seeds, namely esters of long-chain alcohols and fatty acids (waxes), which 
have an important use in cosmetics. When the jojoba FAR cDNA was ex-
pressed in embryos of B. napus, long-chain alcohols could be detected in

This enzyme catalyzes the condensation of malonyl-CoA with long-chain 
acyl-CoA and this reaction is the initial step of the microsomal fatty acyl-CoA 
elongation pathway responsible for formation of very long chain fatty ac-

into canola cultivars. Although canola varieties are used for food purposes, 

HEAR varieties of rapeseed lack erucoyl residues in the sn-2 position, and 

overcoming this compositional limitation (Davies 1996). This objective 
has been approached in the following way by Lassner et al. (1996). First, 

nipulation of this pathway is significant for agriculture, because this was 

they cloned a gene involved in an elongation reaction, -ketoacyl-CoA
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transmethylated seed oils showing that approximately 4% of the acyl 
groups were reduced to alcohol groups. It is interesting that, in addition to 
free alcohols, novel wax esters were identified in the transgenic seed oil 
(Metz et al. 2000). An endogenous fatty acyl-CoA: fatty alcohol acyl-
transferase activity, that could account for this wax synthesis, has been 
identified using B. napus. Thus, introduction of a single cDNA into B. 

napus resulted in a redirection of a portion of seed oil synthesis from 
TAGs to waxes (Metz et al. 2000).  Lardizabal et al. (2000) combined 
these two cDNAs with a KCS elongase cDNA from Lunaria annua (Bras-

sicaceae) for coexpression in A. thaliana under control of a napin pro-
moter. In some seeds, as much as 70% of the oil was accounted for by wax 
and the proportion of VLCFAs and alcohols in some of these seeds was in-
creased to 42% as compared to 28% in the wild type (Lardizabal et al. 
2000).

3.6 Desaturase manipulation 

18:1- 12-desaturase and related enzymes 

The greatest functional diversity within a family of fatty-acid-modifying 
enzymes has been observed within the 12-oleic acid desaturase or Fatty 
Acid Desaturase 2 (FAD2) family (Jaworski and Cahoon 2002). This en-
zyme, which is typically found in nearly all higher plants, catalyzes the in-
sertion of a cis double bond between the 12 and 13 carbon atoms of 
oleic acid (C18:1- 9) to form linoleic acid (C18:2- 9,12). By downregula-
tion of FAD2 (which blocked the flux from oleic acid into polyunsaturated 
fatty acids) in soybean, lines with 85% of oleic acid in seed oil have been 
produced (Kinney 1998a). Cotton transgenic lines transformed with the 
microsomal -6 ( 12-) desaturase ghFAD2-1 inverted-repeat construct 
have been shown to exhibit the increased level of oleic acid from about 
15% in untransformed cotton plants up to a range of 26-77% in the mature 
seeds of primary transgenic plants (Liu et al. 2000). Chapman and co-
workers also reported the development of transgenic cotton plants with 
higher seed oleic acid contents (Chapman et al. 2001). A binary vector was 
designed to suppress expression of the endogenous cottonseed 12 desatu-
rase (FAD2) by subcloning a mutant allele of a rapeseed FAD2 gene 
downstream from a heterologous, seed-specific promoter (phaseolin). In-
creased seed oleic acid content ranged from 21 to 30% (by weight) of total 
fatty acids and was at the expense of linoleic acid, consistent with reduced 
activity of cottonseed FAD2. The integration of the canola transgene into 
the cotton genome has been confirmed by molecular analysis of nuclear 
DNA from transgenics (Chapman et al. 2001).
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Co-suppression plasmids carrying oleate desaturase genes from each 
species have been constructed  and transferred into Australian elite breed-
ing lines of B. napus and B. juncea using Agrobacterium tumifaciens 
plant-transformation techniques (Stoutjesdijk et al. 2000). Silencing of the 
endogenous oleate desaturase genes resulted in substantial increases in 
oleic acid levels, of up to 89% in B. napus and 73% in B. juncea (Stoutjes-
dijk et al. 2000). 

Some plants have evolved new functions for their FAD2 and many vari-
ant forms of this enzyme have been identified, e.g. hydroxylases, epoxy-
genases, acetylenases and conjugases (Fig. 9.4).

Fig. 9.4. Summary of reactions catalyzed by FAD2-related enzymes (see text for further 
details).

Analysis of the phylogenetic relationships of acetylenase, conjugase, 
epoxygenase, hydroxylase and desaturase amino acid sequences indicated 
that acetylenases, conjugases, epoxygenases and hydroxylases group semi-
randomly among 12 desaturase sequences suggesting that these enzymes 
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arose independently many times from pre-existing desaturases during plant 
evolution (Hildebrand et al. 2005). 

The 12-oleic acid hydroxylase from the seeds of castor (Ricinus com-

munis) was described as the first divergent form of FAD2 (Van de Loo et 
al. 1995). This enzyme introduces a hydroxyl group at the 12 position of 
oleic acid to produce the industrially valuable ricinoleic acid (12-OH-18:1-

9). Hydroxy fatty acids from castor seeds can be used in a wide range of 
commercial products including plastics, foams, surfactants, cosmetics and 
lubricants (Jaworski and Cahoon 2003; Kinney and Clemente 2005). 
Oleate 12-hydroxylase genes have been cloned from developing en-
dosperm of the castor-oil plant and Lesquerella fendleri (Brassicaceae)
(Van de Loo et al. 1995; Broun and Somerville, 1997; Broun et al. 1998). 
A cDNA encoding the oleate 12-hydroxylase from castor bean has been 
shown to have approximately 67% sequence homology to microsomal 
oleate desaturase from Arabidopsis and to direct the synthesis of small 
amounts of ricinoleic acid in seeds of transgenic tobacco plants (Van de 
Loo et al. 1995). Expression of the cDNA under control of a napin pro-
moter in transgenic Arabidopsis thaliana plants resulted in the accumula-
tion of up to 17% of seed fatty acids as ricinoleate and two novel fatty ac-
ids, lesquerolic (14-OH-20:1- 11) and densipolic (12-OH-18:2- 9, 15)
acids (Broun and Somerville 1997). These results suggested that, either the 
castor hydroxylase can utilize oleic acid and eicosenoic acid for substrates 
for ricinoleic and lesquerolic acid biosynthesis, respectively, or that Arabi-

dopsis contains an elongase that accepts ricinoleic acid as a substrate. The 
discovery of a condensing enzyme from the seeds of L. fendleri that spe-
cifically elongated hydroxyl fatty acids supported the latter suggestion 
(Moon et al. 2001). It is also interesting, that expression of the castor bean 
oleate 12-hydroxylase in A. thaliana led to a concomitant increase in oleic 
acid in the seed oil, from 14.7% to 24.1% (Broun and Somerville 1997). 
Expression of the L. fendleri oleate 12-hydroxylase in transgenic plants of 
a FAD2 mutant of Arabidopsis, which was deficient in cytoplasmic oleate 

12 desaturase activity, resulted in partial suppression of the mutant phe-
notype in roots (Broun et al. 1998a). Thus, both hydroxylase and desatu-
rase activities have been suggested for the L. fendleri enzyme (Broun et al. 
1998a). Moreover, expression in yeast indicated that the castor hydroxy-
lase itself has a low level of desaturase activity (Smith et al. 2000). 

Partitioning between desaturation and hydroxylation activities has been 
achieved by exchanging the identity of amino acids at four key locations 
within the A. thaliana FAD2 and the L. fendleri hydroxylase/desaturase
(Broun et al. 1998b). Broadwater and co-workers reported that four analo-
gous substitutions in the FAD2 sequence by their equivalents from the cas-
tor oleate hydroxylase resulted in hydroxy fatty acid accumulation in A.
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thaliana to the same levels as for the wild-type castor hydroxylase 
(Broadwater et al. 2002). Interestingly, control experiments showed that 
the wild-type A. thaliana FAD2 desaturase has inherent, low level, hy-
droxylation activity. Moreover, fatty acid desaturases from different king-
doms and with different regiospecificities exhibited similar intrinsic hy-
droxylase activity, underscoring the fundamental mechanistic similarities 
between desaturation and hydroxylation (Broadwater et al. 2002). 

A cDNA (Cpal1) encoding a 12-epoxygenase that can catalyse the 
synthesis of 12,13-epoxy-18:1- 9 (C18:1E, vernolic acid) acid from li-
noleic acid has been isolated from Crepis palaestina (Asteraceae) (Lee et 
al. 1998; Singh et al. 2001). When the Cpal1 gene was expressed under the 
control of a napin promoter in A. thaliana, the seed lipids accumulated 
only low levels (6.2% of the total fatty acids) of C18:1E and also 12,13-
epoxy-18:2- 9, 15 (C18:2E) acid. The level of oleic acid was increased 
significantly in these plants, whereas the levels of linoleic and linolenic ac-
ids were decreased indicating that endogenous 12-desaturation was 
greatly reduced. Coexpression of a 12-desaturase from C. palaestina in 
Cpal2 transgenic Arabidopsis returned the relative proportion of C18 seed 
fatty acids to normal levels and resulted in an almost twofold increase in 
total epoxy fatty acids (Singh et al. 2001). Seed oil of Stokesia laevis has
been shown to contain 60-70% vernolic acid and an epoxygenase gene has 
been cloned from S. laevis and expressed in Arabidopsis (Hatanaka et al. 
2004). The average content of vernolic acid in seeds of these transgenic 
Arabidopsis plants was 5.8 μg/mg dry weight (2.4% of total fatty acids on 
average) (Hatanaka et al. 2004). 

In contrast to C. palaestina, results from metabolic experiments sug-
gested the involvement of a cytochrome P450 enzyme in vernolic acid syn-
thesis in seeds of the Euphorbiaceae species Euphorbia lagascae (Bafor et 
al. 1993). An expressed sequence tag strategy has been successfully used 
by Cahoon and co-workers to identify a cytochrome P450 cDNA (desig-
nated CYP726A1) that corresponded to a gene that was highly expressed in 
E. lagascae seeds (Cahoon et al. 2002). Expression of this cDNA in to-
bacco callus and somatic soybean embryos resulted in the production of 

12-epoxy fatty acids (C18:1E and C18:2E) at up to 15% and 8% (w/w) of 
the total fatty acids of these transgenic tissues, respectively (Cahoon et al. 
2002).

The results described above illustrate opportunities for the production of 
industrially-valuable epoxy fatty acids in transgenic oilseeds. Furthermore, 
applications of acids such as vernolic acid as plasticizers of polyvinyl chlo-
ride, adhesives, coating materials and a precursor of monomeric compo-
nents of nylon-11 and nylon-12 have already been demonstrated (Cahoon 
et al. 2002). 
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Vegetable oils that contain fatty acids with conjugated double bonds, 
such as tung oil, are valuable drying agents in paints, varnishes and inks. 
Cahoon and co-workers first demonstrated the ability of transgenic plants 
(e.g. somatic soybean embryos) to produce fatty acid components of these 
oils when they expressed conjugase cDNAs isolated from developing 
seeds of Momordica charantia and Impatiens balsamina. These species 
accumulate large amounts (as much as 17% w/w of the total fatty acids) of  

-eleostearic (C18:3- 9cis, 11trans, 13trans) and -parinaric acids 
(C18:4- 9cis, 11trans, 13trans, 15cis), respectively (Cahoon et al. 
1999). A class of FAD-related enzymes that modified 9-double bonds to 
produce the conjugated trans, trans- 10-double bonds found in calendic 
acid  (C18:3- 8trans, 10trans, 12cis) from  the seed oil of Calendula

officinalis have been studied by Cahoon et al. (2001). In somatic soybean 
embryos expressing these genes, calendic acid accumulated at up to 22% 
(w/w) of the total fatty acids.

A gene encoding a bifunctional fatty acid 12 conjugase/desaturase has 
been cloned from the tung (Aleurites fordii) tree (Dyer et al. 2002). The 
cDNAs that encoded a class of conjugases, associated with the formation 
of trans- 11, cis- 13 double bonds,  have also been isolated from Tricho-

santhes kirilowii and Punica granatum (Hornung et al. 2002; Iwabuchi et 
al. 2003). Expression of these genes in Arabidopsis seeds under transcrip-
tional control of a napin promoter showed the accumulation of punicic acid 
(C18:3- 9cis, 11trans, 13cis) at up to 10% (w/w) of the total seed oil 
(Iwabuchi et al. 2003). It is interesting, that  the conjugase was also found 
to be bifunctional and exhibited 12-oleate desaturase activity (Iwabuchi 
et al. 2003).

Cahoon and Kinney used an expressed sequence tag (EST) analysis of 
developing Dimorphotheca sinuate seeds to provide direct evidence for the 
biosynthetic origin of dimorphecolic acid (9-OH-C18:2- 10trans,

12trans) which is unusual in containing a C-9 hydroxyl group, 10, 12-
conjugated double bond and trans- 12 unsaturation (Cahoon and Kinney 
2004). EST analysis revealed the occurrence of two structurally divergent 
forms of FAD2 in D. sinuate seeds  that were designated DsFAD2-1 and  
DsFAD2-2. Expression of DsFAD2-1 in soybean somatic embryos re-
sulted in the accumulation of the trans- 12 isomer of linoleic acid (C18:2-

9cis, 12trans) rather than the more typical cis- 12 isomer. When coex-
pressed with DsFAD2-1 in soybean embryos, DsFAD2-2 converted C18:2-

9cis, 12trans into dimorphecolic acid. When  DsFAD2-2 was expressed 
alone in soybean embryos or together with a typical cis- 12-oleic acid de-
saturase in yeast, trace amounts of the cis- 12-isomer of dimorphecolic 
acid were formed from cis- 12-linoleic acid (Cahoon and Kinney 2004).
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Recently, production of trans-10, cis-12 conjugated linoleic acid has 
been reported in tobacco seeds and rice after transformation with the li-
noleate isomerase gene from Propionibacterium acnes (Hornung et al. 
2005; Kohno-Murase et al. 2006). Although the amount of this conjugated 
acid was relatively low (e.g. up to 1.3% w/w of the total fatty acids in the 
seeds of transgenic rice), these results demonstrated the potential ability of 
this simple genetic transformation for the production of such a conjugated 
fatty acid which has been shown to have a number of biological effects 
(e.g. anti-carcinogenic and anti-atherosclerosis) (Kohno-Murase et al. 
2006).

In Crepis rubra, oleate is a substrate in the synthesis of the acetylenic 
acid, 9-octadecen-12-ynoic acid (crepenynic acid). Lee et al. (1998) char-
acterized an enzyme involved in the synthesis of this acid in C. alpina (Lee
et al. 1998). When the acetylenase gene was expressed in Arabidopsis, to-
tal fatty acids from seeds of individual T0 transgenic plants contained up to 
25% (w/w) crepenynic acid in contrast to control plants where it was not 
found.

18:0- 9-ACP-desaturase

This enzyme catalyzes the first desaturation step in plant lipid and seed oil 
biosynthesis, converting stearoyl-ACP to oleoyl-ACP (Fig. 9.1). Seed-
specific antisense gene constructs of B. rapa stearoyl-ACP desaturase were 
used to reduce the protein concentration and enzyme activity of steroyl-
ACP desaturase in developing rapeseed embryos during storage lipid bio-
synthesis (Knutzon et al. 1992). The resulting transgenic plants showed 
dramatically increased stearate levels (up to 45%) in the seeds of trans-
genic B. napus plants (Knutzon et al. 1992). The similar technique of 
stearoyl-ACP downregulation has been applied to soybean to increase its 
stearic acid content (Kinney 1998a,b).  It is interesting that, when soybean 
germplasm with increased stearic acid content was sexually crossed to the 
FAD2-1 downregulated high oleic acid germplasm, the resultant progeny 
produced an oil with stearic acid and oleic acid at 30% and 60%, respec-
tively (Kinney 1996). 

16:0- 4-ACP-desaturase

Cahoon and co-workers expressed a cDNA encoding a putative acyl-ACP 
desaturase from coriander into tobacco by Agrobacterium tumifaciens-
mediated transformation (Cahoon et al. 1992). Accumulation of pet-
roselinic acid (18:1- 6cis) and 4-hexadecenoic acid, both of which were 
absent from control callus, was observed. Later, these workers provided 
metabolic evidence for the involvement of this 16:0- 4-ACP-desaturase in 
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normal petroselinic acid synthesis by coriander endosperm and also by 
transgenic tobacco cells (Cahoon and Ohlrogge 1994).

A desaturase with 83% sequence identity to coriander 16:0- 4-ACP-
desaturase was isolated from developing seeds of Hedera helix (English
ivy) (Whittle et al. 2005). Expression of the ivy desaturase in Arabidopsis

resulted in the accumulation of C16:1- 4 and its expected elongation 
product C18:1- 6 (petroselinic acid). In vitro desaturation reactions also 
revealed that 16:1- 9-ACP and C18:1- 9-ACP can be further metabolised 
to 16:2- 4, 9 and C18:2- 4, 9, respectively, by the ivy desaturase show-
ing a capacity of this enzyme to perform two desaturations on the saturated 
and monounsaturated substrates. This is a new finding for the soluble class 
of desaturases (Whittle et al. 2005). 

20:0- 5-desaturase

The cDNAs for enzymes involved in the biosynthesis of C20:1- 5 have 
been identified from developing Limnanthes douglassii seeds (Cahoon et 
al. 2000). Expression of a cDNA for the L. douglassii acyl-CoA desaturase 
homolog in somatic soybean embryos, behind a strong seed-specific pro-
moter, resulted in the accumulation of 5-hexadecenoic acid in amounts of 
2% to 3% (w/w) of the total fatty acids of single embryos. It is interesting 
to note that the authors also coexpressed cDNAs for L. douglassii acyl-
CoA desaturase and FAE1 in order to partially reconstitute the biosyn-
thetic pathway of C20:1- 5 in transgenic plant tissue. These transforma-
tions resulted in production of C20:1- 5 and 5-docosenoic acid which 
comprised up to 12% of the total fatty acids in transgenic embryos (Ca-
hoon et al. 2000). 

In the further study, a L. douglassii seed-specific cDNA (Lim Des5) en-
coding a homolog of acyl-CoA desaturase found in animals, fungi and 
cyanobacteria was expressed in B. carinata, which resulted in the accumu-
lation of C22:2- 5, 13 acid (up to 10%) in the seed oil (Jadhav et al. 
2005). In conclusion, these results demonstrated the potential utility of 
soybean and B. carinata for the production of vegetable oils containing 
novel C20 and C22 fatty acids, and confirmed the preferred substrates of 
the Lim Des5 as C20:0 and C22:1- 13 (Jadhav et al. 2005). 

Expression of a 5-desaturase cDNA from a filamentous fungus Mor-

tierella alpina in transgenic canola seeds resulted in the production of 
taxoleic acid (C18:2- 5, 9) and pinolenic acid (C18:3- 5, 9, 12) in 
amounts ranging from 0.9 to 6.2% of the total fatty acids in the seeds 
(Knutzon et al. 1998). 
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6-desaturase

To enable the production of -linolenic acid (C18:3- 6, 9, 12; GLA) in 
conventional oilseeds, Sayanova and co-workers isolated a cDNA encod-
ing the 6-fatty acid desaturase from developing seeds of borage (Borago

officinalis) (Sayanova et al. 1997). Functional expression of this cDNA in 
transgenic tobacco plants showed the accumulation of GLA and octade-
catetraenoic acid (C18:4- 6, 9, 12, 15) at levels of 13.2% and 9.6% of 
the total fatty acids, respectively. The borage 6-fatty acid desaturase dif-
fers from other desaturase enzymes by the presence of an N-terminal do-
main related to cytochrome b5 (Sayanova et al. 1997). It is interesting that 

6-unsaturated fatty acids were found in both plastidic and microsomal 

lated predominantly at the sn-2 position of the glycerolipids unlike other 
unusual plant fatty acids (Sayanova et al. 1999). As the borage 6-
desaturase is most probably located in the endoplasmic reticulum (ER), a 
possible import of 6-unsaturated fatty acids into plastids after desatura-
tion in the ER was suggested (Sayanova et al. 1999). 

Expression of a 6-desaturase from the oleaginous fungus, Pythium ir-

regulare, in Brassica juncea (under the control of a napin promoter) re-
sulted in production of three 6 unsaturated fatty acids (C18:2- 6, 9;
C18:3- 6, 9, 12; and C18:4- 6, 9, 12, 15) in seeds (Hong et al. 2002). 
Among them, GLA was the most abundant and accounted for up to 40% of 
the total seed fatty acids. It has also been shown that GLA was incorpo-
rated into the TAG fraction (98.5%) with only trace amounts found in the 
other lipids (Hong et al. 2002).  In another study, introduction of borage 

6-desaturase into flax (Linum usitatissimum), under the control of a con-
stitutive (35S) promoter, showed the accumulation of two 6-unsaturated
fatty acids, C18:3- 6, 9, 12; and C18:4- 6, 9, 12, 15 (Qiu et al. 
2002). The level of these fatty acids was up to 22% of the total fatty acids 
in the stem, 19% in the root and 11% in the leaf. Introduction of this de-
saturase in B. juncea under the control of a napin promoter resulted in syn-
thesis of 6-fatty acids at levels of up to 13% of the total fatty acids in ma-
ture seeds (Qiu et al. 2002). 

An increase in GLA and octadecatetraenoic acid in leaf tissues of a 

achieved through a robust Agrobacterium-mediated transformation proce-
dure to deliver a cDNA encoding a 6-desaturase from borage (De Gyves 
et al. 2004). 

a potential source of very-long chain polyunsaturated fatty acids (VLCPU-
FAs) if they are gene engineered (Alonso and Maroto 2002; Drexler et al. 
2003; Abbadi et al. 2004). The accumulation of substantial amounts of 

lipids and positional analysis revealed that these fatty acids accumu-

commercial variety of evening primrose (Oenothera sp.) has been 

As an alternative to fish oil, oilseed plants have been also considered as 
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arachidonic and eicosapentaenoic acids has been achieved in Arabidopsis

thaliana (Qi et al. 2004). This involved the use of genes encoding enzymes 
of the 3/6- 8-desaturation biosynthetic pathways for the formation of 
C20 PUFAs. A. thaliana was transformed sequentially with genes encod-
ing a 9-specific elongation activity from Isochrysis galbana, a 8-
desaturase from Euglena gracilis and a 5-desaturase from Mortierella

alpina (Qi et al. 2004). It was suggested that I. galbana C18- 9-elongation
activity was important in the successful reconstitution of this pathway 
since it may bypass rate-limiting steps present in the conventional 6-
desaturase/elongase pathway (Qi et al. 2004). 

In transgenic tobacco and linseed, high accumulation of 6-desaturated
C18 fatty acids and up to 5% of C20 PUFAs, including arachidonic and ei-
cosapentaenoic acids, has been reported as a result of heterologous expres-
sion of three genes encoding a 6-desaturase, a 6-elongase and 5-
desaturase (Abbadi et al. 2004). 

An interesting aspect of the modulation of fatty acid desaturation has 
been suggested by Zhang and co-workers in causing an increased tolerance 
to various abiotic stresses in transgenic tobacco cells and plants (Zhang et 
al. 2005). They presented evidence that overexpression of either FAD3 or 
FAD8 led to increased tolerance to drought in tobacco plants and to os-
motic stress in cultured cells. In both cultured cells and whole plants, much 
greater heat sensitivity was noted when the tissues were overexpressed 
with FAD8 rather than with FAD3 (Zhang et al. 2005). 

4. Complex lipid manipulation 

In spite of significant progress in genetic engineering of fatty acid synthe-
sis in oilseeds to meet the increasing demand of industry, the high levels of 
these fatty acids which are necessary for industrial applications have not 
been achieved very often. The highest content of a potentially useful 
industrial oil (with the exception of lauric acid) accumulated in the seed oil 
of transgenic plants is 25% (Jaworski and Cahoon 2003). Taking into ac-
count a need for purification of the oils which involves some additional 
expense, levels of unusual fatty acids at up to 90-95% of total seed fatty 
acids have been suggested as desirable. 

Analysis of the fractional distribution of unusual fatty acids in seed oils 
showed that they are located almost exclusively in TAGs. The main path-
way for the synthesis of TAGs is the Kennedy pathway (Fig. 9.2) where 
the first two reactions are the formation of phosphatidic acid by stepwise 
acylation of glycerol 3-phosphate. It is known now that these reactions are 
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catalysed by two distinct enzymes specific for positions 1 and 2. Mem-
brane-bound glycerol 3-phosphate acyltransferase (GPAT) initiates the 
process by transferring the acyl chain from CoA to the sn-1 position of 
glycerol-3-phosphate with the formation of lysophosphatidic acid (Voelker 
and Kinney 2001). No gene has been identified in plants for the mem-
brane-bound form of GPAT, which is believed to have a low selectivity for 
different acyl chains. (The soluble chloroplast form of GPAT has, how-
ever, been well studied (Frentzen and Wolter 1998). The transfer of acyl 
chains from acyl-CoAs to the sn-2 position to form phosphatidic acid, is 
catalyzed by lysophosphatidic acid acyltransferase (LPAAT) which, in 
plants, prefers unsaturated acyl chains (Voelker and Kinney 2001). The 
phosphatidic acid is then dephosphorylated to produce diacylglycerol 
(DAG). The final step in the pathway is the addition of a final fatty-acyl 
group to the sn-3 position of DAG to produce TAG (Fig. 9.2). It is cata-
lyzed by diacylglycerol acyltransferase (DGAT), an enzyme unique to 
TAG biosynthesis. In plants, two unrelated genes have been shown to po-
tentially encode DGAT enzymes. One form is related to acyl-
CoA:cholesterol acyltransferase, whereas a second form does not resemble 
any other known genes (see Voelker and Kinney 2001).

Recent studies provide evidence for alternative reactions for TAG syn-
thesis in plants. In one of these reactions, a fatty acid residue is directly 
transferred from the sn-2 position of phosphatidylcholine (PC) to diacyl-
glycerol forming lyso-PC and TAG (Stobart et al. 1997). There is also a 
reaction involving acyl transfer between two molecules of DAG (see We-
selake 2005). Each of above-mentioned reactions in the TAG biosynthetic 
pathway may be a limiting step for the incorporation of fatty acids into 
TAG. Thus, in addition to the enzymes necessary for the synthesis of an 
unusual fatty acid, it may be necessary to introduce multiple genes to 
properly channel the fatty acids into TAG (Jaworski and Cahoon 2003).

In order to increase the erucic acid content in rapeseed oil, the cDNA 
encoding LPAAT from developing seeds of meadowfoam (Limnanthes

alba alba) was expressed in developing seeds of transgenic high-erucic-
acid rapeseed (Lassner et al. 1995). Although the total erucic acid content 
did not change, it was present at the sn-2 position of TAGs in transgenic 
plants in contrast to control plants, and trierucin was accumulated in the 
seed oil from modified plants (Lassner et al. 1995). Similar results were 
obtained when a cDNA encoding a 1-acyl-sn-3-phosphate acyltransferase 
(LPAAT) from Limnanthes douglasii was introduced into oilseed rape 
(Brough et al. 1996). Moreover, when a coconut (Cocos nucifera) LPAAT 
(preferring 12:0-CoA) was coexpressed with a 12:0-ACP thioesterase from 
California bay in developing seeds of oilseed rape, efficient laurate deposition
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(Knutzon et al. 1999).
Zou et al. (1997) transformed the model oilseed arabidopsis and a high-

erucic acid cultivar of Brassica napus with the yeast sn-2 acyltransferase 
gene. They reported substantial increases in seed oil content in transgenic 
plants as well as increases in both the overall proportions and the amounts 
of VLCFAs in seed TAGs. The proportion of these acids at the sn-2 posi-
tion of TAGs was also increased in transgenic plants  (Zou et al. 1997). 
Enhancement of seed oil content has been achieved in A. thaliana when 
transformed with a plastidial safflower glycerol 3-phosphate acyltrans-
ferase (GPAT) and an Escherichia coli GPAT (Jain et al. 2000). 

The potential application of acyl-CoA:diacylglycerol acyltransferase-
transformed plants has been demonstrated when transformation of tobacco 
with the DGAT gene isolated from A. thaliana was performed (Bouvier-
Nave et al. 2000). In several primary transformants, a marked increase of 
TAG content, which correlated with the DGAT mRNA expression, has 
been observed  (Bouvier-Nave et al. 2000).  Moreover, it was shown that 

sis enhanced oil deposition and average seed weight which were correlated 
with DGAT transcript levels (Jako et al. 2001). This study confirmed the 
important role of DGAT in regulating the quantity of seed TAGs (Jako et 
al. 2001). 

5. Summary remarks 

While there is clearly enormous potential for the production of important 
foodstuffs and renewable chemical sources by use of genetic manipulation 
of plants, there has been little realisation of this potential so far. A notable 
exception is laurate canola. Two major problems have been encountered. 
First, achievement of high levels of the desired fatty acids in TAG has of-
ten been limited by the substrate selectivity of endogenous enzymes. This 
means that, frequently, it appears necessary to introduce novel acyltrans-
ferases in order to reduce constraints encountered in the Kennedy pathway. 
Second, when trying to produce products such as VLCPUFAs, there is an 
inherent problem in that the desaturation and elongation reactions use dif-
ferent types of substrates and it is constantly necessary to swap the acyl 
groups between these during synthesis. Such additional reactions severely 
limit the efficiency of the syntheses achieved so far.

There are two further problems. One of these is our lack of information 
about control mechanisms for lipid synthesis in different plants (Ohlrogge 

at the sn-2 position of TAGs and trilaurin accumulation were found 

seed-specific overexpression of the DGAT cDNA in wild-type arabidop-
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and Jaworski 1997). In the first attempts to address this deficiency, flux 
control analysis is being used to yield quantitative information about the 
regulation of lipid accumulation (e.g. Ramli et al. 2002; 2005). Such ex-
periments are very necessary in order to identify which enzymes may be 
worth manipulating in order to achieve increased oil yields. 

A second problem is that of consumer resistance to the use of geneti-
cally-modified crops. At present such problems are more serious in Europe 
then many other parts of the World. Nevertheless, they have had a major 
effect on the development of new crops. However, for the production of 
new crops for industrial use there is somewhat less public disquiet and it is 
probable that advances in the production of renewable resources for 
chemicals are likely to be very significant in the near future. 

Abbreviations used 

ACC, acetyl-CoA carboxylase 
ACP, acyl carrier protein 
BTE, fatty acyl thioesterase type B (FatB c.f. FatA) 
DAG, diacylglycerol 
DGAT, diacylglycerol acyltransferase 
E, fatty acid elongase 
FAD, fatty acid desaturase 
FAE, fatty acid elongase 
FAR, fatty acyl-CoA reductase 
FAS, fatty acid synthase 
GLA, gamma-linolenic acid 
GPAT, glycerol 3-phosphate acyltransferase 
HEAR, high erucic acid rape 
KAS,  -ketoacyl-ACP synthase 
KCS,  -ketoacyl-CoA synthase 
LPAAT, lysophosphatidic acid acyltransferase 
PC, phosphatidylcholine 
PUFA, polyunsaturated fatty acid 
TAG, triacylglycerol 
VLCFA, very long chain (>18C) fatty acid 
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1. Introduction 

Biodiesel is a fuel for diesel engines that consists of the mono-alkyl esters 
of fatty acids from vegetable oils and animal fats.  It can be used either 
pure, or in blends with petroleum-based diesel fuel.  It does not require that 
engines or fueling infrastructure be modified although checking elastomers 
for compatibility is recommended when pure biodiesel (B100) is used. 
Biodiesel allows diesel engines to produce lower exhaust emissions of 
smoke, particulate, carbon monoxide, and unburned hydrocarbons. Oxides 
of nitrogen may increase slightly under some operating conditions but the 
difference for biodiesel blends up to 20% is difficult to measure. 

Biodiesel provides a major new market for excess supplies of vegetable 
oil and animal fats.  The reduction in these excess supplies should improve 
prices for commodity oilseeds such as soybeans and canola.  It could also 
encourage the development of greater diversity in crop production as oil-
seeds with greater oil yield per acre become economically viable. 

Biodiesel can also displace a portion of the petroleum used for transpor-
tation and, because it is biologically-based, may reduce the impact of 
global warming. However, its impact on these issues should not be exag-
gerated. Current world production of vegetable oils and animal fats and 
competition for these oils and fats from food uses will limit biodiesel’s 
contribution to less than 5% of  petroleum diesel fuel for the foreseeable 
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future. So, while biodiesel’s impact on these problems is positive, it will be 
small.

Biodiesel provides an improvement in diesel fuel lubricity, even when 
used in blends as low as 1 to 2%. This benefit is increasingly important as 
low-lubricity desulfurized diesel fuels are required. Recent work suggests 
that the actual lubricity benefit may be associated with contaminants in the 
biodiesel, such as free fatty acids and monoglycerides, rather than the 

The combination of high petroleum prices and government incentives 
has caused a surge in interest in biodiesel in the United States. Production 
capacity is increasing rapidly. This paper describes the processing technol-
ogy that is being used to produce the fuel in the United States. 

2. Oil preparation 

Figure 10.1 shows a schematic diagram of the process to convert oilseeds 
to biodiesel. Oil is extracted from vegetable sources using hexane as a sol-
vent, or with a mechanical screw press. 

A by-product of the oil extraction is meal, which in the case of soybeans 
and canola, is a high protein animal feed. For soybeans, the meal has 
higher value than the oil. The crude oil contains contaminants such as 
phospholipids, free fatty acids, and water that should be removed before 
converting the oil to biodiesel. The phospholipids, or gums, are removed 
by adding water to the oil while heating so the gums react with the water to 
form an insoluble sediment that can be removed by centrifugation, filtra-
tion, or settling and sold as crude lecithin. A fraction of the gums may re-
quire the addition of phosphoric acid to complete the hydration process so 
that all of the gums can be removed.  Solvent-extracted soybean oil typi-
cally contains gum compounds equivalent to 900 ppm of phosphorus. Lev-
els below 50 ppm are recommended for biodiesel production (Van Gerpen 
and Dvorak 2002). 

To remove free fatty acids from the oil, a solution of sodium hydroxide 
in water is added to convert the free fatty acids to soap. Then, the soap is 
washed from the oil with water and the oil is dried. The resulting material, 
known as soapstock, contains the soap, unseparated oil, and water. 

mono-alkyl esters themselves (Knothe G. and Steidley KR 2005). 
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Fig. 10.1. Schematic diagram of Biodiesel production process.
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The by-products of oil refining, lecithin and soapstock, both have uses 
in the production of human and animal food products.  In addition to the 
refining processes described above, oil that is being prepared for human 
consumption is generally bleached and deodorized (Erickson 1995; 
Zehnder 1995). However, these steps are unnecessary for biodiesel produc-
tion.

Some oils and fats contain high levels of free fatty acids. If these were 
processed using the caustic stripping  process described above, the large 
amounts of soapstock would be a significant loss of useful product. The 
difficulty with leaving the free fatty acids in the oil for biodiesel produc-
tion is that when the oil is subjected to the alkali-catalyzed transesterifica-
tion process described below, the catalyst reacts quickly with the free fatty 
acids to form soap. This removes the catalyst from the reaction and the 
soap inhibits the biodiesel-glycerin separation process. 

If the level of free fatty acids is less than about 5%, the oil or fat may 
still be processed with an alkali catalyst. In this case, an amount of extra 
catalyst is added to compensate for that lost to reaction with the free fatty 
acids and which ensures sufficient catalyst will remain to catalyze the reac-
tion. Above 5%, the amount of soap inhibits separation of the glycerin. 

When the free fatty acid level is above 5%, the excessive soap forma-
tion and the reduction in yield makes it necessary to use other means to 
process the feedstock. The most common method is to add a significant 
excess of methanol (commonly a 20:1 molar ratio of methanol to free fatty 
acids) with a strong acid, such as sulfuric acid (Canakci and Van Gerpen 
2001). The acid catalyzes the esterification reaction of the fatty acids to 
methyl esters. When the level of free fatty acids has been reduced below 
0.5%, the mixture can be passed through the transesterification process as 
if it were a refined oil. No soap is formed in the esterification reaction, but 
water is produced that must be removed before the mixture is transesteri-
fied or soap formation will be excessive. 

Transesterification is the process that takes a triglyceride molecule, itself 
an ester, and reacts it with an alcohol such as methanol to form the mono-
esters (biodiesel) and another alcohol (glycerol). This is an equilibrium re-
action that stops well short of completion when the stoichiometric amount 
of methanol is added to the triglycerides. To force the equilibrium to the 
point where more than 98% of the glycerin has been separated from the 
triglycerides to produce biodiesel, at least 100% excess alcohol is required 
(Freedman and Pryde 1982). This degree of reaction is necessary to meet 
the biodiesel specification established by the American Society for Testing 

3. Transesterification and separation 



and Materials (ASTM). Incomplete reaction leaves excessive amounts of 
monoglycerides in the biodiesel.  These partially reacted products have a 
low solubility in the biodiesel and the saturated monoglycerides will form 
crystals that appear as white flakes in the fuel. Once formed, the crystals 
can be difficult to re-dissolve, particularly after blending with diesel fuel. 
If present in sufficient quantity, these crystals can plug fuel filters. 

The most common alcohol used for transesterification is methanol, but 
ethanol can and has been used (Peterson et al. 1991). Ethanol requires 
more alcohol to be used and is usually more expensive. However, the extra 
weight of ethanol is converted to biodiesel so the higher cost of the ethanol 
may be offset by the greater yield.

Both hydroxide and methoxide catalysts are commonly used to produce 
biodiesel. Sodium or potassium hydroxide are dissolved in methanol to 
produce methoxide ions, which are the actual catalytic agents. Unfortu-
nately, hydroxide catalysts also produce water which results in hydroxyl 
ions. These hydroxyls provide a parallel reaction path that produces free 
fatty acids and soaps instead of the methyl esters which are sought. Most 
commercial biodiesel producers in the United States use sodium methoxide 
which is formed via a water-free process and is available in concentrated 
solutions of 25% or 30% in methanol. Solid-phase, or heterogeneous, cata-
lysts are being developed for biodiesel production and will probably see 
widespread use in the next 2 to 3 years. 

The transesterification process can be conducted in a batch reactor 
where a typical reaction time is one hour at 60ºC. Continuously stirred 
tank reactors (CSTRs) are most commonly used in continuous plants. 
These operations usually use two CSTRs in series with  approximately an 
hour of average residence time in each reactor. Glycerin separation be-
tween the two CSTRs helps to force the reaction equilibrium toward com-
plete conversion of the triglycerides to methyl esters. The first reactor pro-
vides 75-90% of the reaction and the second reactor completes the process. 
Plug flow reactors can also be used but are less common due to the diffi-
culty of providing sufficient reaction time. 

Glycerin separation can be accomplished by gravity with a decanter, 
with a centrifuge, or with coalescence technology. The glycerin produced 
will only be about 50% purity having attracted about half of the excess 
methanol and most of the catalyst and soaps. Refining of glycerin to the 
99.5+% level required for most commercial glycerin applications is gener-
ally not done by biodiesel producers. It is more common to upgrade the 
glycerin to 80% purity, which will be accepted by commercial glycerin re-
finers. This upgrading is accomplished by acidulating the glycerin with a 
strong acid such as hydrochloric, sulfuric or phosphoric, to neutralize the 
catalyst and split the soaps. Since the free fatty acids produced by the soap 
splitting are not soluble in the glycerin, they can be removed and used for 
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biodiesel production or introduced into animal feed. Then, the methanol is 
recovered from the glycerin by evaporation. This methanol may contain 
substantial amounts of water that must be removed, usually by fractional 
distillation, before the methanol can be returned to the reaction. After these 
processes, the glycerin will be 80 to 90% pure, depending on the contami-
nants in the original oil. 

After the biodiesel has been separated from the glycerin, it will contain 
small amounts of residual catalyst, soap, free glycerin and approximately 3 
to 5% methanol. Excessive catalyst and soap will cause ash deposits in the 
engine and are controlled by the sulfated ash limitation in the ASTM 
specification. Free glycerin can cause filter plugging, injection system 
damage, and engine shutdown. Residual methanol causes a low flash point 
temperature and makes the fuel less safe to handle.

These contaminants must be removed before the fuel will meet the 
ASTM specification used in the United States. There are two general ap-
proaches in common use to remove these impurities. In the approach de-

a flash or falling film evaporator. Then, the methanol-free biodiesel is 
washed with water. The water might be sprayed into the biodiesel, mixed 
with the biodiesel via bubble-induced agitation, or contacted in counter-
flow in a packed or agitated extraction column. Other variations involve 
adding acids such as citric or hydrochloric to the initial wash water to neu-
tralize the catalyst and possibly split the soaps into free fatty acids and 
salts. The free fatty acids will remain in the fuel and the salts are easily 
removed with subsequent water washing. A flash drying process follows 
the last contact with water to ensure that residual water levels in the fuel 
are low. If the biodiesel is not dried in this manner it may appear cloudy 
due to the presence of small water droplets suspended in the fuel. In this 
case, it will generally become clear with time as the droplets settle to the 
bottom of the holding tank. 

An alternative process is to add wash water to the biodiesel immediately 
after the glycerin separation as shown in Figure 10.2. As before, acid is of-
ten added to the initial wash water for neutralization and soap splitting. 
Along with the soaps, salts, and free glycerin, most of the methanol will be 
transferred from the biodiesel to the wash water. The biodiesel is passed 
through a final flash vaporization process to ensure that any remaining 
methanol and water are removed. 

4. Methanol recovery and washing 

picted in Figure 10.1, the methanol is removed first by evaporation with either 



The first process, where methanol removal precedes water washing, has 
the advantage of providing methanol with a low water concentration. Since 
most of the water that may have entered the reaction as a contaminant in 
the oil or methanol will have been extracted with the glycerin after the first 
stage of reaction, the methanol removed from the biodiesel probably has a 
low enough water content to be returned to the reaction with no further 
processing. In contrast, the methanol recovered from the biodiesel with the 
second process will contain 50 to 90% water and requires separation by 
fractional distillation. However, the first process has the disadvantage that 
when the methanol is vaporized, if the soap concentration is too high, it 
will precipitate out as a viscous sludge. When present, the methanol acts as 
a co-solvent and holds the soap in solution. This precipitated soap can plug 
filters and screens and complicate the washing process.

The acidulation that starts the second process breaks up the soap and 
thus eliminates this precipitation problem. The second process also has the 
advantage that only one vaporization process is required (because the wa-
ter/methanol separation as been deferred to the distillation column) while 
the first process requires separate methanol and water removal processes. 
The first process is probably more appropriate when processing clean re-
fined oils with low water concentrations that will produce little soap. The 

Washing

Methanol recovery 
and drying 

Gray water
 + methanol 

Water

To Additization 

From separation 
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Fig. 10.2. Alternative washing process.
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second process is more robust for processes where higher soap levels are 
expected.

With either process, gray water is produced. In addition to soaps, the 
water may contain methanol, free glycerin, salts, and catalyst. The water 
will have a high biological oxygen demand and would require neutraliza-
tion and dilution before being sent to a waste water treatment plant. A 
more common option is to add the gray water stream to the crude glycerin. 
The acidulation of the glycerin will also split the soaps in the water and the 
water will be removed by the vaporization process that recovers the 
methanol. After distillation to separate the methanol and water, the metha-
nol can be reused for the transesterification process and the water can be 
reused for washing. The salts remain in the glycerin. 

Alternatives to water washing are being proposed. Most involve adsorb-
ents such as magnesium silicate or ion exchange resins. These materials 
are effective at removing soap, catalyst, free glycerin and, in some cases, 
monoglycerides. While the absorbents are costly and create a waste stream 
of spent absorbent, they allow considerable savings in water treatment 
costs and eliminate the challenges associated with emulsion formation dur-
ing water washing.

Biodiesel properties may be enhanced by additives. In order to provide ac-
ceptable cold flow properties, biodiesel is generally produced from feed-
stocks that contain substantial amounts of unsaturated fatty acids. These 
compounds are prone to oxidative attack from oxygen in the atmosphere.  
Some feedstocks, such as soybean oil, contain potent natural antioxidants 
such as tocopherol that protect the fuel for six months or more. In cases 
where extended storage is expected, an antioxidant additive such as tert-
butylhydroquinone (TBHQ) is used, frequently accompanied by a metal 
chelator such as citric acid. Pour point depressant additives are also avail-
able for biodiesel but these have only been found to be effective in blends 
of biodiesel with petroleum-based diesel fuel and are generally added after 
blending by the distributor or the consumer. 

Biodiesel is an alternative fuel that is widely used in Europe and is attract-
ing rapidly growing interest in the United States and other parts of the 

5. Additization 

 Conclusions6. 



world. In the U.S., production capacity is increasing very rapidly due to 
federal government tax incentives and high petroleum prices. 

Production of biodiesel utilizes very well-known reaction and separation 
processes. Some variations exist between plants, but most of the processes 
are similar. While future developments, such as heterogeneous catalysts, 
will certainly make an impact, processing is likely to follow well-accepted 
procedures with increasing commonality between plants in a manner that 
is similar to that currently found in the fuel ethanol industry. 
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1. Generalities 

In general the interest for biomass production and utilisation (and in par-
ticular for co-generation) is growing considerably because of the diffuse 
awareness of the socio-economic, political and environmental benefits. 

Actually intensive land use in the E.U. for food crops is decreasing due 
to the evolution of the Common Agriculture Policy, liberalisation of the 
Agriculture Markets (i.e. W.T.O), enlargement of the E.U. towards East 
European Countries most of these still with a significant agriculture eco-
nomic basis. 

In this context it is estimated that more and more good Agricultural 
Land (S.A.U.) and marginal lands will be available for the production of 
Energy Crops for potential large scale supply of clean biomass resources. 

The present insecurity on future and large-scale conventional energy-
supply, pressure for environmental protection, increasing unemployment in 
rural areas, makes more attractive the exploitation of the huge biomass 
world-wide potential as new energy vector. 

Furthermore the technological development so far reached is able to 
overcome most of disadvantages related to the biomass utilisation, like: 

Dispersed resource characteristics; 
Seasonal production; 
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Low bulk density; 
Low energy density (due to its high moisture content); 
Fast bio-degradation of biomass (with material loss) if moisture level is 

10%;
Logistics problems for large volume supply; 
Different chemical composition especially (ashes, micro-elements, hea-
vy-metals.

This chapter reviews the state of art and the development in progress for  
the electricity production from biomass and in particular interest for co-
generation.

In the following pages an estimation of the biomass potential, on the vi-
tal future role of dedicated energy-crops, their performances and character-
istics will be presented as answer to the two main questions that are fre-
quently posed: 

How much is the technical EU and world potential of biomass resources 
and its expected evolution? 
How much biomass resources will be available in particular for the po-
wer/cogeneration market in the E.U. and at world level? 

In the figure here below, an answer to the first questions is presented: 
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Table 11.1. Projections of future biomass Contribution (M Toe / year).*

Organization 2025 (year) 2050 (year)

Shell (1996) 2,030 4,750 
IPCC(1996 1,720 6,700 
Greenpeace (1993) 2,720 4,320 
Johansson et al. (1993) 3,470 4,920 
WEC (1993) 1,400 3,000 
Dessus et al. (1992) 3,220 - 
Lashof and Tirpak (1991) 3,100 5,130 
Fisher and Schrttenholzer (2001) 8,350 10,750 
Average 3,250 5,650 
*Source: White Paper G8 Initiatives on Bioenergy Partnership (2005) 

Biomass can be utilized directly for the production of heat, for power 
generation and for transport bio-fuels. Due to the high increase of electric-
ity demand there is now a particular interest for promoting the production 
of green power from renewable sources and for bio-electricity. 

The estimated future market volume of bioelectricity in the E.U. and 
world-wide are summarized in the following figures: 
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For bioelectricity production, all type of solid, gaseous, liquid biofuels can 
be utilised, but lignocellulosic biomasses should is seen as the most impor-
tant biomass resource, because widely available and readily utilisable for 
combustion, without the need of adopting sophisticated expensive conver-
sion processes. 

Fig. 11.3. Evolution of future Bioelectricity production. Source: G. Grassi EUBIA. 

Fig. 11.4. World Bio-electricity Market. Source: G. Grassi EUBIA. 

2. Role of energy crops for Bioenergy Markets and 
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Three are the main sources of solid biomass: 

Agriculture residues (1.5 billion fresh t/y in the E.U.-25); 
Forestry residues (~250 million dry t/y in the E.U.-25); 
Energy crops. 

Extensive testing had been carried out in the E.U., USA etc. during the 
past 20/30 years on several promising high-yield energy crops in particular 
high yield C-4 crops. 

In the table here below, main experimental data concerning yield and 

Energy crops Yield
dry t/ha 

Production
cost€/ha

Average biomass 
cost €/dt 

Sorghum              C4** 25 850 32 
Cynara
Cardum                C3 10 500 50 

Miscanthus           C4 22 650 30 

Arundo Donax      C3 30 1100 37 

Poplar (SRF)        C3 15 720 48 
*All data have been prudentially decreased of 20% to take the expected differ-

ences between experimental and large field productivities. 
**C4 crops are herbaceous pants have reduced photorespiration losses (high 

dependent oxidation process) and higher yield of C3 plants.

For general economic evaluations, the following average productivity 
and cost values can be assumed for the EU: 

yield of C4 crops: 25 dry t/ha x year (~10 TOE/ha x year); 
yield of C3 crops: 15 dry t/ha x year  (~6 TOE/ha x year); 
production cost for C4 crops: 35 (max 50 €/dt); 
production cost  for C3 crops: 50 (max 70 €/dt). 

From the farmer interest point of view the present  Net Income (Produc-
tion sale value - Production cost) of lignocellulosic biomass (Arundo 
donax, Miscanthus, SRF Poplar) is around 650 €/ha. The agronomic cultural 
costs of energy crops are similar to those for growing cereals or animal 
feeds.

Table 11.2. Typical Production cost of Energy Crops (trials 2002)* Source: G 

production costs in E.U. are presented: 

Grassi EUBIA.
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For combustion or power generation important characteristics of energy 
crops to be taken into account are: their heating values, their chemical 
composition and the amount and melting temperature of ashes. Typical 
values are presented in the following tables:

Type of biomass Chemical content (% wt) 

C H O N S 

Ashes
(%)

Volatile
fract.
(%)

Melt.
Temp.
(°C)

L.H.V
Kcal
/Kg

Sorghum bicolor 40,3 7,6 51,4 0,5 0,1 5,6 74,5 1030 17.181 

Miscanthus
Sinensis

42,5 7,6 49,7 0,1 0,1 2,8 77,2 1004 17.684 

Arundo-donax 42,7 7,5 48,7 0,8 0,2 5 75,2 1016 16.800 

Cynara
Cardunculus

39 6,6 52,8 0,5 0,2 13,9 72,9 1221 16.781 

Poplar SRF 50.90 6.6 42.0 0.2 0.02 0.30 84.0  18.273 

Mineral coal 74,2 4 19,8 1,3 0,5 14,2 24,4 1180 27000 

Source: Bioenergy Farm - Arsia 6/2004-ISBN 88 82 95 063 8 

In summary, Energy Crops will be able to provide a significant  contri-
bution to the EU-25 energy needs, considering the large areas of Agricul-
tural lands no more required for food production: 30-40 million ha. 

Assuming an average yield of 8 TOE/ha (herbaceous/ Woody Crops) the 
biomass potential supply for energy from dedicated crops could reach in 
the E.U. the considerable level of: 

~250-320 MTOE/year 
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Table 11.3. Technical characteristics of energy crops. 

Fig. 11.5. 2000- Projections of agricultural land use in Europe (EU-15) Source: G. 
Grassi EUBIA. 
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A very wide range of possibilities for power production and cogeneration 
from biomass resources is conceivable. Of course, technical-economical-
environmental constraints limit actually these possibilities to few practical 
technologies and systems. 

In table here below a general matrix of possible biomass power-
cogeneration concepts are summarised: 

Matrix of biomass power generation system 

Type of biofuels 
Steam

condensing
generators

Engines
generators

Gas
Turbine

generators

Stirling
generators

Steam
generators

Gasifer
engine

generators

Solid biomass 

      

biomass x - - x x - 

chips x - - x x x 

agro-pellets x - - x x x 

charcoal x - - x x x 

torrified biom x - - x x x 

Liquid biofuels 

bioethanol x x x x x - 

biomethanol - x x x x - 

vegetal oil - x x x x - 

bio-crude oil x - - x x - 

bio-slurries x - - x x - 

Gaseous biofuels 

LHV gas x x x x x - 

MHV gas x x x x x - 

Bio-hydrogen - x x x x - 

Bio-gas x x x x x - 

Source: G. Grassi EUBIA 

From this wide range of possible scheme, for power-cogeneration pro-
duction from biofuels, we have summarised in Table 11.5 a limited but 
practical list of present available and commercial plants. 

3. Complexity of the Bioelectricity sector 

Table 11.4. General matrix of possible biomass power cogeneration concepts. 
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Commercial Biomass Power Generators (Co-generators) 

Capacity Specific investment

Technology
Small (kWe) Large (MWe)

Small
(€/kWe)

Large(€/kWe)

Steam condensing 
(Humid biomass/pellets)

200 - 2,000 Multi 2,000 1,600 

Gasifer+Engine 70 - 1,000 - 2,300 - 

Biogas+Engine 100 - 600 - 1,800 - 3,000 - 

Bioethanol+Engine 20 - 100,000 - 

Biethanol turbine 100 50 - 200 1,000 600 
Steam engine cogen-
erat. 50 - 1000 - 1,300 - 
Biohydrogen fuell-cell 10 - 1,000 - 3,000 - 

Source: G. Grassi EUBIA 

The above table put in evidence the present technological limitation for 
the bioelectricity production, which are: 

Lack of small capacity, efficient and commercial solid biomass power 
or cogeneration systems. This type of plant is expected to become the 
most attractive (especially for cogeneration) because solid biomass is 
available everywhere it is the cheapest biofuel.
The TAR gas-cleaning is still not yet a solved problem in biomass gasi-
fication, making the use of present sofisticated engine technology no re-
liable for power generation.
The life time operation of most present small engines, fuelled with liq-
uid biofuels (bioethanol, vegetal oil, etc.) is limited to about 3,000-
30,000 hours against the desirable level of about 100,000 hours.
Commercial gas-turbine system, fuelled most with natural gas or fuel-
oil, need some adaptation for use with liquid or gaseous biofuels.

As far as concern the present “economic limitations” for biomass power 
production these are due to: 

High specific investments of present commercial technologies due 
to the limited market volume; 
High cost of biofuels production cost, for example: 

 - Agro-pellets.....................~ 100 €/t = 250 €/TOE 
 - Bio-ethanol......................~ 500 €/t = 700 €/TOE  
 - Bio-diesel.........................~  - €/t = 800 €/TOE 
 - Bio-hydrogen...................~ 2,000 €/t = 670 €/TOE 

Table 11.5. List of commercial plants in the U.E.
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Limited electrical efficiency of present technologies 
Most of the electrical efficiency in the bioelectricity sector is actu-
ally in the range of 20% to 33%, except for the more sophisticated 
and expensive IGCC plants. 

Of course, cogeneration becomes of great economic interest because, 
providing a significant supplementary income from the scale of the co-
produced heat (in general 2-2,5 times the volume of the power production) 
can reduce considerably the cost of  bioelectricity, especially if the utilisa-
tion period of heat can be extended beyond the usual 6 months/year pe-
riod. This could be the case of industrial utilisation of steam heating and 
cooling in buildings etc. 

All biomasses at harvesting or at recovery (residues) present an high mois-
ture content, between 25% to 50%. Humid biomass not only has a lower 
heating value, but also is submitted to a fast biodegradation process with 
important material loss and noxious emissions into the environment. 

10% moisture level is usually adopted, but this operation requires high in-
vestments and operating costs with significant energy consumption equiva-
lent to 20% - 25% of the resource energy value. 

However the reduction of the moisture content of biomasses to 10% is 
important in particular for power generation (steam condensing plants) be-
cause the much higher boilers efficiency and heating value of biomass. 

Now this advantage can be materialised by the utilisation of an innova-
tive technology able to carry out: “Simultaneous mechanical drying & 
compactation (pelletisation) of humid biomass or mixtures” with low en-
ergy input corresponding to about 13% the resource to be refined. 

In fact an energy input of 220 kWhe per ton of pellets produced is re-
quired for the extraction of ~40% of moisture and its compactation into 
pellets (6-8 mm) with a moisture content of ~10%. Because in present 
commercial plants the moisture reduction is ~15% - 20% for one process-
step, when biomass has an high humidity content (i.e. 50% -60%) biomass 
must be circulated back two-three times across the refining dials with loss 
of time and loss of processing capacity. However multi-stage units are un-
der consideration to overcome this penalisation, of course with additional 
costs.

4. Stabilisation of humid biomass for power generation

In general, for stabilisation of humid biomass “drying by heating” up to 
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In practical terms, Biomass with a moisture level of 50% requires for its 
conversion into pellets (ø=6mm – 10% moisture) a total energy consump-
tion of ~13% of the output (130kg of pellets for production output of 1000 
kg/hr).

Just to appreciate the interest and this new resources saving technology 
in the refining of humid biomass we summarise in figure here below the 
processing total resource loss of the new and of conventional technologies: 

% Biomass consumption for conversion of humid 
resources (50% moist.) into agro-pellets(10% moist.)

13%

43%

0%

10%

20%

30%

40%

50%

new pelletisation machines convetional pelletisation machines

Loss

The biomass pellets produced by this new technology have maintained 
stable their original characteristics for one year (tested interval). 

More than 60 different types of humid biomass or mixtures have been 
tested so far (enclosing high density wood, peat, etc.). 

Another peculiar characteristics of this new technology is also related to 
the possibility of producing pellets from any mixture of biomasses, with-
out the need of binding compounds. 

This aspect is of great interest for reducing the level of ashes or of some 
noxious micro elements (i.e. Cl, Nx,….) in the final product. 

For example agro-pellets obtained from a mixture of 50% of fiber sor-

Fig. 11.6. % Biomass consumption for conversion of humid resources 
(50% moist.) into agro-pellets (10% moist.). Source: G. Grassi EUBIA. 

5. Economic aspects 

ghum and 50% of poplar (SFR) shows a considerable reduced (ash) 
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content from 5,46% to 3,59%,  its chlorine content from 180 mg/Kg to 29 
mg/Kg, its Potassium content from 792 mg/Kg to 286mg/Kg and its sili-
ceous content from 1,070 mg/Kg to 467 mg/Kg. 

Here below, some examples of agro pellets characteristics obtained 
(Centro Avanzi of Pisa, Italy) from energy crops, from mixtures of bio-
masses (Poplar-Sorghum) and from typical South Europe agriculture resi-
dues:

Type of biomass LHV 
Volatile
fract.

Dry
residue

Composition

kj/kg g/kg g/kg Silicon Potassium Calcium Chloride 

Cynara
Cardunculus 16781 144 71,4 157 1349 1100 1157 

Arundo-donax 16800 93,9 37,7 547 385 101 53 

Miscanthus S. 17684 219 13,8 7673 7 24 7 

Sorghum 17181 105,5 74,6 2380 1059 513 343 

Poplar SRF 18273 128,5 25,6 246 95 197 26 

Poplar + sorghum 17250 117,2 117,2 467 286 194 29 

Peach thinning 17892 91,6 91,6 23 127 250 - 

Olive thinning 18054 95,4 95,4 77 262 407 3 

Vygnard thinning 17960 97,5 97,5 77 195 221 - 

Alfa-alfa grass 17295 144,4 144,4 224 445 464 161 
Source: G.Grassi EUBIA 

Taking into account that the competitiveness of power generation is in 
general difficult for the motivations listed in the previous chapter, however 
there are some specific case where the production cost are reasonable and 
acceptable also in the absence of specific support measures like the 
“Green-Certificates”.

1st Example: Coal- Agropellets Cofiring

Table 11.6. Technical characteristics of pellets obtained from different bio-
materials.
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The utilisation of biomass with mineral coal in thermal power plants has 
great relevance for the E.U. and in the world. 

In particular the estimated potential in the (EU-25) is: 

Bioelectricity capacity is ~30,000 MWe; 
Green-power production volume ~210 TWe/y; 
CO2 saving volume ~ 150 million t/year. 

The specific investment for the adaptation of a coal power plant to a 
biomass-cofiring operation is very modest: ~40€/KWe installed with a 
supplementary specific investment of ~200 €/KWe for the integration of 
the new agro-pellets technology; however this cost should be rather asso-
ciated to the biomass production & supply sector. 

The average estimated production cost of green-power power plants is 

0,01
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0,007

0

0,01

0,02
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0,06
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kW

h

Electricity production cost

Capital cost Fuel cost O. & M.

Fig. 11.7. Electricity production cost. Source: G. Grassi EUBIA.

showed in figure 11.7. 



Bioelectricity and cogeneration      303 

The anticipated total cost is 0.054€/KWhe. 

2nd Example: Small capacity Power-Cogeneration System

For competition small/medium capacity cogeneration units become of 
considerable economic interest, because the utilisation/sale of the waste-
heat (2-3 times the volume of electricity) can be extended beyond the usual 
6 months/year period (winter). 

This could be the case also of industrial utilisation of steam heating . 
Here below some examples of typical economic power-cogeneration 

evaluations are presented: 

Cost of Agro-Pellets 
Cogeneration systems 

(heat sale) 

Stand alone 

(not heat sale) 

100€/t
(no carbon credits) 

0.105
(sale of 5/7 of heat at 0.02€/KWhe) 0.124

40€/t
(carbon credit at 40€/t CO2) 

0.048
(sale of 5/7 of heat at 0.02 €/KWth) 0.067

Source: G. Grassi EUBIA

The effect of the availability of CO2 Carbon-Credits is economically 
more significant of the benefits driving from the sale of the Cogeneration 
heat!

To appreciate the CO2 environmental benefits deriving from the substi-
tution of biomass to conventional fuels in power generation, the emissions 
from different large commercial power generators have been summarized 
in table below: 

In future the general availability of CO2 credits will have large eco-
nomic benefits for the use of biofuel also for the sectorial power market. 

It is useful also to remind that supplementary economic benefits that can 
derive from the power generation from the integrated full processing of 
energy crops. 

Simultaneous, production of several commodities by combined conver-
sion processes of biomass is a general method for improving the viability 
of the activity. 

Table 11.7. Bioelectrity production costs (€/Kwhe).

Power Generators
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CO2 EMISSIONS OF ELECTRONIC GENERATION SYSTEM
(Ton CO2 per GWhe)

Biomass
steam-

condensing

IGCC
Plant

Conventional
steam

condensing

Nuclear
(Boiling water 

reactor)

FUEL
PREPARATION    5.846 

PLANT
CONSTRUCTION 0.429 0.429 0.429 0.413 

PLANT
OPERATION  822.945 1.057.572 6.081 

TOTAL 0.429 823.374 1.057.981 12.340 
Source: G. Grassi EUBIA

FUEL

CO2

Emissions
during combustion
(Kg CO2/Kg fuel) 

Carbon credit value* 
for biofuel 

Substitution (€/t) 

Natural Gas 2.75

Oil 3.15  

Bioethanol (2.2)** 88 

Biomethanol (1.7)** 68 

Bio-Hydrogen  370 

Biomass 0 60 

Coal 3.23  
Source: G. Grassi EUBIA
*Carbon credit value ~40€/ t CO2
** But absorbed later by plantations

Table 11.8.  Emissions from different large commercial power generators.

Table 11.9. Emissions from different large commercial power generators.
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We can image a: 

1. First level of integration consisting for example in a simultaneous 
production of power & heat (cogeneration). 

2. Second level of integration with a simultaneous production of power, 
heat, biofuels. 

The combined production of several commodities, beyond the im-
provement of the viability, through the exploitation of all components of 
crops, makes less vulnerable the activity to possible specific markets fluc-
tuations. For example assessments studies on bio-energy complexes based 
on the production of “ Heat + Power + Bioethanol + DDG (grain derived  
grains)” from sweet-sorghum anticipate a R.O.I (return of investment) in 
the E.U. conditions around 15% to 25% depending of the size of the plan-
tation, the location and availability of some support measures.

Soild Biomass and biofuels represented a good energy resource for energy 
and in particular for production. Beyond the utilisation of agro-forestry 
residues/wastes the future large-scale supply of biomass (total estimated 
potential for the EU-25: 600 MTOE/y  will be obtained through optimised 
plantations of energy – crops. A reasonable range of promising dedicated 
C3-C4 energy crops have already been identified (SRF: like poplar, wil-
lows, Eucalyptus, robinia / Herbaceous crops like sweet: –sorghum, mis-
canthus, cardum…) with promising development now under way.

Numerous possible schemes for power production (cogeneration) have 

nological problems still limits this wide range to few reliable practical pos-
sibilities. CO2 emission credits or better the “green certificates” make vi-
able in general the production of bioelectricity. 

The adoption of cogeneration when is possible at least for the utilisation 
of wastes heat with several months of operation is able to improve consid-
erably the viability of power production.

been investigated in industrialized and emerging countries. However tech-

6. Conclusion 
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1. Introduction 

In the next 10 to 15 years a number of future biofuels might potentially 
come on the market. In this paper we will discuss the supply chains of the 
most promising biofuels, i.e. Ethanol and ETBE from lignocellulosic 
(woody) biomass; Fischer-Tropsch diesel from lignocellulosic biomass; 
HTU diesel. Compared with current biofuels, these new products are ex-
pected to show superior performance in terms of cost, environmental im-
pact and socio-economic effects. 

All the processes for future biofuels that are currently under develop-
ment still face technical problems and high costs. Only basical insights 
generated by research and experimental efforts provide opportunity that 
improvements can be made at every step of the supply chain. Gains in effi-
ciency and cost reductions can be expected when system adjustments will 
modernize commercial production. 

Table 12.1 shows the potential future biofuel routes which are consid-
ered in this report. The fossil fuel component, which is likely to be re-
placed by the various biofuels, has been included. Most of these petrol and 
diesel substitutes can either be used as a pure, 100% fuel or blended with
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Conversion routes not yet commercially available Fossil fuel counterpart 

Bio-ethanol
From cereal residues Petrol
From residues containing lignocellulose Petrol
From cultivated, short-cycle wood Petrol
Ethyl Tertiary Butyl Ether (ETBE) 
From bio-ethanol fossil MTBE / petrol 
Hydrothermal Upgrading (HTU) 
From residual organic feed with high water content Diesel 
Biomass FT-diesel1

From dry residues Diesel
From cultivated, short-cycle wood Diesel

1 FT stands for the Fischer-Tropsch process, in which syngas is converted into die-
sel fuel and naphtha (basic petrol), among other products. Syngas is the product of 
a biomass gasification process 

fossil fuels. In some cases engines need to be adapted if the biofuel per-
centage is higher than 5-15%, or fuels need to be modified to meet the cur-
rent fuel specifications.

2. Biomass supply 

Many common issues can be discussed at a general, i.e. non specific 
level as all biofuels require biomass and several biofuels use similar or 
even the same type of biomass. The different types of biomass, used for 
the production of different biofuels are: 

- Residues (from the food, beverage or fodder industry, or organic 
wastes from households); 

- Food crops (like rapeseed, sunflowers, cereals or sugar beet); 
- Short-cycle wood and other lignocellulosic biomass (such as poplar, 

willow, Robinia, eucalyptus, Miscanthus, giant reed, etc.). 

The biofuel provision chain faces different processes which need to be 
made more efficient, i.e. crop production, harvesting and logistics, pre-
treatment, handling and standardization and biomass processing from crop 
into fuel.

Table 12.1. Potential future routes included in this report.
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A major motivation for quality assurance is to fulfill legal limit re-
quirements (e.g. emission limits), or to meet technical demands for the 
power plant (e.g. avoiding corrosion). To guarantee these basic conditions, 
chemical and/or physical parameters may be varied theoretically by crop 
production processes (e.g. modifying the total nitrogen of whole grain 
crops by Nitrogen fertilization) as well as by harvesting/preparation (e.g. 
changing wood moisture content through storage). 

3. Existing crops 

Existing food crops have a number of disadvantages as energy crops. Most 
of them are annual crops which require large inputs of energy in cultiva-
tion and planting each year (Hulsbergen et al. 2001). A great deal of the 
yield increase, achieved over the past 50 years, results from the improved 
partition of total biomass into grain to respond to added nitrogen. Since the 
entire aboveground portion of the plant is used for combustion, partition is 
of little relevance for an energy crop. A key consideration for the fuel crop 
system is their “energy balance”(energy in/energy out). The sustainable 
use of plants as an energy resource requires a substantial net energy gain.

Simulations that take into account all inputs in the plant-based energy 
generation process tend to show that the net gain currently ranges between 
negative and a factor two compared with input energy. This is by far insuf-
ficient to play a role of importance in resolving future energy demand. The 
challenge is to focus on the most sensible ways of producing certain types 
of energy, and to radically reduce the energy input requirements for grow-
ing and harvesting biomass, while maximizing energy retention. The ulti-
mate application of this know-how would be the development of an eco-
nomically competitive, net energy producing system for the energy sector. 

In the plants for the future designed by the Strategic Research Agenda 
promoted by EU, the milestones of the proposal take into account the fol-
lowing points (EU 2005): 

- Considering that the worldwide total energy consumption in 2003 
was 6.3x1017 KJ.

- Assuming that (i) the global energy demand does not increase, (ii) 
10% of the current energy demand will be produced by plants 
growing on 25% of the arable land (in total 1.4x109 ha), (iii) the 
energy input for crop cultivation is zero, and (iv) the conversion 
efficiency from the bio-fuel energy to transportation energy, 
electricity, or heating is 100%, the annual net energy production 
should be in the order of 1.8x108 KJ/Ha. 



310      Paolo Ranalli, Mario Di Candilo 

- This yield would require an average oil production of 4.5 ton/ha or an 
average ethanol production of 6.7 ton/ha per year. These production 
levels can now only be achieved through high yielding oil or sugar 
crops, such as oil palm (8 ton of oil/ha) or sugar beet (6 ton of 
ethanol/ha).

contribution of plants to the total energy demand may need to exceed sig-
nificantly the 10% level, while the land available for energy production is 
likely to be significantly less than 25%. Moreover, a large part of the 
available land is not suitable for the current high-energy production sys-
tems and cultivation, harvesting and conversion of biomass into energy. 
This combination of factors will lower the net production of energy. These 
considerations show that the contribution of plants to the world energy 
production requires a dramatic increase in production capacity. This re-
quires solutions that go beyond traditional crop production methods. En-

9

lent to 50 ton of oil or 75 ton of ethanol per ha per year). This target looks 
very ambitious but is not unrealistic. The challenge is to develop plants 
producing a high amount of bio-energy under different climatic conditions. 

4. Which qualities are required for an “ideal” fuel crop? 

Briefly, an ideal fuel crop should have a sustained capacity to capture and 
convert available solar energy into harvestable biomass with maximal effi-
ciency and minimal inputs and environmental impacts. In particular this 
crop has to provide: 

- Maximum light-use efficiency. The biomass yield limit is set by the 
available amount of light, its efficiency of interception and the 
efficiency with which intercepted light is converted into biomass.

- Water use efficiency. Available soil water is a significant limitation to 

diminishing water resources.
- Nitrogen and nutrient use efficiency. Nitrogen use efficiency is 

determined at three levels. First, by maximizing the efficiency of 
energy transduction into biomass in photosynthesis per unit of 
nitrogen invested in the photosynthetic apparatus. Secondly, by 

or storage organs; i.e. efficient internal recycling. Thirdly, by 

ergy production target levels may be as high as 2 x  10  KJ per ha (equiva-

In reality, global energy demand is likely to increase. Furthermore, the 

the canopy components on their senescence, either into other leaves 

requires significant inputs of energy whilst placing a demand on 

maximizing the amount of N, and other nutrients, translocated out of 

crop production over much of N. America and Europe, and irrigation 
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maximizing the capture of soil nutrients. This property will help to 
minimize both the quantities of N that need to be applied as fertilizer 
and the amount lost to drainage water.

- Cultivation, and disease and pest control. Cultivation operations 
including ploughing, planting and chemical applications all represent 
energy inputs; fuel crops therefore need a form and life cycle that 
minimizes the need for these operations. Energy efficiency and 
environmental sustainability will be facilitated by selecting crops 
resistant/tolerant to biotic and abiotic stress with a minimum need for 
pesticide, fungicide and herbicide applications.

5. The main barriers for progress 

It is of crucial importance to set up an action plan that moves from basic 
research to the development of crops with novel features and to provide 
farmers with new commercial varieties and optimized farming practices 
based on specific monitoring tools.

The main strategies for increasing the biomass production can be 
grouped into four areas: 

1. basic plant science e.g., altering plant metabolic pathways to produce 
certain carbon molecules with valuable functional properties 
(engineered metabolic pathways to enhance the yield of specific 
molecules);

2. development of new varieties for specific end uses;  
3. production e.g., lowering unit production costs for consistent-quality 

raw materials (development, production, and handling of crops); 
4. processing e.g., more economically by separating different materials 

(new separations technologies to better handle heterogeneous plant 
components).

6. Plant metabolism manipulation and exploitation 

To improve plant performance it is necessary to explain how synthesis, ac-
cumulation and the function of primary and secondary metabolites are con-
trolled.

Primary compounds (e.g. sugars, cellulose, organic acids) provide plants 
with much of their nutritional and industrial value. Secondary compounds 
are unique, often species-specific, providing defense against insects and 
diseases and making plants such a valuable source of new pharmaceuticals. 
Only a few pathways that produce primary and secondary compounds have 
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been described; thousands of others remain to be examined. If we can un-
ravel the genetic program of plants for the regulation of the production, 
storage and use of carbohydrates, lipids and proteins for the food and proc-
essing industries, we will be able to i) manipulate the nutritional value and 
the industrial applications of plant-derived raw, ii) enhance plant defense 
against pests and parasites, and iii) use plants as bioreactors to produce 
important plant-derived compounds. 

7. Development of elite cultivars for industrial end uses 

Different breeding strategies are suitable for different crops. The base of 
hybrid vigor should be studied in cross-pollinating species, to decipher and 
exploit underlying mechanisms. 

Quantitative trait loci (QTL) analyses has to be performed on specific 
crops for which the bottleneck productivity may be different.

Once the underlying genes have been identified, their allelic diversity 
can be exploited. Then, new superior alleles for each of these yield-
limiting components could be identified. Advanced breeding strategies 
would help to combine superior alleles within new crop varieties. 

Two parallel strategies should be followed. One uses biotechnological 
and transgenesis approaches. The other combines the new “Omics” tech-
niques, with traditional breeding approaches, including QTL analysis and 
marker-assisted breeding. There are potential cross links between these 
two approaches. Every candidate gene can search for superior alleles 
within the existing plant material and use a genetic engineering strategy to 
transfer performing alleles from distantly related species. 

7.1 Combining improved photosynthesis and carbon dioxide 
fixation

Photosynthesis is the primary source of energy for the plant factory and 
plants have developed specific mechanisms to improve net CO2 fixation, 
such as C4 and CAM (Crassulacean Acid Metabolism). The basic cellular 
processes, involved in the transport of metabolites from source to sink tis-
sues, also needs to be studied. A detailed molecular understanding of these 
systems and the detection of relatively simple structured variants could re-
sult in promising strategies for incorporating such mechanisms in other 
crop plants with less efficient C fixation or less efficient metabolite pro-
duction and translocation. This optimization can be achieved by replacing 
the endogenous sub-optimal alleles with optimized ones. The gene
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sequences in planta currently not available should be developed. 
Plant architecture and developmental characteristics play a critical role 

in crop performances. The efficiency of metabolite translocation into the 
“sink” tissues to be harvested is a complex and poorly understood factor 
which deserves specific analysis, being linked to architectural features. An 
analysis of sink properties should be performed on the main types of sinks 
(fruits, monocot and dicot seeds, wood forming tissue, tuber and storage 
roots) to identify mechanisms controlling these processes and ways to op-
timize them. This will require a crop-by-crop approach, using, when possi-
ble, comparative genomics to speed up the discovery of the genes involved 
and specific performing alleles.

7.2 Development of new high-energy plant biomass production 
systems with minimum energy input requirements and higher 
energy preservation 

To achieve plant-based energy production systems which produce the 
maximum net energy, there is a need to minimize energy input. Current 
high-energy production systems often require a lot of high-energy demand-
ing inputs, such as fertilizers and pesticides. Strategies to be followed may 
range from improved nutrient uptake, nutrient use efficiency, or pest resis-
tance for existing high-energy crops, to the implementation of new crops 
that require fewer high-energy inputs.

The second way of improving the net energy balance of plant-based en-
ergy production systems is to increase the energy production levels or the 
more efficient use of produced biomass A classic example of how effi-
ciency can be improved is the utility of plant biomass for biofuels in the 
biorefining process. Through increasing the accessibility of the cell wall 
“energy” polymers of cellulose and lignin to hydrolysis, the sugar produc-
tion cost should decrease and cheaper sugars should become available for 
bio-ethanol production. 

In existing plant production systems, the level of useful energy pro-
duced could be improved by a more efficient conversion of the energy in-
put (through faster plant growth and improvement of photosynthetic effi-
ciency) or an increased storage of the high-energy containing compounds 
(through optimization of plant architecture or sink-source interactions). 

In addition, completely new plant-based energy production systems with 
maximum energy output need to be developed.

replacement technologies that enable the targeted modification of existing 
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7.3 Improvement of factors contributing to yield stability 

Climatic fluctuation can impair a variety of processes, such as rooting, fer-
tilization and grain filling, with important consequences for yield. Plants 
which are able to withstand drought, cold and salt stress would not only 
stabilize yield potentials but also contribute to reducing the impact of agri-
culture on the environment. For example, drought-tolerant crops will re-
quire less water for their production and this will lead to reduced erosion 
and soil salination. These adverse environmental conditions also increase 
susceptibility to pests and pathogens resulting in a higher consumption of 
agrochemicals and further yield quality losses. This means that there are 
direct and indirect benefits to improving tolerance to abiotic factors. 

Breeding strategies can reduce the impact of a changing environment on 
yields.

7.3.1 Improve tolerance to water stress and drought

In many countries, including the European Mediterranean areas, water 
supply is the most limiting factor. Not only the lack of water but also short 
periods without rain may affect yield and quality. This means that we need 
to improve the water consumption efficiency and tolerance to water short-
ages. Different physiological processes contribute to water homeostasis: 
root morphology and depth, plant architecture, variation in leaf cuticle 
thickness, stomatal regulation, osmotic adjustment, antioxidant capacity, 
hormonal regulation, desiccation tolerance (membrane and protein stabil-
ity), maintenance of photosynthesis, and the timing of events during repro-
duction (Bray 1997; Nguyen et al. 1997; Edmeades et al. 2001). Biotech-
nology is focused on the genetic dissection of drought tolerance through 
the identification of quantitative trait loci (QTL) associated with yield 
components, secondary morphological traits of interest, and, more re-
cently, physiological parameters. At the same time the potential of func-
tional genomics is pursued, which should provide useful information about 
the gene regulation level. Understanding the genetic basis of the essential 
physiological parameters of drought tolerance, together with the data from 
profiling experiments, should allow the identification of the key pathways 
involved in drought stress and how they interact. The emergence of mo-
lecular genetics and associated technologies represents a very important 
new breeding tool; the current challenge is to integrate this tool and the in-
formation it generates into breeding schemes to further the development of 
efficient MAS strategies. These researches are being developed in many 
laboratories, but their complexity remain a challenge. However, some 
genes suspected of having an impact on the water consumption efficiency 
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have already been identified in plants such as sorghum. Some have already 
been transferred to such crops as maize.

7.3.2 Improved tolerance to low temperatures and frost 

Some spring crops do not produce high yields mostly because their vegeta-
tive phase is too short. Their adaptation to cold temperatures and frost 

Significant progress has been made over the past 15 years in 
understanding the molecular basis of cold acclimation, initiated largely 
from the study of induced genes (Thomashow 1999). These studies have 
led to the identification of the CBF transcription factors that are 
responsible for activating expression of many of the genes induced during 
cold acclimation in Arabidopsis (Gilmour et al. 2000). Characterization of 
the closely related (or in some cases identical) DREB transcription factors 
led to a similar understanding of gene regulation in response to drought 
stress and also to an appreciation of the mechanistic links between higher 
plant responses to cold and drought (Seki et al. 2003). The target genes of 
the CBF transcription factors (cold-induced genes; CORs) provide some 
clues to the metabolic processes and cellular changes that are important 
components of acclimation. For example, COR15a is thought to decrease 
the rate at which the membranes of the chloroplast inner envelope undergo 
phase transition at low temperatures (Steponkus et al. 1998). Its activity 
emphasizes that impairment of membranes is one of the most damaging 
effects of exposure to freezing, and many cellular processes induced 
during cold acclimation are associated with membrane stabilization. 

Plant breeders need to identify single genes that contribute to freezing 
conditions tolerance and the ability of plants to acclimate to cold. The tran-
scriptional regulators of COR gene expression have provided some poten-
tial candidate genes and specific genes have been identified in monocots 
and dicots (Martin 2004). The way is open for a further increase of the tol-
erance of different crops by exploiting biodiversity at the corresponding 
homeologous loci. At the same time, a better understanding of tolerance to 
freezing at the cell level will help breeding for this trait. The analysis of 
tolerance process provides great insight into the development of new win-
ter varieties integrating cold tolerance and high yield. 

7.3.3 Improving stress tolerance through homeostasis 

Homeostasis (tendency to stability): a self-regulating biological process 
that maintains the stability and equilibrium of the organism.

needs to be improved if they are bred to produce winter varieties. 
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When a plant is exposed to pathogens, wounding, drought, cold, physi-
cal or chemical shocks, survival mechanisms turn on to reduce damage. 
The balance between stress and survival signals determines the level of 
damage suffered by the plant. The reactive oxygen species (ROS), among 
the key molecules studied in relation to stress, have high reactivity and 
therefore toxicity (such as superoxide, hydroxyl radicals and hydrogen 
peroxide). Under stress conditions, the steady state level of ROS usually 
increases, and it has been hypothesized that ROS might also act as mes-
sengers turning on stress-related genes (Ron Mittler et al. 2005). Signal 
transduction pathways that are activated can lead either to stress acclima-
tion or to cell death depending on the degree of oxidative stress experi-
enced. ROS homeostasis in plant tissues is therefore determined by their 
relative rates of production and destruction. Most stresses interfere with 
mitochondrial function, deregulates the physiology of the plant and causes 
NAD+ breakdown, ATP overconsumption, and enhanced respiration. These 
reactions deplete the energy of the plant, cause the production of reactive 
oxygen species, and consequently induce cell death (De Bloch et al. 2005).  
The NAD+ breakdown is caused by the enhanced activity of poly (ADP-
ribose) polymerase (PARP), which uses NAD+ as a substrate to synthesize 

tional modification of nuclear proteins that seems to be initiated by oxida-
tive and other types of DNA damage. Plants with lowered poly(ADP ri-
bosil)ation activity appear tolerant to multiple stresses. The researchers 
demonstrated that inhibiting PARP activity via chemical inhibitors (nicoti-
namide) or genetic engineering (RNA constructs of the parp1 and parp2 
genes) protects plant from oxidative stress and enhanced tolerance to 
stress, such as heat and drought (De Block et al. 2005).

It can be concluded that, if the inciting stress is not so extreme, plant re-
sponses to stress lead to acclimate and repair damage: the enhanced anti-
oxidant turnover protect against oxidative damage and re-establish homeo-
stasis.

7.3.4 Interactions between plants and biotic agents 

Interactions between plant pathogens and their host plant are very specific. 
Often only one plant species or sometimes even only one cultivar of a 
plant species becomes infected/attacked. Specific molecules or signals are 
involved in communication between host plants and their pathogens/pests 
and eventually determine whether a plant becomes infected/attacked or 
remains healthy. 

Various crop protection methods are being used. They include chemical 
control, resistance breeding and biological control. For an efficient crop 
protection pathogens should be detected by the plant before or during early 

polymers of ADP-ribose. This poly (ADP ribosilation) is a post-transla-
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stages of infection. In order to achieve this, sensitive diagnostic tools are 
being developed to detect particularly viruses and micro-organisms in 
plants.

For achieving durable crop protection it is important to unravel the 
mechanisms and genes underlying the specific interactions between host 
plants and their pathogens. Detailed insight in how pathogens recognize 
and attack their hosts and how host plants defend themselves provide tools 
for the development of new strategies to protect the crop plants. 

Only in a few cases fundamental research has developed new strategies 
already. Gene expression encoding various viral proteins in plants protect 

sively exploited in engineered resistance breeding. In a similar way studies 
on the molecular basis of gene-for-gene systems led to a better understand-

genes against viruses, bacteria, fungi and nematodes show previously un-
suspected homologies which might be exploited to create hybrid resistance 
genes that can be used in molecular natural resistance breeding. 

A common defense response occurring in many plants against viruses, 

crop plants become susceptible to new variants of pathogens. It is impor-
tant to understand the molecular basis of this adaptation in order to breed 
more durable resistant plants. Therefore pathogen’s avirulence genes and 
their complementary natural plant resistance genes or gene clusters are iso-
lated and studied in detail.

Also signal transduction pathways initiated by activation of resistance 
genes after interaction with avirulent pathogens are being studied. They in-
clude locally and systemically induced defense response mechanisms and 
programmed cell death. In addition, resistance mechanisms are studied that 
are not associated with HR, such as pre-houstorial and non-host resistance 
and avoidance. Molecular genetic analyses of these resistances proved that 
the genes, involved in these resistances, are different from those involved 
in HR. Detailed studies will give further insight into the function of these 
genes and the evidence of their durability. 

7.3.5 Resistance to pests 

Pathogens and other biotic factors, such as pests, are the main constraints 
affecting yield losses in crop plants. Some of them also have an important 
impact on quality due to the production of toxins. An obvious alternative 
to agrochemical protection is the exploitation of naturally occurring resis-
tance mechanisms. 

ing of how pathogens overcome or avoid resistance in plants. Resistance 

bacteria, fungi and even nematodes and endophytic insects is the hypersen-

them against several viruses. This kind of resistance is becoming inten-

sitivity response (HR). However, due to high selection pressures uniform 
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Genes that are used frequently for pest resistance are those encoding 
proteinase inhibitors (PIs). PIs are proteins that form complexes with pro-
teinases and inhibit their proteolytic activity which are widespread in na-
ture. The observation that plant derived proteinase inhibitors inactivate 
proteinases of animal and microbial origin, while rarely inhibiting endoge-
nous enzymes, is compelling evidence for the current view that they are 
involved in the protection of plants against pests, and possibly pathogens 
(Charity et al. 1999). There is evidence that the introduction of genes that 
code for proteinase inhibitors into plants can delay the development of 
feeding insect pests (McManus et al. 1999). However, PIs have demon-
strated a significant degree of specificity towards insect pests. This makes 
it very difficult to use a few genes on many insects. In addition to this, it 
has been found that different strains of the same insect species may show a 
differential susceptibility to a specific PI (Girard et al. 1998). 

Transgenic plants producing environmentally benign Bacillus thurin-
gensis (Bt) toxins are also being used more for insect control, but their use-
fulness will be short-lived if pests adapt quickly (Heckel et al. 1999). The 
main strategy for delaying insect resistance to transgenic Bt plants is to 
provide refuges of host plants that do not produce Bt toxins. This poten-
tially delays the development of insect resistance to Bt crops by providing 
susceptible insects for mating with resistant insects (Liu et al.1999). 

Scientists are trying to insert few genes into crops which should gener-
ate resistance to as many pests as possible but they have to face several 
problems. For example, any kind of insect may be susceptible to a particu-
lar proteinase inhibitor, which is being inserted into crops. But the species 
may not be susceptible to many other proteinase inhibitors. Secondly, dif-
ferent strains of the same species (i.e. taken from different areas) may not 
be susceptible to the same PI. 

7.3.6 Improvement of genetic resistance to pathogens and pests 

Fundamental aspects of approach are the multidisciplinary investigation of 
the epidemiology of pathogens and pests, the mechanisms of plant biotic 
interactions, the influence of crop management (for example, crop rota-
tions versus monocultures), the search for germplasm resistant to pests, 
and ways of decreasing the spread of epidemics. All these data should be 
integrated into modelling studies to define optimal practices to minimize 
the use of sustainable pesticides (i.e. through precision farming). More im-
portant changes can be expected from the development of genomics and 
plant biotechnologies and their use in breeding programs for the selection 
of plants which are resistant to pests and pathogens without chemical pro-
tection.
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The resistance genes can either be new superior performing alleles of al-
ready known or existing genes, or completely new genes not present 
within the particular crop species. They have to be introgressed into the 
corresponding crop varieties via sexual crossing, if possible, or gene trans-
fer. Conventional resistance breeding often suffers from limited access to 
suitable resistance sources. The development of gene technology has dras-
tically increased the availability of genes conferring resistance, which can 
be derived from non-related plant species as well as non-plant sources.

The genetic and molecular dissection of resistance and defense mecha-
nisms are progressing rapidly in model plants. The comparison of the ge-
nomes of crop and model species belonging to the same botanical families  
revealed a high degree of conservation in the genome structure. This con-
served synteny will facilitate the transfer of information gained in model 
species to related crops and the identification of genes and quantitative 
trait loci (QTL) that control resistance to divers biotic stresses. Natural and 
induced genetic diversity will be exploited in breeding programs to gener-
ate germplasm of resistant plants. It is reasonable to expect that a major 
outcome of plant biotechnology and genomics during the coming two dec-
ades will be the construction of plants resistant or tolerant to the various 
pests and pathogens that threaten them. 

8. Converting biomass into energy 

The traditional way of converting biomass into energy is simply to burn it 
to produce heat. Heat can be used directly, for heating, cooking and indus-
trial processes, or indirectly, for the production of electricity. The non 
combustion methods convert raw biomass into a variety of gaseous, liquid, 
or solid fuels before using it. The carbohydrates in biomass, which are 
compounds of oxygen, carbon, and hydrogen, can be broken down into a 
variety of chemicals, some of which are useful fuels.

Heat production and electricity generation are the most important uses 
for biomass fuel worldwide. Direct combustion devices are widely distrib-
uted with thermal capacities ranging from a few kW in household stoves 
up to heating plants with several tens of MW. The conversion efficiencies 
vary from 8 to 18% for simple stoves used traditionally in developing 
countries, up to 90% and above for modern heating units with high-end 
technology. Electricity production is based mainly on the conventional 
steam cycle with efficiencies around 30% and a capacity of several hun-
dreds of kW and above. 
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Whatever production system, the supply of sufficient quantities of plant 
biomass, with the right composition and at competitive price, is a prerequi-
site to the future success of bio-energy. More in details, conversion can 
take place in three ways: 

I. Thermochemical. When the plant matter is heated, but not burned, it 
breaks down into gases, liquids, and solids. These products can then 
be processed into gas and liquid fuels like methane and alcohol. Thus 
gasification, pyrolysis and charcoal production are all relevant but 
only charcoal production is currently widely used. Gasification for 
electricity production seems to be a quite promising option which 
might become available on the market in the next few years. An op-
tion for the future is Pyrolysis, with the aim of providing a liquid fuel 
useable in power units. 

II. Biochemical. Bacteria, yeasts, and enzymes also break down carbohy-
drates. Fermentation changes the biomass liquid into alcohol, which is 
inflammable. A similar process is used to turn corn into ethanol, 
which is mixed with gasoline to make gasohol. Also, when bacteria 
break down biomass, methane and carbon dioxide are produced. This 
methane can be captured, in sewage treatment plants and landfills, for 
example, and burned for heat and power. 

III. Chemical. Biomass oils, like soybean and canola oil, can be chemi-
cally converted into liquid fuel similar to diesel fuel, and into gasoline 
additives. The most important process so far is vegetable oil produc-
tion from oil seed, and the esterification of this oil fatty acid methyl 
ester as a substitute for diesel fuel. This technology is used on a large 
scale across Europe. 

Biomass is also used to make gas additives like ETBE and MTBE, 
which reduce air emissions from cars. 

8.1 Bio-ethanol 

as long as it contains readily fermentable sugars or starch. It can be pro-

as sugar cane, sugar beet or cereals), or by converting by-products (secon-
dary products) from the sugar and cereal industry. In Brazil, the world’s 
largest bio-ethanol  producer, sugar cane is used as feedstock. In Europe, 
bio-ethanol is normally produced from sugar beet and cereals. 

Nowadays bio-ethanol can be synthesized from a wide variety of biomass, 

duced from biomass, grown specifically for bio-ethanol production (such 
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At the same time, a number of companies and research Institutes 

tion processes to enable (ligno-) cellulosic biomass to be used as a feed-
stock. This would create benefits compared to current technology (IEA 
2005):

- Access to a much wider array of potential feedstocks 
- Less land use conflicts on food and fodder production 
- Greater net GHG (Greenhouse Gas) reduction potential 
- More fossil fuel replaced 

Below, the options in which ethanol is produced from sugar beet, cere-
als or wheat by-products are first discussed, followed by an analysis of 
ethanol from cellulosic biomass.

8.1.1 Ethanol from sugar beet, wheat or residual C-starch 

Technology

down by fermentation into sugar beet pulp, the by-product, and a water-
ethanol mixture. The latter is converted into pure ethanol via distillation. 
The beet pulp can be used as animal fodder or fuel. 

mentation and distillation. The process is more complex and expensive 
than with sugar beet. Milling and distilling are the most energy-consuming 
unit operations. In addition, ethanol can be produced from residual organic 
biomass, for example from by-products of the wheat and sugar beet indus-
try (Kampman 2005), as long as these contain sufficient amounts of read-
ily convertible sugars (C6 sugars such as glucose). 

GHG reduction 
The calculations in the General Motors-study (GM et al. 2002) regard 

sugar beets cultivated in a rotational system. The crop residues are 
ploughed into the soil. Fertilizer use is approximately 100 kg N/ha/year, 
while the ethanol yield is estimated about 4.800 liters per ha. Two different 
reference systems (i.e. replaced crops) are considered: Egyptian clover and 
rye grass. Ethanol GHG emissions are found to be 41-86% of those associ-
ated with petrol production, depending mainly on the use of the by-
product.

worldwide are working on the further development of bio-ethanol produc-

tivated and transported to an ethanol plant, where the biomass is broken 

Ethanol can be produced from wheat grains by milling, hydrolysis, fer-

If sugar beet is used for the production of bio-ethanol, the beets are cul-
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8.1.2 Ethanol from lignocellulosic biomass 

Technology
The ethanol production from lignocellulosic biomass requires an addi-

tional pre-treatment of the feedstock, which enables the fermentation of 
sugars contained in the biomass. The fermentation process itself needs to 
be adapted, furthermore, new kinds of enzymes being required to convert 
the C5 sugars into ethanol (in the production of ethanol and alcohol today 
it is only C6 sugars, the main constituent of the current feedstock, that are 
converted). The process consists basically of four steps: 

- pre-treatment. This stage is necessary to make the material accessible 
to enzymes mediating enzymatic hydrolysis and to break down 
hemicellulose into C5 sugars; 

- hydrolysis of cellulose; 
- fermentation of C5 sugars (xylose) and C6 sugars (glucose); 
- distillation.

Today’s research is mainly focused on three issues: improvement of the 
pre-treatment stage, integration of hydrolysis and fermentation in fewer re-
actors to cut costs, and the improvement of the 5 fermentation process 
(ECN 2003). The progress and success of these developments will deter-
mine the future potential of this route and when these biofuels can first be 
marketed on significant scale. 

Pre-treatment
Pre-treatment is necessary to improve fermentation efficiency. The 

goals of pre-treatment are: 

- to make the material accessible to enzymes for hydrolysis, by reduc-
ing its volume and opening up the fibrous material. 

- to mobilize the lignin and (hemi)cellulose biopolymers and attain the 
further break-down of structural components to optimise enzymatic 
access in the following steps. 

Several methods are available for pre-treatment: dilute acid hydrolysis, 
alkaline pre-treatment, steam explosion, liquid hot water pre-treatment. 

Bottlenecks for commercial application 
Ethanol production from lignocellulosic biomass has several advantages 

compared with conventional technology: the use of cellulosic feedstock for 
fuel production, and therefore a better GHG balance; lower feedstock costs 
because of higher feedstock yields (in MJ per hectare). The drawback is 
enzyme technology. Cellulase enzymes are produced commercially, but in 
low volumes geared to high-value products. The industrial cellulases cur-
rently available are not effective enough and too costly for use in large 
scale production (ECN 2003). Besides, pentose can be converted only in 
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part because there are no fermentation systems available that can use the 
entire pentose fraction. Different efforts have been made to tackle this 
problem: genetic modification of backer’s yeast; co-culture of different 
strains of Zymomonas mobilis; transfer of pentose-converting genes into 
ethanol-resistant strains of E.coli. Even if some progress is reported in re-
search journal, there is still a lack of experience at the industrial scale. 

GHG reduction potential 
According to a GM study, GHG emissions of ethanol from wooden 

biomass crops are 20-30% lower than for ethanol from sugar beet or cere-
als.

8.2 ETBE 

Ethanol can be converted into ETBE (Ethyl Tertiary Butyl Ether), that can 
be used to replace MTBE, a petrol component. Whereas the MTBE per-
centage in petrol usually ranges between 1 and 5% (by volume), more 
ETBE can be added: up to 15%. 

ETBE can be produced using any of the previously discussed ethanol 
variants, regardless of the feedstock or conversion process used. This 
means two things: 

- Nowadays ETBE can be produced from ethanol, using cereals or 
sugar beet (or secondary products yielded as by-products of the food 
and fodder industry) as a feedstock. 

- The environmental and cost performance of ETBE and its potential 
availability will benefit from any improvements in the ethanol 
production process (in particular, the expected development of 
technology enabling conversion of (ligno)cellulosic biomass). 

ETBE, compared to ethanol, can be blended with petrol without chang-
ing the vapor pressure (in case of low-percentage ethanol blends). In EU 
countries like France, Spain and Italy, ETBE has already been added to 
petrol as an alternative to MTBE. 

8.3 Biodiesel

Two sources of diesel substitute, vegetable oil-based biodiesel and syn-
thetic diesel from a lignocellulosic biomass-based Fischer-Tropsch proc-
ess, are assumed to replace diesel.

All the stages of the vegetable oil-based biodiesel chain can use proven 
commercial technologies and several European countries have an estab-
lished biodiesel industry, e.g. Germany, Austria and France (based on 
rapeseed and recovered vegetable oils). 
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Significant improvements are expected to affect rapeseed yield and the 
reduction of energy needs for oil extraction and esterification. 

Technology
Fischer-Tropsch (FT) hydrocarbons can be produced by gasification of 

biomass, followed by downstream gasification. The biomass FT plant 
comprises: biomass pre-treatment (chipping, drying), gasification (result-
ing in syngas), gas cleaning and conditioning, FT-reactor, hydro-craker. As 
with the ethanol production process, different configurations are possible. 
Most configurations produce electricity and heat as by-products. Overall 
process efficiencies vary according to the plant design from 40% up to 60-
65% (Ecofys 2003). 

The Fischer-Tropsch technology is one of the options available for util-
izing cellulosic biomass for fuel production. As discussed earlier, this re-
duces the amount of land needed for biomass production compared with 
current biofuels. It also leads to cost reductions and thus to more cost ef-
fective GHG reduction. 

Bottlenecks for commercial application
Several technical limitations still stand in the way of commercial appli-

cation (Hamelinck 2004). The most critical step is the cleaning of the syn-
gas (mixture of CO and H2). According to Hamelinck it is not clear 
whether the strict cleaning requirements for biomass FT synthesis can be 
achieved (some impurities need to be removed down to levels of less than 
10 ppb by volume). 

8.3.2 HTU diesel 

The Hydro Thermal Upgrading process is based on depolymerisation and 
deoxigenation of biomass by means of hydrolysis and decomposition. The 
process converts biomass into a “biocrude” using highly pressurized water 
(100-200 bar) at 300-360°C. This biocrude is non-miscible with water and 
has a relatively high energy content. For application, two routes are possi-
ble:

- Power generation; 
- Diesel fuel production by catalytic hydrodeoxygenation (HDO). 

Croezen and Kampman (2005) analyzed their potential.
A comparative advantage of the HTU process is that it can process bio-

mass streams with a otherwise limited applications potential that are there-
fore low-priced.

8.3.1 Biomass Fischer-Tropsch diesel 
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Whereas most biomass conversion techniques require dry biomass, the 
HTU process can process wet biomass. 

8.3.3 Greenhouse gas (GHG) reduction potential 

The General Motors study (GM et al. 2002) provides a comprehensive re-
view of the various steps in the rapeseed biodiesel chain. The study pre-
sumes that  rapeseed is grown on set-aside land in a rotational system with 
a rye grass reference system (i.e. the crop that would otherwise have been 
grown on the land). The GM-study assumes a fertilizer use between about 
100 and 145 kg per ha and a crop yield of about 3 tons per ha. N2O emis-
sions are calculated according to the IPCC method, with average assump-
tions. Crop residues are ploughed in, as is usual in the case of rape crop. 
The by-product glycerine will normally replace glycerine produced con-
ventionally in the chemical industry. Using these assumptions and ranges, 
the GM-study estimated the biodiesel GHG emissions to be  21-73% of 
diesel emissions. Most of these emissions occur during cultivation of the 
rapeseed. These results are based on average emission factors for nitrous 
oxide. In reality, however, greenhouse gas emissions are highly variable, 
differing per soil type, climate and fertilizer input. They are consequently 
of major influence on total GHG emissions. 

9. Potential future biofuel processes 

In the next 10 to 15 years a number of future biofuels may be put on the 
market. The most promising biofuels are: 

- Ethanol and ETBE from lignocellulosic (woody) biomass. 
- Fischer-Tropsch diesel from lignocellulosic biomass. 
- HTU diesel. 

All these potential future biofuels are still under development, with con-
version processes not yet fully operational on any substantial scale. Com-
pared with current biofuels, these new products are expected to show supe-
rior performance in terms of cost, environmental impact and socio-
economic effects. This superior performance derives from new processes 
being able to convert alternative types of biomass feedstock.
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10. Technical, economical and environmental limitations 

The potential future biofuels cited above are still in the research and de-
velopment phase and are not yet available on the market due to technical 
limitations. Even when these technical problems have been solved, eco-
nomical limitations could hinder large-scale application: significant in-
vestments are still required for developing these new biofuel technologies. 
At least until these biofuels are marketed on a large scale or the costs of 
other fuels increase significantly, they are likely to remain more expensive 
than conventional fossil fuels. Market access will then be dependent on 
government incentives. In the long term, however, costs are predicted to 
fall, so that eventually all of the future biofuels discussed here will be able 
to compete with their fossil counterparts as well as with current biofuels. 
The realization of this cost reduction will depend on: 

- technological developments (resulting in a specific process design, 

- biomass prices (which, in turn, depend on competition with other 
potential users of the biomass or land, such as food or energy sector); 

- conversion process operating costs (e.g. cost of enzymes for 
producing lignocellulosic ethanol and ETBE); 

-

- government incentives and policies that promote the development and 
market introduction of these fuels. 

Despite these uncertainties, cost estimates for future biofuels can be 

existing biofuels, petrol and diesel costs.
We can see that cost estimates are quite similar for all the future biofu-

els considered. Estimated production costs for HTU diesel are comparable 
to current diesel production costs if wet organic residues with a negative 
market value are applied as a feedstock. 

11. Potential for net greenhouse gas reduction 

the various biofuels with their fossil counterparts analyzed in this paper. 

found in literature. In Figure 12.1 (Hamelinck 2004) they are compared with 

Figure 12.2 (Hamelinck 2004) compares the Greenhouse gas emissions of 

conversion efficiency, etc.); 

fossil fuel prices; 
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Cellulosic ethanol, biomass FT diesel and HTU diesel are expected to 
produce much higher GHG reductions than currently available biodiesel 
and ethanol from wheat or sugar beet. Total GHG reductions of over 90% 
are in fact expected from biomass FT and HTU diesel. Converting ethanol 
into ETBE has clear advantages from the perspectives of biofuels quality 
control, but reduces GHG reduction potential significantly because it is 
produced only partly from ethanol and partly from fossil isobutylene. 

The GHG reductions of the various biofuels were found to depend 
strongly on the emissions associated with biomass feedstock. The superior 
performance of the observed future biofuels is mainly due to their potential 
for using lignocellulosic biomass as feedstock. 

and petrol in 2002-2004.
Fig. 12.1. Cost estimates of the various biofuels, compared with the average cost of diesel 
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Fig. 12.2. Overview of the GHG emissions of each of the biofuels analyzed, compared 

12. A case study 

The experiments which were carried out in clayey soil in Bologna (Italy) 
in the three-years period 2002-2004, compared 7 species, 2 of which an-
nual (Cannabis sativa and Sorghum bicolor), 2 perennial herbaceous (Mis-
canthus sinensis and Arundo donax) and 3 woody species (“Populus x 
canadensis”, Salix alba and Robinia pseudoacacia) managed with the 
method of Short Rotation Forestry (SRF) (Di Candilo et al. 2004a,b). 

The woody species were planted at a density of 0.9 plants m-2, with a 
distance of 1.80 m between the rows and 0.60 m along the rows, whereas 
the herbaceous perennial were planted with a 0.60 x 0.60 m layout. Hemp 
and sorghum were sown with distances of 20 and 50 cm between the rows 
for a theoretical density of 100 and 20 plants m-2, respectively. 

with those of diesel, petrol and MTBE ( CO2 eq/MJ fuel).
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Harvesting occurred annually for hemp (first ten days of August), sor-
ghum (first ten days of October), Miscanthus and Arundo (early February). 
Instead, biomass from woody crops was harvested twice. The first time at 
the end of the second year (on two-year old trees) and the second at the 
end of the third year (on one year regrowth). 

The parameters assessed were: plant density, plant height, stem diame-
ter, fresh biomass and dry matter production. On the latter were detected 
net calorific value, ashes, silica and low-melting salt contents.

The thermo-electric conversion of biomass was performed at the Dister 
power generating plant at Faenza (Ravenna, Italy) which has a capacity  of 
13.5 Mw. The heating cycle involved the production of steam at 47 bar and 
430°C, its subsequent expansion in a turbine up to a counter-pressure of 
3.3 bar, stabilization of the steam at 165°C and its distribution to the tech-
nological services. The power station is normally supplied with natural 
gas, biogas, wood-cellulose compounds, such as fruit stones, or spent 
marc. The boiler can burn three fuels at the same time and fuel changeover 
can take place without switching off. 

Results
Plant emergence for annual species (hemp and sorghum) was very sat-

isfying.
The rooting of cuttings and rhizomes for perennial species was satisfy-

ing as well. The crops showed vigorous growth, except for August 2003 
when the woody species, especially willow, due to particularly high tem-
peratures and heavy drought, showed an early halt in vegetative growth, 
immediately restored after the first rain in September. 

The mean annual production of fresh biomass was very high for sor-
ghum and Arundo (93.7 and 78.4 t ha-1). Other species showed more mod-

-1 -1

Robinia (Figure 12.3). 
Arundo provided the highest average annual yield of dry matter (35.4 t 

ha-1). High yields were also obtained with sorghum and miscanthus (29.7 
and 23.3 t ha-1). Hemp, poplar and robinia supplied similar yields, between 
15.6 and 13.4 t ha-1, significantly lower than miscanthus.

Willow was found at the bottom of the list due to its sensibility to wa-
ter stress; in fact, a previous study (Lindroth and Bath 1999) shows that 
water deficiency is often a growth-limiting factor in willow cultivation. 

 between  47.3 t  ha  for  hemp  and 23.0 t ha  for est  production levels, 
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in the dry matter. Robinia, hemp and poplar show the highest values for 
the first parameter. 

Species N.C.V. 
(MJ kg-1 d.m.) 

Ashes
(% d.m.) 

Hemp 16.4 2.5 
Sorghum 14.1 4.5 
Miscanthus 14.6 2.6 
Arundo 14.6 5.1 
Poplar 15.9 2.5 
Robinia 16.4 2.5 
Willow 15.1 2.6 
Means 15.3 3.2 

Ash contents in the dry matter were also low in hemp, robinia and pop-
lar. Arundo and sorghum obtained the highest content (5.1 and 4.5%). 

Considering biomass production and the net calorific value of the same 
biomass at the time of combustion in the boiler, the corresponding values 
in m3 of natural gas were calculated as well as the equivalent in tons of oil 

Fig. 12.3. Average annual production of the species compared.

Table 12.2. Net Calorific Value and ash contents of biomasses.

Table 12.2 shows the Net Calorific Value (N.C.V.) and the content of ashes 
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required per hectare (Table 12.3). The biomass provided by arundo and 
sorghum was equivalent, after energy conversion, to 14,966 and 12,126 m3

ha-1 of natural gas and to 12.35 and 10.00 t ha-1 of oil. The values obtained 
for SRF were much lower. 

equivalent in natural gas and crude oil.

Species Biomass 
(t ha -1)

Moisture
(%)

N.C.V.
(mj kg -1)

CH4 Equiv. 
(m3 ha-1)

Oil Equiv.
(t ha -1)

Hemp 18.4 15.1 3.83 7,408 6.11 
Sorghum 38.1 22.1 10.85 12,126 10.00 
Miscanthus 27.7 16.0 12.16 9,850 8.13 
Arundo 44.8 21.0 11.40 14,966 12.35 
Poplar 28.2 51.1 7.46 6,354 5.24 
Robinia 22.3 40.0 9.59 6,363 5.25 
Willow 16.6 35.0 9.66 4,754 3.92 
Means 28.0 28.6 10.71 8,832 7.29 

Research achievements 

- Arundo, sorghum and miscanthus seem to be the most suitable 
species for the investigated site. Arundo proved to be very rustic, with 
a strong resistance to pests and lodging, and a good adaptation to dry 
conditions. These characteristics are fundamental for the good 
adaptation of species to different pedo-climatic conditions, as well as 
for a stable yield over time.

- The production levels of SRF were quite modest, compared with the 
greater pest control requirements (at least for poplar and willow) and 
water (in the case of willow). For these crops the biennial harvest 
provided better results than annual harvests.

- The most important factors for the assessment of the species 
performance are the production of dry matter per unit of surface area 
and the net calorific value of the dry matter which indicate the total 
amount of calories that can be obtained from the biomass in the 
boiler.

13. Coordinated approach and economic sustainability 

In order to increase the biomass production we need to develop plants able 
to tackle biotic and abiotic stress and to provide high performance even in 
poor areas. The challenge is to modify plat metabolic pathways to enhance 
the yield of specific molecules. 

Table 12.3. Biomass performance at the combustion in the boiler and energy 
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The future utilization of renewable resources requires a multi-
disciplinary, cross-industry approach. Already exciting opportunities exist 
for research in areas such as processing, logistic, harvesting and new 
sources of renewable energy. This means that progress in single isolated 
technical areas will not be sufficient. It will be much more important to 
have interrelated research projects conducted in a parallel and coordinated 
manner. The outcome should produce improved fit and flow through the 
chain, and avoid progress in one area that results in a “surprise” at another 
point in the system. For example, a scientist may discover a entirely new 
polymer with functional potential to be the source for an advanced biode-
gradable plastic replacement. However, the value of this research result is 
limited until: the appropriate gene is found; it is expressed in the correct 
viable metabolic pathways; the optimum crop type is grown with enough 
yield for cost-effective sourcing; a process is created to separate the com-
ponent polymer; and a method is developed to utilize the material in the 
manufacturing of the novel product (Zhu et al. 2004). 

The sustainability of biofuels also depends on economic aspects. In 
many cases, the costs for the use of plant-based materials is rather high, 
and not competitive with fossil fuels. However, cost-competition contains 
very complex interactions among factors like: product value, material 
costs, volume of throughput, degree of processing required, and perform-
ance of the biofuel generated. Thus, strategies for the future will not be 
successful if they are based on cost reduction alone. 

The most important economic driver is not cost per se, but the differ-
ence between the obtained price and manufacturing costs. The obtained 
price covers aspects such as product utility, performance, and consumer 
preference and demand. Manufacturing costs cover raw material costs, 
supply consistency, process required, waste handling costs and investment. 
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Anaerobic digestion: a multi-faceted process for 
energy, environmental management and rural 
development

Rudolf Braun 

Agrarbiotechnologie - IFA Tulln, Universtät für Bodenkultur, Konrad 

1. Historical development 

The biological transformation, by which organic matter is degraded to 
methane and carbon dioxide is commonly called “methanogenesis”. The 
main product of methanogenesis, a mixture of carbon dioxide and meth-
ane, is called “biogas”. The term “biogas” was registered as trade name 
(Institute of Gas Technology, Chicago, United States), but nevertheless, is 
commonly used by the public. 

The technical application of “methanogenesis” in a bio-reactor (or di-
gester) is designated as “biomethanation”. The term “anaerobic digestion” 
is widely used synonymously, although it may lead to confusion with other 
anaerobic digestion processes that do not stringently involve generation of 
methane.

pose biological process since long time ago. It is of technical interest be-
cause it not only stabilises waste, but simultaneously acts as a net energy 
producer. It controls odors, reduces pathogens, minimises environmental 
impacts from waste emissions and it maximises resource recovery by 
releasing digestate as a valuable fertiliser by-product. Many of these 
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Practically, biomethanation has been proved a versatile, multi – pur-



336      Rudolf Braun 

long-term sustainable development.
The formation of gas during the decomposition of plants or animal ma-

terial was first described by Robert Boyle and Denis Papin in 1682. A cen-
tury after it, the release of flammable gas in nature was shown by Alles-
sandro Volta in 1776. But it was over 100 years later, that the phenomenon 

ploited technologically.
First practical applications were realised at the end of the 19th century in 

France, United Kingdom, USA and Germany (McCarty 1982). Simple 
open and closed tanks (e.g. Septic tank, Talbot tank, Imhoff tank) were 
used for the reduction of organic matter content in sewage sludge and 
wastewater. Waste management requirements continued to promote the 
fast development of more sophisticated sewage sludge digestion- and en-
ergy recovery techniques from biogas. Tens of thousands sewage sludge 
digesters were built worldwide in the past decades. In 1984 the energy po-
tential from domestic waste in the European Union was estimated to be 
equivalent to 10 million tons of oil (Demuynck et al. 1984).

Tremendous amounts of domestic and industrial solid waste are dis-
posed worldwide in huge landfills, with frequent capacities of several mil-
lions of tonnes each. Several thousands of cubic meters biogas per hour are 
produced by natural fermentation in these landfills over long periods of 10-
20 years time. Without extraction, the landfill gas escapes to the atmos-
phere, presenting a fire and explosion hazard, a source of damage to 
nearby vegetation and a substantial contribution to the greenhouse effect. 
For environmental and economic reasons, landfill gas extraction started in 
the United States in the early 1970s and spread in Europe, mainly in the 
United Kingdom and Germany. Meanwhile several thousand landfill gas 
extraction plants are in operation worldwide. Compared to all other 
sources of biogas, landfill gas still represents the biggest share in many 

derived from biogas in the EU, originated from landfill gas collection 
(Anonym 2004). 

Based on sewage sludge digester technology, first applications for in-
dustrial, anaerobic wastewater treatment were initiated during the eighties 
of the last century. Thousands of industrial digesters meanwhile have been 
successfully implemented in the food-, beverage-, sugar-, starch-, dairy-, 
fruit- & vegetable-, olive- & palm oil industries, slaughterhouses and other 
industries. Even pulp & paper-, biochemical-, pharmaceutical-, tanning-, 
textile- and petrochemical industry wastes are pre-treated in anaerobic di-
gesters. By this means organic wastes have become classical feedstocks for 
biomethanation.

benefits contribute directly to practical and economic factors that lead to 

countries. In 2004, for instance, 38% of the 3.2 million tons oil equivalent 

was proofed to be caused by microorganisms and to be gradually ex-



Early agricultural applications of methane fermentation aimed at simul-

ception of millions of simple rural digester applications in China and India 
(Nyns 1986), due to its poor economics, only limited agricultural dissemi-
nation of the “1st generation” technology in the USA and Europe occurred. 
In the 1970s and 1980s just several hundreds of anaerobic digester applica-
tions for pig-, cattle- and chicken manure were built in Germany, Italy, 
Denmark, Switzerland, Austria and some other European countries (De-
muynck et al. 1984). Later on, through the use of co-substrates (i.e. bio-
genic wastes, fat scraper contents, industrial slurries), the biogas yield and 

Consequently, many medium- and large scale agriculture related co-
digestion plants were installed in the 1990s throughout Europe. Agricul-
tural co-digestion plants are even using source separated municipal bio-
wastes, with subsequent recycling of the digestate to agricultural land. 

In the past two decades, a new generation of commercially successful 
digesters were introduced for the treatment of source separated municipal 
bio-waste. Typical installations process 15,000 up to more than 50,000 
(100,000) tons biogenic waste per year. Numerous digester types (e.g. dry- 
or liquid digestion) have been introduced for the use of garden- & yard 
waste, kitchen- & restaurant waste, market- & food waste and other bio-
genic waste materials. It has been estimated that in Europe, nearly 4 mil-
lion tons of bio-waste will be treated annually by end of 2006 (De Baere 
2005). About 124 digesters, with an average capacity between 15,000-
30,000 tons per year, will be in operation. 

In the last time, new driving forces for the implementation of bio-
methanation technology emerged. A stepwise ban for landfill of organic 
waste made huge amounts of organic wastes available for further treat-
ment. Generally stricter environmental regulations for the prevention of 
greenhouse gas emissions, in the EU and many other countries, made bio-
logical waste treatment feasible on a broader basis. Furthermore the EU 
animal by-product regulation 1774/2002 approved biomethanation admis-
sible for the treatment and hygienisation of numerous animal by-products, 
e.g. manure, rumen- and gut contents, other slaughterhouse wastes or food 
leftovers. By this means, the number of digestion plants further increased 
considerably during the past years. 

Furthermore, a dramatic increase of fossil energy costs made biogas a 
more attractive, alternative renewable energy source. Additional national 
support programs and subsidies for bioenergy were successfully promoting 
the biogas application in several European countries, e.g. Sweden, Ger-
many, Austria, Netherlands, Switzerland. Consequently biomethanation of 
“Energy crops”, with the main goal of power supply, started dynamically. 
The number of energy crop digestion plants for instance doubled inGermany

the economy of agricultural digesters could be substantially improved. 
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taneous energy recovery, odor reduction and nutrient recycle. With the ex-
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within 2 years from 1,500 (2002) to more than 3,000 (2004) applications 
(Weiland 2004). In Denmark or Sweden, typically centralised co-digestion 
plants, based on manure, industrial wastes and energy crops, now produce 

to the transport fuel requirement in Sweden in 2010 (Jönsson 2005). 

ternative to fossil fuels. Huge areas of arable land and grass land will be 
required in the future to fulfil the challenging requirements for biomass 
based raw material production processes, e.g. food, animal feed, energy, 
raw materials for chemical and biochemical industry. According to the EU 
“Biomass Action Plan” (Anonym 2005a), the energetic biomass consump-

biomass share in the EU) should be possible, without significantly affect-
ing domestic food production or complying with good agricultural practice 
of sustainable biomass production.

Biomethanation, with its intrinsically multifunctional character, fits well 
into alternative renewable energy concepts. By-products and wastes still 
will be a main source of substrates in the near future, but various types of 
energy crops are considered to be of gradually increasing importance in the 
future. By this means biogas will contribute a noteworthy part to the future 
renewable energy supply from biomass. Without doubt, widening of bio-
energy will create new possibilities of rural development and employment. 

2. Fundamentals of methanogenesis

2.1 The biogeochemical carbon cycle 

It is estimated that about 1.55 . 1011  t per year of biomass are synthesised 
through the photosynthesis of green plants (Kaltschmitt and Hartmann 
2001). Under anaerobic conditions, the carbon previously fixed through 
photosysnthesis, is converted to methane by microbiological processes. 
Natural methane formation under presence of degradable organic material, 
occurs in many anaerobic habitats, e.g. in sediments of oceans, lakes, riv-
ers, swamps, marshes, or during cellulose degradation through termites 
and in animal intestinal tracts. Additional, anthropogenic biogas is pro-
duced through human activities, in landfills, paddy fields and ruminant 

methane hydrate, under high pressure conditions of deep sea trenches. 
husbandry (Figure 13.1). Furthermore, methane can be partly stored as 

and used for public transport. It is estimated that biogas will contribute 
6%              

to 10% share of biomass (according to 185 mtoe) in 2010. By 2030, a fur-

Recent EU energy policy generally favours bioenergy as one possible al-

tion should be more than doubled from 4% in 2003 (according to 69 mtoe) 

ther increase of energetic biomass use, up to 316 mtoe (according to 18% 

considerable amounts of biogas which is frequently upgraded to fuel 



2 C (in marine sediments) to over 100 C in geothermal areas. 

It has been estimated, that about 0.55-1.3 billion tons of CH4 is released 
annually to the atmosphere (Koyama 1963; Vogels 1979). Recently pub-
lished experimental data show (Keppler et al. 2006), that even under aero-
bic conditions, living and dead plant material releases considerable 
amounts of methane to the atmosphere. The authors estimate that about 
150 million tons of CH4 is annually released from aerobic habitats. Meth-
ane released from the various habitats, is partly reoxidised to CO2 by 
methane oxidising, aerobic bacteria. But most of the methane released, 
reaches the atmosphere, where the CH4 content has almost tripled since 
pre-industrial times and was estimated to be 1.4 ppm (Ehhalt 1974). Meth-
ane reaching the stratosphere has a mean life time of 1.5-7 years, before it 
is reoxidised to CO2, through reaction products of the ozone cycle. Reoxi-
dised CO2 again underlies assimilation by green plants and hence closing 
the biogeochemical carbon cycle.

Compared to CO2, the greenhouse effect of CH4 is roughly 27 times 
higher. Therefore anthropogenic emissions of methane must be prevented 
at all stages, respectively a proper use of generated CH4 (i.e. combustion to 
CO2) must be assured. 
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Fig. 13.1. Sources of major development and bio-geochemical cycle of methane in nature.

° °
Biological methanogenesis has been reported at temperatures ranging from 



340      Rudolf Braun 

2.2 Microbiology of methane formation 

2.2.1 Stepwise decomposition of substrates 

Although the formation of combustible gas in the nature was already 
known since 1776, it was not before the end of the 19th century, that the gas 
formation was associated to the activity of micro organisms (Bechamp 
1868). Early investigations, describing the biological biogas formation as a 

(1906). After this, a more detailed reaction scheme for the methane fer-
mentation, divided the process into two phases, an “acidification” or "acid" 
phase and a “methanogenic” or "methane" phase. This scheme described 
by Barker (1956), showed already the principal components of the com-
plex anaerobic metabolisation of carbohydrates, proteins and lipids. Sub-

(Bryant 1974). The multiphase nature of the process was further on re-
vealed in detail by the discovery of hydrogen-producing acetogenic bacte-
ria (McInerney and Bryant 1980) and by a better appreciation of the lim-
ited substrate capabilities of methanogenic bacteria (Bryant 1977). 

Currently methanogenesis is agreed to consist of a series of reactions, 
which are catalysed by mixed groups of bacterial species, through which 
organic matter is converted in a stepwise reaction to the main products 

one step, single species process (Figure 13.2), were carried out by Omelianski 

(1956), to the current three step model (1977).
Fig. 13.2. Development of the methanogenesis pattern from a one step (1906) and two step 

sequent studies proved a multistep character of the methane formation 

methane and carbon dioxide (Figure 13.2). Three major groups of 
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(Schink 1992). Proteins, lipids and carbohydrates are initially hydrolysed 
to oligomers or monomers, which are then metabolised by fermentative 
bacteria with the production of hydrogen (H2), carbon dioxide (CO2), and 
volatile organic acids such as acetate, propionate and butyrate. The volatile 
organic acids, other than acetate, are converted to methanogenic precursors 

2 2

4

2

CO2. Almost all known methanogenic bacteria convert H2/CO2 to methane, 
whilst aceticlastic methanogenesis has been documented for only two 

2 2

methane formation are rate-controlled by the slowest member involved in 
the respective process. Therefore accumulation of inhibiting metabolites 

solvent), there may be no adverse impact on the overall consortia.  But the 
slowest members of the consortia often are the propionic- or acetic acid - 
utilisers, so that an accumulation of these organic acids can overwhelm the 
available bicarbonate alkalinity. Such a malfunction may cause a drop in 
pH which can have a drastically adverse impact upon the entire microbial 
consortia. Unfortunately the greatest inhibition of a low pH may be di-
rected at the propionic- and acetic acid - utilisers themselves.

It is evident from this series reaction, that the anaerobic process works 
reliable, as long as each subsequent class of organisms processes the or-
ganic intermediates at least as fast as they are produced. Since microbial 
processes function at a rate proportional to their substrate concentration, an 
accumulation of substrate may result before they are able to process it as 
fast as it is passed on to them. 

For achieving a stable fermentation process, a proper balanced nutrient 
composition must be available and the involved bacterial species must in-
teract in a dynamic equilibrium. Since some of the intermediate metabo-
lites (hydrogen, propionate, ammonia, sulphide) can become inhibitory, 
metabolite concentrations must be kept fairly low and, by controlled feed-
ing, the pH of the system must be kept near neutral. Maintenance of a low 
hydrogen partial pressure, which is primarily dependent upon the activity 
of the hydrogen-utilizing methanogens, regulates the degradation of propi-
onate and butyrate. The acetate-utilizing methanogens regulate the pH by 
conversion of acetic acid to methane and CO2. For thermodynamic reasons, 
the latter transformation can only take place at very low partial pressures 

microorganisms have been identified with specific functions in the overall process 

may occur. If this form of substrate is a non-acid organic (e.g. alcohol, 

molecules i.e. acetate, formiate, methanol, methanolamin or from H  and 

methanogenic genera i.e. Methanosarcina and Methanosaeta (Methan-

(H , CO  and acetate) by a group of bacteria named syntrophic acetogens. 
Finally, the methanogenic bacteria produce methane (CH ) from simple 

30% is built by reduction of CO  through H  (Mah 1977). 
othrix). Roughly 70% of the methane is formed from acetate, the remaining 

All steps of the serial metabolisation, i.e. hydrolysis, acidogenesis and 
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of hydrogen. In stable, efficient methanogenesis, the hydrogen partial pres-
sure ranges between 1 and 10 Pa. An abrupt increase in hydrogen partial 

function. The increased partial pressure of hydrogen results in accumula-
tion of intermediate organic metabolites, with subsequent pH drop below 
6, finally ceasing methane generation. The adverse effect of increased 
volatile fatty acid concentrations on methane bacteria has been extensively 
investigated. Especially propionate was inhibiting pure cultures of  
Methanobacterium formicicum, even at concentrations of 1 g.l-1 sodium-
propionate, while up to 10 g.l-1 sodiumacetate and –butyrate were tolerated 
(Shaw 1971). Upon adaptation, up to 6 g.l-1 propionate were tolerated in 
mixed culture continuous laboratory fermentations of molasses slops 
(Braun and Huss 1982). Increased propionate concentrations have been 
frequently reported from practical mixed culture digestion processes (Poh-
land and Bloodgood 1963; Andrews 1969). In most cases increasing 
propionate signalised inconsistencies in the overall reaction equilibrium. 
Usually the overall fatty acid content in methanogenesis remains far below 
1 g.l-1.

2.2.2 Microbial interactions and competition 

During methanogenesis numerous acid-forming bacteria are associated 
with methanogens. The products of fermentation vary considerably, de-
pending on the bacteria involved in the fermentation. Therefore, changes 
in environmental conditions that result in changes in dominant bacterial 
species, also result in changes in the concentrations of acids, alcohols etc. 
that are produced during fermentation. Such changes determine the sub-
strates ultimately available for the methanogens, their activity and, conse-
quently, overall performance of methanogenesis. 

Dependent on the substrate composition, a competition for the available 
hydrogen can occur during methanogenesis. In the presence of oxidised ni-
trogen (e.g. NO3

–
) or sulphur (e.g. SO

4
2–

), non - methanogenic bacteria 
may interfere with hydrogen transfer to CO2. Acetogenic bacteria can re-
duce inorganic carbon with hydrogen to produce acetate and sulfate-
reducing bacteria (e.g. Desulfovibrio desulfuricans) reduce sulfate with 
hydrogen to form hydrogen sulphide:

H
+
 + SO

4

2-
 + 4 H2 = HS

-
 + 4 H2O GO`= - 152 kJ/mol 

pressure or a hydrogen partial pressure above 20 Pa is indicative of mal-
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reducing bacteria obtain hydrogen and acetate more easily than methane-
forming bacteria under low-acetate concentrations. With high sulfur con-
taining substrates, usually high H2S – contents result during methanogene-

sulfide levels may inhibit all reaction stages. Depending on environmental 
conditions and adaptation, total H2S levels up to 100-200 mg.l-1 may be 
tolerable (Lawrence and McCarty 1964; Hobson et al. 1981; Pfeffer 1979). 
Total H2S – levels higher than 300 mg.l-1 or free H2S concentrations higher 
than 150 mg.l-1 cause severe inhibition of all bacteria involved. Due to pre-
cipitation, presence of heavy metals may counteract sulfide toxicity and 

2

versible and bacteria may gradually recover after H2S reduction.
Ammonia is typically formed during methanogenesis through the prote-

3

levels, with potential inhibitory effects. The deamination of amino acids 
results in the production of a variety of organic acids including acetate and 
butyrate. Ammonia is released during the degradation of amino acids. Ace-
tate and butyrate serve as substrates for methanogens, whereas ammonia 
increases the digester alkalinity or may contribute to ammonia toxicity in 
all fermentation stages. 

Furthermore NH3 can be formed through reduction of nitrate (equation 

fully for the hydrogen normally used for CO2 reduction to methane. Sub-
strates with high protein- or nitrate contents may therefore cause less CH4-
formation and considerable ammonia toxicity during methanogenesis. 
With increasing temperature and pH, the concentration of free NH3 in-
creases (Equation 13.3) and can cause complete process inhibition. Although 
bacteria can well be adopted to high NH3 levels, depending on substrate 
composition, pH and temperature, increased concentrations frequently are 
reason for malfunction of biomethanation processes. A concentration of 
1,500-3,000 mg.l -1 NH4

+

has been reported inhibitory by McCarty and 
McKinney (1961). Other reports show tolerance of gradually adopted 
methanogenesis to NH4

+

 concentrations of 5,000 mg.l -1 (Van Velsen 1979; 
Braun et al. 1981).

4 H2NCH2COOH + 2 H2O = 4 NH3 + 2 CO2 + 3 CH3COOH (13.1)

Anaerobic digestion: a multi-faceted process….

subsequently deamination of amino acids (equation 13.1) may cause high NH 

13.2). As do sulfate reducers, also nitrate reducing bacteria compete success-

When sulfate-reducing bacteria and methane-producing bacteria com- 
pete for hydrogen and acetate, for thermodynamic reasons, sulfate-

sis. Depending on the fermentation temperature and pH, increasing free 

olytic activity of hydrolytic- and fermentative bacteria. Proteolysis and 

may allow higher HS concentrations in substrates. Sulfide toxicity is re-
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NO3

–

 + H
+

 +  4 H2 = NH4

+

+ OH
–

 + 2 H2O (13.2)

NH3 + H2O = NH4

+

+ OH
–

 (13.3)

3. Biomethanation technology

3.1 Process engineering 

From the process engineering point of view, biomethanation is a relatively 
simple reaction. Since the process uses a "mixed culture" of ubiquitous or-
ganisms, usually no substrate sterilization steps or further measures for 
culture enrichment, -maintenance or preconditioning are required. A prod-
uct separation step is unnecessary, as the biogas separates itself from the 
aqueous phase. Since the methane produced is fairly insoluble in water, it 
does not accumulate to inhibitory concentrations in the fermentation liq-
uor. Under favourable conditions, the second product from biomethana-
tion, i.e. fermentation residue (digestate) can be spread as fertiliser on ag-
ricultural land. If a direct use of the digestate is not possible, further 
conditioning, e.g. separation of solids and subsequent composting or dry-
ing, with following post-treatment of the liquid digestate are required. 

A generalised, simplified scheme of the technical biomethanation proc-
ess (Figure 13.3) comprises the 4 steps substrate delivery, pre-treatment 
and storage (1), digestion (2), digestate use (3) and energy recovery from 
biogas (4). Depending on the substrates applied (e.g. sewage sludge, bio-
waste, industrial by-products, energy crops), the delivered material fre-
quently must undergo extensive pre-treatment steps. By means of sieving, 
wind sorting, cyclones, magnetic belts, contaminants like sand, cullets, 
metals, rubber, plastics etc. have to be properly sorted out.

Depending on the digester system applied, under optimum conditions, 
the purified waste stream is continuously fed into the digester. Various 
dosage systems for liquid- (i.e. rotary pumps, displacement pumps) and 
solid wastes (i.e. high pressure piston pumps, auger feeding) have been 
developed for the dosage of highly variable consistency wastes. 
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preparation and –storage (1), digestion (2), storage and use of digestate (3) and storage-, 
purification- and upgrading of the produced biogas.

Usually the effluent leaves the digester by gravity flow and in most 
cases undergoes further digestion in a second “post digester” step. Digester 
and post-digester have thermal insulations, while a mixing equipment in 
most cases is only installed in the digester step.

The final digestate storage tank is designed for storing periods of many 
months and usually does not include thermal insulation. Most conventional 
storage tanks also did not include coverings. Since methane formation at 
very reduced rates is still continuing at ambient storage temperatures, for 
environmental protection reasons, newly built plants, in most cases include 
storage tank coverings. The head space of the digestate storage tank must 
be connected to the gas collection, respectively gas security system. 

In most conventional agricultural applications of biogas plants (i.e. ma-
nure digestion, co-digestion of biogenic wastes), the digestate after respec-
tive storage periods, is directly applied as fertiliser and soil conditioner in 
crop production or on pasture land. With increasing plant size (e.g. energy 
crop digestion plants) and lack of nearby agricultural areas, further treat-
ment of the digestate frequently is required. In most cases dewatering of 
the digestate with subsequent composting of the solids and use of the liq-
uid fraction as fertiliser is applied. If the liquid fraction cannot be used di-
rectly, further upgrading (i.e. NH3 – recovery, phosphate removal) can be 
necessary.

Released biogas is collected in both digestion steps and stored in gas 
storage tanks or, most frequently in the head space of post digesters, cov-
ered with floating, gas tight membranes. Depending on its final use, biogas 
must undergo several purification steps.  The vast majority  of  agricultural

Anaerobic digestion: a multi-faceted process….

Fig. 13.3. General schematic drawing of a typical AD application, comprising substrate 
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digesters applies a simultaneous desulphurisation by controlled addition of 
air into the digesters head space. By this means gas qualities required for 
combustion in burners or CHP engines can be met. If biogas is intended 
for the use as transport fuel or to be fed into the natural gas grid, further 
upgrading, i.e. CO2 removal, has to be implemented for purification. 

3.2 Process start up 

For the start up normally no specific commercial seeding material is avail-
able and no special measures for pure culture fermentation are applied. 
The required course of fermentation therefore must be controlled by the 
cultivation conditions, i.e. temperature, substrate composition, sludge load-
ing rate and hydraulic residence time during start up. If seeding material, 
e.g. digester sludge from comparable processes or digested sewage sludge 
is available, the start up process can be easily initiated by adding seed 

gester. If no convenient seed sludge is available in sufficient amount, the 
digester must be filled with water and small amounts of diluted substrate. 
The sludge loading rate (g VS per g bacterial sludge and day) must be 
carefully increased in small steps during process start up, enabling suffi-
cient growth and increase of bacteria. The corresponding hydraulic resi-
dence time (days) must be high enough to allow a complete use of the sub-
strate. By regular control of substrate degradation respectively biogas 
formation, a gradual increase of sludge loading can be enabled. The sub-
strate dosing rate must only be increased when the corresponding biogas 
yield and substrate degradation have been realised. The start up process 
may take several weeks or months and is crucial for the establishment of a 
proper mixed bacterial culture and the achievement of a stable methano-
genesis and substrate degradation. According to Summers and Bousfield 
(1980), following an inoculation with digested sewage sludge, a stable 
equilibrium can be expected in swine manure digestion after 5 months start 
up operation. When adopted seeding materials from comparable digesters 
are available, the start up procedure can be much faster. By controlling gas 
formation and substrate addition, in a full scale energy crop (maize silage) 
digestion, the maximum loading rate could be achieved within 6 weeks af-
ter inoculation with cow manure (Resch 2005).

3.3 Operational parameters 

As a common measure in continuous reactor operation, usually the daily 

Usually  the  substrate  is  dosed  in  a  semi-continuous   or  preferably,  in
substrate feeding rate, or flow rate (F) is broadly applied (Figure 13.4). 

sludge (20-30% v/v), together with small amounts of substrate into the di-
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operational parameters.

continuous mode to the digester. In case of semi-continuous dosing sub-
strate is added at least once a day. Preferably semi-continuous dosing 
should be performed several times (6-12) per day in order to keep constant 
growth conditions for the bacterial population and to achieve a constant  
biogas delivery. 

If the flow rate is referred to the active reactor volume (VF) the mean 
residence
lated. Under practical conditions, residence times cover a broad range, 
from few hours in case of easy degradable soluble wastes, up to several 
months (e.g. 80-100 days) for example in case of energy crop digestion. 
Long term measurements of full scale biogas plants in Germany showed a 
range of 30-120 days residence time (Weiland 2004), while similar Aus-
trian investigations resulted in a median value of 133 days hydraulic resi-
dence time (Laaber et al. 2005). 

In addition to the mean residence time, the turnover rate can be more 
precisely defined by using the term loading. The loading rate defines the 
amount of substrate being fed to the digester within a defined time span. If 

is designated volumetric loading rate (BV). If reference is made to the 
available bacterial sludge content in the digester (XF) it is commonly called 
sludge loading (BTS). Both measures allow the comparison of different re-
actor systems and can be used for process dimensioning and –control. 

Anaerobic digestion: a multi-faceted process….

Fig. 13.4. Schematic sketch of the one step continuous reactor system and characterising 

the substrate loading rate is referred to the reactor volume (see Fig. 13.4) it 

time � (days) of the substrate in the reaction vessel can be calcu-
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Under practical conditions the possible maximum loading rate is de-
pendent on the concentration of viable biomass which can be retained in 
the reactor. Furthermore substrate properties (e.g. concentration, degrad-
ability), environmental conditions (e.g. temperature, pH) and reactor per-
formance (e.g. configuration, mass transfer capability, scum- and bottom 
layer formation etc.) determine the maximum allowable loading rate. De-
pending on the influential factors listed, volumetric loadings for the same 
substrate can vary in the range between 5-40 g.l-1

.d
-1 VS (Braun 1982).

With increasing loading, the biogas yield and the degradation efficiency 
can be adversely affected. For practical reasons (biogas yield) and to 
achieve the environmental requirements of emissions avoidance, optimum 
loading rates and residence times for maximum substrate degradation 
should be envisaged. Good indicators for reactor overloading are a decline 
of the methane content in biogas, the increase of the volatile fatty acid con-
tent in the digestate and variations of the pH value.

From practical experience in bioreactor monitoring with numerous sub-
strates, limiting values of operational parameters can be derived for good 
biogas practice in digester operation. Since residence time as well as load-
ing rates are case specific parameters, preferably metabolite concentrations 
should be considered for process control. An acceptable range for the pH is 
7-8, for volatile fatty acids between 1,500 -4,500 mg . l-1 and the NH4

+-
concentration should not exceed 5,000 mg.l-1. A pH value below 7 or 
above 8, fatty acid contents exceeding 4,500 mg.l-1 and NH4

+-
concentrations above 4,500 mg.l-1 are clear indications for increasing in-
consistency. Keeping within the optimum ranges usually guarantees reli-
able and good process performance, maximum biogas yields and VS deg-
radation. Continuing deviations from the optimum operational parameter 
ranges should be considered serious, since recovery periods after digester 
failures can take several weeks or months and in some cases can require 
re-inoculation and restart of the process. Most frequently overloading, or 
the use of unknown substrates, are the main reasons for process failures. 
Keeping within the predefined case specific loading rates and residence 
time, usually guarantees a stable process performance. Nevertheless for re-
liable operation a frequent measurement of metabolite concentrations and 
of the methane content in the produced biogas is highly recommendable.

3.4 Process control 

The biochemical processes involved in methanogenesis are complex and 
much efforts were undertaken to enhancing the process stability and intro-
ducing proper process control measures. Nevertheless, the degree of auto-
mation of the technical process is still low and the fermentation requires 
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comprehensive manual control and monitoring for reliable and save opera-
tion.

Minimum requirements for a proper process control include continuous 
measurement of temperature, pH, biogas production and methane content. 
Furthermore type and mass of the substrate fed to the digester must be re-
corded on a daily basis. Depending on the process stability achieved, TS-, 
VS- and volatile fatty acid contents in the digester should be measured on 
a regular basis. In case of changing substrates, loading rates or obvious 
process instabilities, the minimum frequency of measurements should be 
once a week. During stable fermentation periods monitoring can be fairly 
extended to several weeks or months. The measurement of temperature, 
pH, biogas production, methane- and H2S-content can be fully automated 
and measured on-line with commercially available standard equipment. 
For the measurement of TS, VS and volatile fatty acid metabolites, stan-
dard methods are available (DEV, 2005; APHA, 1998). For the detection 
of volatile fatty acids numerous titration-, chromatographic- and spectro-
metric methods have been proposed (Kolb 1986; Lindorfer 2003; Boe et 
al. 2005).

For environmental protection reasons the emissions from biogas com-
bustion must be controlled by a proper regulation of burners or engines. 
Furthermore the hygienic status of the digestate must be controlled. De-
pending on the digested waste and the intended final use of the digestate in 
agriculture, composting or landscape architecture, different requirements 
of hygienisation have to be fulfilled. In case of animal by-product diges-
tion the European regulation on animal by-products (EC) 1774/2002 has to 
be followed.

3.5 Substrate composition 

For stable fermentation and optimisation of biomethanation, among other 
conditions, a proper balanced nutrient composition must be provided in the 
substrate. The main nutrients, carbon, nitrogen, phosphorous and sulfur, 
must be available in a ratio according to the empirical formula 
C5H7O2NP0.06S0.1

improper balanced nutrients can considerably retard formation-, disturb 

tween 25-32 is considered to give best performance (Angelidaki et al. 

with  surplus  of  nitrogen origin from slaughterhouses or  rendering plants,
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2003). The C : N ratio in natural substrates can vary considerably (Table 

of anaerobically grown cell biomass. Lack of nutrients or 

13.1) and ratios of less than 16 : 1 (Sanders and Bloodgood 1965; Braun 

fermentation and reduce the yield of methane. An optimum C : N -ratio be-

1982) or higher than 45 : 1 (De Renzo 1977) may occur. Typical substrates 
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Water content (%) VS ( % of TS) 
Wood waste 723 30-40 99.6
Sawdust 511 20-80 95 
Wood chips 60-150 10-30 95
Straw 90 30 90 
Bark 20-500 50 90 
Paper 173 4-16 74
Municipal waste 50-60 30-40
Market waste 10-20 90 83
Kitchen & restaurant waste 10-20 75-85 80-90
Fat trap contents 50-200 30-75 80-96
Stomach- & gut contents 11-21 87-89 85
Fish waste 3-4 75-80 70-85
Leaves (green) 20 90
Leaves (wilted) 30-60 20 90
Fruit waste 35 80-85 75
Grass cuttings 12-25 75-80 90
Waste mycelium 19 75-90 70-90
Yeast waste 3 80-90 80
Digested sludge 15.7 92-96 50-60
Sewage sludge 6.3 95.5-99.5 50-60 
Chicken manure 7-11 40-60 60

while lack of nitrogen occurs in pulp and paper wastes or some plant mate-
rials (e.g. straw, saw dust). In case of higher variations, correction meas-
ures have to be undertaken since lack of nitrogen retards growth of bacte-
ria, while a surplus can rapidly cause ammonia toxicity. For practical 

quirement in biomethanation (Böhnke et al. 1993). 
Most practically applied substrates do not require any supplements. The 

demand of phosphorous and sulphur can easily be satisfied by most com-
mon substrates. In few cases of technical applications (e.g. exhaust va-
pors), a lack of nutrients and essential trace elements can derogate the
reaction performance. Furthermore, in some industrial wastes, the 
bioavailability of trace elements can be insufficient, even though the re-
quired elements are physically present in the substrate. Due to their very 
strong binding properties, chelated forms of trace metals can be reasons for 
an insufficient bioavailability. Furthermore precipitations as metal sulfides 
frequently occur in high sulfur containing wastes.

substrates commonly applied for biomethanation. 
Table 13.1. C : N ratio, water content and content of organic substance in various 

C : N-ratio 

15-18 

40-80 

purposes a COD:N:P ratio of 800 : 5 : 1 has been proposed as minimum re-
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3.6 Inhibiting substrate components 

Numerous inhibiting substrate components can cause a malfunction of 
methanogenesis. Similar to the effects of adverse environmental conditions 
(e.g. pH drop, temperature change, metabolite accumulations), inhibitory 
or toxic compounds can cause retarded methane formation, a decrease of 
the methane content in biogas or can even cause complete failure of 
methanogenesis. Possible inhibition has been reported from long chain 
fatty acids such as oleate and stearate, from some antibiotics, from phe-
nols, chloroform and higher levels (10-3 to 10-4 Mol) of heavy metals (Mo-
sey et al. 1971; McBride and Wolfe 1971; Sykes and Kirsch 1972; Hen-
derson 1973). In most cases the inhibition is reversible and disappears after 
removal of the toxicant. Furthermore gradual adaptation to increased levels 

degradation of toxic compounds, e.g. pentachlorphenol, or detoxification 
of nitroaromatic compounds, chlorinated aliphatic or aromatic hydrocar-
bons and azo dyes occurs. 

An adverse effect of inhibiting substrate components usually can be de-
tected through fermentation tests with different dilutions of substrate sam-
ples.

3.7 Substrate pre-treatment 

Through sufficient pre-treatment and removal of contaminants, an inter-
ference or obstruction of the methanogenesis process in the digester must 
be safely avoided. Once problems already appear within the digester (e.g. 
scum formation, foaming, bottom layers), solutions are very hard to realise 
in most cases. As a principal requirement, a homogeneous mixture of the 
digester contents must be ensured at any time, allowing an undisturbed 
mass transfer between solid particles, liquid and gas phase. The incoming 
substrate must be homogeneously distributed within the digestion vessel 
and the gas bubbles formed should be immediately released from the cells 
or aggregates. In dependence on the reactor system applied (e.g. mixing 
capacity, prevention of phase separation) and the substrates composition 
and physical state (e.g. fluiddynamic properties, settling characteristics), 
fairly different degrees of substrate pre-treatment can be required in the 
various biomethanation processes. 

In some cases a high dry matter content of substrates to some extent can 
require substrate dilution with water or with other, less concentrated sub-
strates. Depending on the fluid dynamic properties of the substrate (i.e. 
viscosity, particle size distribution), homogeneous, liquid phase digester 
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of inhibitory substances can be frequently observed and even complete 
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fermentation systems (solid state fermentation) operate at TS concentra-

Some substrates used in practice for biomethanation, to a different ex-
tent require extended pre-treatment. As described above, the most simple 
pre-treatment is substrate equalisation by dilution. By this means, ditri-
mental influences of pH variations, too high concentrations or inhibiting 
effects of substrates can often be avoided. Additionally, many practical 
substrates demand homogenisation and crushing of coarse and bulky mate-
rial. By this means a faster biodegradation can be achieved and clogging of 
the piping system through coarse particles can be avoided. Furthermore the 
scum formation, the formation of bottom layers and reduction of the effec-
tive reactor volume can be prevented, or at least considerably retarded. 

If excessive amounts of inert contaminants are contained in substrates 
(e.g. source separated municipal biowaste), an extended pre-separation 
step for the removal of disturbing materials has to implemented. Typical 
contaminants to be removed from such wastes are sand, gravel, cullets, 
metals, plastic, rubber or compound materials. These type of substrates can 
require sophisticated, comprehensive and costly pre-treatment equipment. 

The European regulation (EC) 1774/2002 defines allowable animal by-
product substrates (e.g. manure, stomach contents, restaurant- & kitchen 
waste, food waste) and defines treatment conditions for the use in bio-
methanation. Some substrates (e.g. animal by-products) can even require 
thermal sterilisation (133OC) or pasteurisation (70OC) for safety reasons. 

Energy crop digestion plants usually implement a substrate (crop) ensi-
lage step for the conservation and storage of the substrate. Fresh crop ma-
terial is chopped, compacted in silos and covered airtight. The pH reduc-
tion (about pH 4), performed through an autochthonic mixed population of 
lactic acid bacteria and yeasts, stabilises the plant material for the continu-
ous use in biomethanation over the year.

3.8 Mixing of reactor contents 

As stated earlier, together with sufficient substrate pre-treatment, proper 
mixing of the reactor contents has to ensure a reliable mass transfer be-
tween solid particles, liquid and gas phase of the substrate. In contrast to 
aerobic (aerated) bioreactors, the energy input in anaerobic fermentation 
systems may be limited to the requirements of homogenisation. Inadequate 
(Finney and Evans 1975), as well as exorbitant mixing (Stafford et al. 
1980) have been reported as reasons for retarded methanogenesis. Insuffi-
cient mixing cannot efficiently remove gas coatings from cell aggregates, 
while heavy turbulence may disturb the fragile equilibrium between the 

systems, usually demand total solids contents of less than 10% TS. Dry 

tions of about 20-35%.
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aggregates generate a lifting tendency and may cause compact scum layers 
followed by severe operational- and safety problems. Generalised optimum 
mixing capacities cannot be predefined. However, from practical experi-
ence a minimum mixing requirement has to safely prevent scum layers and 
sediment formation.

Principally mixing of the reactor contents can be achieved by mechani-
cal equipment (e.g. stirrers), hydraulic measures (e.g. turbines, pumps) or 

suitable mixing equipment depends on the present substrate and reaction 
type. The stirred vessel or stirred tank reactor, is still the most widely ap-
plied bioreactor for biomethanation. It consists of a cylindrical vessel with 

natively implemented into a stirred tank reactor. Even combinations of sys-
tems, e.g. mechanical mixer (propeller), supported by circulating pumps, 
or gas injection supported by hydraulic mixing through biogas displace-
ment (Braun 1982) have been realised. The minimum gas volumetric rate 
for sufficient mixing in cylindrical vessels has been defined with 6 m3.
m-2.h-1 (Hobson et al. 1981). Morgan and Neuspiel (1958) have elucidated the 
calculation formula Q = k.v3.D (m3.min-1). For cylindrical vessels with the 

-1

sidered to be sufficient. Gas mixing represents the most economic tech-
nique, but can be problematic through foam- and scum layer formation 
with some substrates (e.g. rumen contents, straw).

Depending on the substrate viscosity and particle size distribution, 
stirred tank reactors, or so called “wet digestion systems”, normally can 

ties, respectively TS contents, channel formation may occur and homoge-
neous conditions cannot be ensured. When applied in stirred tank reactors, 
most substrates with TS contents exceeding 12-15% require dilution or 
pre-treatment (e.g. Separation of particulate matter, hydrolysis). 

Dry fermentation systems have been developed to scope with elevated 
TS contents of low water containing substrates e.g. plant materials, mu-
nicipal bio-waste. Furthermore, by using undiluted substrates, wastewater 
accumulation during digestion can be minimised, compared to wet diges-
tion systems. At TS contents of 20-35% highly efficient mixing devices 
have to be implemented to achieve a proper mass transfer, especially suffi-
cient degassing of compact aggregates between substrate particles and bac-
teria. High pressure piston pumps are frequently used for mixing in verti-
cal cylindrical vessels. Since the whole reactor content has to be circulated 
several times a day, considerable energy input has to be provided for suffi-
cient mixing. In horizontal vessels, slow moving blade or screw stirrers are 
often applied as mixing and transport devices.
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by means of gas injection into the reactor (Figure 13.5). The choice of a 

different active bacterial species. Furthermore gas bubbles captured in cell 

a diameter to height ratio of about 1 : 3. All 3 types of mixing can be alter-

diameter D, k is between 10-13 and a gas velocity of 11 m.min is con-

scope with TS contents up to about 8-12 (15)%. With increasing viscosi-
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To avoid possible problems with high TS containing substrates, special 
reactor combinations have been realised sporadically. Percolation systems 
distribute liquid effluent (digestate) from a first bioreactor step as a leach-
ing agent over solid substrate components contained in the second percola-
tion step. Solid material is continuously fed into the second step and solu-
ble extract is recycled to the first bioreactor step. Other reaction systems 
extract the liquid fraction from solid materials by means of mechanical de-
vices. Different high pressure squeezing machines are used to obtain high 
yields of soluble fractions from solid organic materials. After complete ex-
traction, the solid residues from percolation or from press separation proc-
esses, usually are brought to composting. The extracted liquid fraction can 
be easily used in high rate biomethanation systems. 

3.9 Temperature 

Most technical digestion applications have been realised under either 
mesophilic (30-40 C),  or thermophilic (50-60 C) temperatures, fewer ap-
plications are reported using ambient (15-25 C) temperatures. Digesters 
with lower temperatures (<40 C) are more stable and normally require less 

o o

o

o

Fig. 13.5. Mechanical-, hydraulic- and gas mixing principles in bio-reactor systems. 
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process energy, but due to lower reaction rates, can need larger reactor 
volumes.

Not just the reaction velocity will be influenced by the reactor tempera-
ture, but also chemical dissociation, physical diffusion and, according to 
Henry’s law, liquid - gaseous particle distribution change with alternating 
temperatures. Hence, toxicity of metabolites, i.e. NH3, can be heavily in-
creased at elevated, thermophilic temperatures. In general, methanogenesis 
is more sensitive to possible disturbances at an elevated, thermophilic tem-
perature range. 

If temperature changes occur very slow, bacteria usually adopt well to 
changing conditions. A continuous temperature increase of 1 C per week 
caused no break in gas formation. Faster changes can temporarily interrupt 
the fermentation process, subsequently demanding extended periods of re-
covery for regular performance. 

The vast majority of technical digesters needs external heat supply for 
heating up the incoming substrate and to equalise the heat losses through 
surface radiation. The exergonic reaction heat of the microbial- and chemi-
cal reactions usually is not sufficient for stabilising the fermentation at 
mesophilic- or thermophilic temperatures. Nevertheless in cases of very 
high substrate concentrations, e.g. in energy crop digestion, a gradual in-
crease from mesophilic to sub-thermophilic temperature has been reported 
(Lindorfer et al. 2005a). As a matter of fact, many of these digesters can be 
operated at elevated, sub-thermophilic temperatures of about 42 C without 
any external heat supply. 

3.10 pH 

The pH value of the fermentation broth plays a predominant role, interfer-
ing with almost every running reaction. Methanogens performing the final 
fermentation step, prefer nearly neutral pH conditions, with a generally ac-
cepted optimum pH-range from approximately 6.5-8.2. Some exceptions 
e.g. Methanosarcina mazei, are reported to even operate at slightly lower 
pH ranges. Values below or above the mentioned pH range usually de-
crease the methane production rate rather steeply. Nevertheless methane 
formation will continue at pH 6 and even lower, at noticeable reduced 

der neutral pH conditions was reported in individual cases (Speece 1996). 
Since the buffer capacity under reduced pH conditions usually is insuffi-
cient, fermentations tend to result in considerable instability. Cells organ-
ised in biofilms, flocs or granules, generally are less susceptible to distur-
bances caused from changing environments. Under such conditions, 
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o

rates. At pH 5 roughly 25% of the methane production rate observed un-

o
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changes in pH or temperature therefore cause less dysfunction in methane 
fermentations as well (Suidan et al. 1983). 

Long term experiences with a large number of full scale agricultural 
biomethanation plants (continuously stirred tank reactor type) have shown 
a common pH - range between 7.4-8.1 under practical conditions (Laaber 
et al. 2005). Deviations of the pH from the acceptable range 6.5-8.2 are of-
ten caused by overloading of reactors. Loading reduction, or dilution of 
substrates, usually re-establishes a proper pH value. In exceptional cases a 
short term addition of lime (Ca(OH)2) or preferably soda (Na2CO3) is re-
quired for stabilising the pH value around 7. Care has to be taken when 
Ca(OH)2 is added for prolonged periods. Precipitations and crystallisations 
with calcium can cause clogging of pipings, valves, heat exchangers and 
therefore cause severe long term damage in technical equipment. 

In some exceptional cases of easy degradable, (e.g. high sugar contain-
ing) substrates of low buffer capacity, due to very fast hydrolysis, the pH 
may easily drop below 6.5, causing retarded methane formation in single 
step reactor configurations. Such a fast pH drop may justify a 2 – step 

methane formation (step 2). The hydrolysis reactor (step 1) can be oper-
ated  at lower pH values (i.e. 6.5-4) while the methane formation (step 2) 
can take place at optimum pH conditions (i.e. 6.5-8.2). By controlled dos-
age of substrate from the hydrolysis step to the second methanogenesis 
step, the required equilibrium between hydrolytic and methanogenic 
organisms can be sustained more reliably.

In practice, the hydrolysis process frequently already occurs in substrate 
storage tanks. Special care has to be taken therefore to avoid unwanted gas 
release during substrate storage. If delivered substrates cannot be proc-
essed „just in time“, Good Biogas Practice in such cases requires closed 
substrate storage tanks and implementation of possibly released gas into 
the gas collection,  respectively –security system of the biogas plant.

3.11 Biogas yield

Provided the elemental composition of a substrate is known, the respective 

stoichiometric reaction, which following is shown for instance for glucose 
(equation 13.4) 

C6H12O6 =   3 CH4 + 3 CO2  (13.4)

As a result, under standard conditions (0 C, 101.325 kPa), theoretically 1 
2 4

reactor configuration, separating the hydrolysis process (step 1) from the 

biogas yield and –composition can be calculated, based on the  

mole glucose gives 2 x 3 moles gas (50 % CO  + 50  % CH ), or 180 g glu- 
cose result in the formation of 6 x 22.4 = 134.4 l Biogas. Similarly the 

o
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biogas yields and gas compositions for lipids and proteins can be estimated 

proteins.

Substrate 2 4

Carbohydrates 0.747 50 50 

Lipids 1.25 32 68 

Proteins 0.7 29 71 

Numerous efforts have been undertaken for the development of easily 
manageable calculation methods, for the reliable prediction of the methane 
formation potential from unknown substrates. Most methods proposed, are 
based on the chemical composition, or on the nutrient value of the organic 
substrate. Although being more time consuming and elaborate, the experi-
mental fermentation test (Figure 13.6) of unknown substrates gives reliable 
information on biogas (methane) yields and allows for the determination of 

Fig. 13.6. Sketch of fermentation test equipment for the determination of the biological 
methane potential of organic materials. Water displacement is measured in an alkaline solu-
tion absorbing the CO2 from the biogas evolved.

Anaerobic digestion: a multi-faceted process…

Table 13.2. Theoretical biogas yield and –composition of carbohydrates, lipids and 

(Table 13.2). 

Biogas yield (l/g substrate used) %CO %CH

mentation tests are available (DEV, 2005).
possible influential factors on the course of fermentation. Standardised fer-
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Typically the tests are run with strongly diluted substrate samples in 
batch-wise mode. The degree of required dilution depends on the substrate 
VS concentration and must safely prevent inhibition of methanogenesis 
through possible excessive metabolite formation, e.g. volatile fatty acids, 

3

samples and the gas formation and –quality are followed during several 

investigations of biogas yields from numerous agricultural wastes, by-
products and plant- or crop materials have already been early published by 
Reinhold and Noak (1956). A compilation of exemplary gas yields from 

waste, Sewage sludge), 0.3-0.6 (e.g. Manure, slops, industrial wastes) and 
0.7-1.36 m3.kg-1 VS (e.g. Waste blood plasma, fat, oil). A similar broad 
range for the minimum required residence time, from 10 days (potato dis-
tillery slops) to 62 days (stomach-, rumen contents), was required for suf-
ficient degradation. 

Under practical conditions, the biogas yield obtained can be influenced 
through numerous factors. Inadequate substrate concentration and nutrient 
composition, inhibiting substrate components or metabolite formation and 

sive loading rate, insufficient residence time or insufficient bacteria con-
tent can adversely affect methanogenesis. For obtaining reliable values on 

ratory conditions. Based on a standardised batch-wise fermentation test, 
substrate is continuously added at slowly increasing dosing rates and –
concentrations. The substrate dosing rate can be increased, as long as the 
biogas yield obtained in batch tests is not decreasing and a steady state be-
tween substrate addition and biogas formation is achieved. By this means 
the fermentation behaviour of an unknown substrate can be studied. Resi-
dence time and substrate loading rates under steady state conditions are 
valuable indicators for the digester scale up in technical applications. 

fermentation testing in the authors laboratory is given in Table 13.3. As can 

NH. Usually 20-30% (v/v) standardised seeding sludge is added to the 

weeks at constant temperature. Using similar equipment, early systematic 

be seen the biogas yields obtained varied between 0.1-0.2 (e.g. Grey 

necessary to perform continuous fermentation tests under controlled labo-

inhibiting process operational conditions e.g. improper temperature, exces-

biogas yields and reactor performance from unknown substrates, it can be 
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substrates. Required minimum residence times estimated in continuous fermenta-
tion tests. All tests performed in laboratory scale fermentation test equipment at a 
temperature of 35 C. VSadd. - Biogas yield referred to the amount of volatile solids 
added.

Biogenic waste Biogas yield in 
batch tests 

[m3 . kg-1 VSadd.]

Minimum residence time 
in cont. fermentation 

[days]
Animal fat 1.00 33 
Flotation sludge 0.69 12 

Stomach- and gut contents 0.68 62 

Blood 0.65 34 

Food leftovers  33 

Food leftovers (Fast Food) 0.693 35 

Rumen contents 0.35 62 

Pig manure 0.3-0.5 20 

Cattle manure 0.15-0.35 20 

Chicken manure 0.35-0.6 30 

Primary industrial sewage sludge  0.30 20 

Secondary sludge (municipal)  20 

)
0.97 45 

)
1.36 45 

)
0.85 35 

Molasses distillery slops 0.42 14 

Maize distillery slops 0.4 21 

Potato distillery slops 0.47 10 

Market waste 0.90 30 

Municipal biowaste (Source sep.) 
ll i )

0.40 27 

(69%)
0.54 30 

Grey waste 0,08 - 0,15 20 

Waste edible oil 1.104 30 

Potato waste (Chips residues) 0.692 45 

Potato waste (peelings) 0.898 40 

Potato starch processing 0.35-0.45 25 

Brewery waste 0.3-0.4 14 

Vegetable and fruit processing 0.3-0.6 14 

0.893 14 
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Table 13.3. Biogas yields as measured in batch fermentation tests with diluted 

o

0.47-1.1 

0.2-0.35 

Egg residues (Pharmaceutical) 

Blood plasma (Pharmaceutical) 

Fermentation slops (Microbial) 

Bio-waste (31%) + Sewage sludge 

Chipboard manufacturing wastewater
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3.12 Composition of biogas 

Provided the elemental composition of a substrate is known, the composi-
tion of the biogas produced can be calculated (Roediger 1967; Böhnke et 
al. 1993), by means of the equation 13.5. 

CcHhOoNnSs  + y.H2O = x.CH4 + (c-x).CO2 + n.NH3 +s.H2S   

where  x = 1/8.(4c + h  2o –3n –2s) and y = ¼.(4c – h –2o + 3n + 2s)

(13.5)

Simple analytical measurement of the biogas composition can be made 
through CO2 –absorption in alkaline solution. By passing a measured vol-
ume of biogas through an absorption column, the remaining gas volume 
roughly represents the proportion of methane (Braun 1982). Precise meas-

gas chromatography and infrared spectroscopy. Euipment for continuous 
on-line measurement of the gas quality is commercially available from dif-
ferent manufacturers. 

carbon dioxide (25-50%). Depending on substrate source and processing, 
trace components like H2S, NH3, volatile hydrocarbons or siloxanes can 
appear in raw biogas.

Component Concentration in raw biogas Properties 

CH4 50-75% (v/v) Energy carrier 
CO2 25-50% (v/v) Corrosive, especially in presence of 

water
H2S 0-5,000 ppm (v/v) Corrosive, SO2 - emissions during 

combustion
NH3 0-500 ppm (v/v) NOx - emissions during combustion 
Siloxanes 0-50 mg/m3 Engine damage (sands off) in CHP 
N2 0-5 % (v/v)  Decreases heating value 
Water vapor 1-5 % (v/v) Corrosive

Furthermore water vapor is regularly present and nitrogen can be de-
tected in case of simultaneous biological H2S removal through controlled 
aeration.

For the energetic use of biogas in engines (combined heat and power 
plants) or burners, the net calorific value of the gas mixture is essential. 
Depending mainly on the available methane content, it can be calculated, 

Table 13.4. Chemical composition of biogas, concentrations and properties of the 
components.

–

Raw biogas (Table 13.4) typically consists of methane (50-75%) and 

urements of methane and other biogas components are performed through 
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using the heating value of 36.14 MJ/m3 from natural gas. Considering the 
water vapor content and trace gas components, a net calorific value of 

3

For the technical use of biogas further important properties are the 
Wobbe index, rate of flame propagation, explosive gas mixture limits and 

as the amount of energy introduced to the burner. It is commonly used as a 
comparative specific value allowing the interchangeability of different 
gases.

For the safety of biogas installations, the combustion behaviour of bio-

4

curs. Static electricity, sparks or open fire sources can cause the ignition of 
the explosive gas mixture. Comprehensive safety measures have to be fol-
lowed and specific national country regulations control installations and 
handling of biogas storage, -transport and -use in engines, burners and bio-
gas upgrading. Construction and installation of biogas plants have to fol-
low strict building regulations, fire prevention rules and lightning protec-
tion.

Odor prevention from biogas production, -handling and -use became 
increasingly important with growing distribution of biomethanation. Al-
though emissions can arise at various stages of a biogas plant, biogas itself 
can develop considerable odors. Up to 500,000 odor units / m3 have been 
reported to be frequently found in olfactometry measurements (Liebich 
2004). Uncontrolled emissions of raw biogas, as well as off gas emissions 
from biogas combustion, can cause heavy odor emissions and measures 
have to be implemented for the prevention of uncontrolled emissions. 

Table 13.5. Physical properties of biogas with an average composition of 60% (v/ 
v) CH4, 38% (v/v) CO2 and 2% (v/v) trace gas components. 

Parameter Unit 
Net calorific value 21.48 MJ / m3

Wobbe index 19.5 MJ / m3

Density 1.21 kg / m3

Ignition temperature 7000C
Explosive mixture limits of CH4 with air 4.4-16.5 % (v / v) 
Rate of flame propagation 0.25 m / second 
Air requirement for combustion 5.71 m3 / m3

Odor1) 3

1)

2

volatile organic compounds
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air requirement for combustion (Table 13.5). The Wobbe index is defined 

21.48 MJ / m results for a biogas with 60% (v/v) methane content.

gas (methane) is most important. Within the limits of about 4.4-16.5% (v/ 
v) CH in air, the mixture burns explosively if a proper ignition source oc-

Odor depends on concentration of specific trace gas components e.g. H S,

500,000 Odor units / m
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3.13 Biogas purification 

From practical experience, minimum requirements for the energetic use of 
biogas haven been defined (FNR, 2005). The net calorific value should be 
above 4 kWh/m3 biogas and the methane number should be higher than 

(knock rating) of a burnable gas. The value is determined by the methane 
content and by the overall biogas composition and properties. The methane 
number can be estimated in a testing engine or calculated based on a de-
fined composition of the biogas. Increasing numbers imply decreasing ig-
nitibility, decreasing numbers imply increasing risk of pre-ignition.

Trace gas contaminations like H2S, chlorine, fluorine or siloxanes cor-
rode engines in CHP installations and cause unacceptable waste gas emis-
sions. Dust can cause deposits in the piping and clogging of burner noz-
zles. Excessive water vapour content in the biogas amplifies the corrosive 
action of CO2 and H2S.

Parameter Unit 

Net calorific value  4 kWh / m3 biogas

Methane number > 135 

H2S -content 

 chlorine + fluorine 3

4

Silicon  10 mg / m3 CH4

Dust (3 – 10 μm)  10 mg / m3 CH4

Relative humidity 

Depending on its projected use, a proper biogas purification usually 
must include dehumidifying, dedusting and H2S removal. If gas compres-
sion or –liquefaction is envisaged, CO2 must be removed additionally.

The removal of water vapour can be achieved through water traps, cool-
ing or absorption. Most frequently water traps are implemented into the 
gas piping, providing a required humidity of less than 90 %. Dust can be 
safely removed by adding dust filters into the gas piping system. 

For the removal of H2S in most cases biological desulfurisation is ap-
plied. By controlled addition of air into the gas space of the digester, aero-
bic sulphur oxidising bacteria are proliferated and to a large extent ensure 
the oxidation of H2S to elemental sulphur, e.g. Thiobacillus thioparus,

Table 13.6. Minimum requirements for the energetic use of biogas in engines or 
burners (FNR 2005). 

135 (Table. 13.6). The methane number determines the pre-ignition resistance 

 0.15% (v/v) 

 100 mg / m  CH

 90% 
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(equation 13.6) and sulphate, e.g. Acidothiobacillus thiooxydans (formerly 
Thiobacillus thiooxydans), (equation 13.7). 

S2- + ½ O2 + 2 H+ = S0 + H2O (13.6)

2 S + 3 O2 + 2 H2O = 2 H2SO4 (13.7)

For the safe operation of biological desulfurisation, a stoichiometric ad-
dition of air into the digester is required. Excessive aeration increases the 
nitrogen content, respectively decreases the heating value of the resulting 
biogas. Furthermore explosive gas mixtures must be safely prevented by 
strict control of the air addition. Depending on the sulphide content being 
present, the required oxygen addition can be calculated from equations 
13.6 and 13.7. For medium H2S levels commonly found in biogas, an addi-

ficient (FNR 2005). 

Anaerobic digestion: a multi-faceted process…

Fig. 13.7. Principal scheme of biogas purification with external bio-scrubber and regenera-
tion unit for the circulation liquid.

tion of roughly 3-5% (v / v) air referred to biogas proved practically suf-
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To prevent uncontrolled influences on methanogenesis and for better 
process control possibilities, the desulfurisation process is often placed in 
external purification columns outside the digester. The raw biogas flows 
through the carrier bed containing either microorganisms, absorption fluid 
or solid adsorbents. While passing the column H2S is oxidised, absorbed to 
a washing fluid or bound to adsorptive carriers, e.g. acitivated carbon, zeo-
lite. After depletion, a regeneration of the washing fluid or absorbent is re-

Conventional desulfurisation processes, e.g. sewage sludge digesters, 
since decades use iron chloride salts for the extensive precipitation of H2S
as FeS (Seebaum 1964). Iron chloride can be directly added into the di-
gester in stoichiometric amounts, or the biogas is passed through external 
columns filled with carrier materials containing precipitating iron (Dichtl 
and Sixt 1996). 

While removing H2S efficiently, most biogas purification processes de-
scribed above, cannot remove siloxanes or chlorine- and fluorine com-
pounds from biogas. Siloxane contaminations usually originate from sol-
vents, lacquers, cosmetics, cleaning agents, detergents or silicone 
containing products. A proper selection of the substrates applied, respec-
tively prevention of specific contaminations can be important when indus-
trial wastes and co-substrates are occasionally applied in digestion.

For the removal of siloxanes adsorption on activated carbon or silicagel 
can be applied. In liquid absorption, sulfuric acid and hot concentrated ni-
tric acid are efficient segregation media. Frequently used desulfurisation 
columns, based on iron beds, transform volatile siloxanes to siloxanoles 
and polysiloxanes. Depending on the catalytic qualities of the materials 
applied, a reasonable removal of volatile siloxanes can be obtained. 

Numerous biogas purification plants based on the different principal 
systems described are commercially available. Provided proper operation, 
control and maintenance is guaranteed, sufficient H2S removal for the save 
operation of biogas engines and –burners can be achieved. The reliable 
removal of impurities in biogas furthermore is the primary prerequisite for 
achieving the existing strict waste gas standards (Anonym 2005b) with 
CHP engines or burners. 

3.14 Heat and power generation from biogas 

Since the main component methane contributes to the global greenhouse 
effect, complete coverage and proper use of biogas is required. Losses of 
biogas in all stages of production and use must be strictly prevented. All 
biogas installations must include flares, being automatically ignited in case 
of failure of the biogas consuming unit. 

quired (Figure 13.7).
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Thermal use through combustion in gas burners represents the easiest 
application of biogas. By combustion, the energy content of biogas can be 
used with comparably high efficiency for heating purposes.

To prevent unacceptable exhaust gas emissions, engines in CHPs must 
be thoroughly adjusted to the respective fuel gas conditions. Strict limiting 
values for dust, CO, NOx, SO2, H2S and NMHC have to be met. Among 
others, a German guideline (TA – Luft 2002) sets standard values for dust 

-3 -3 -3

x

500 mg.m-3) and SO2  (< 350 mg.m-3). Furthermore standard  values  for un-
-3

2

mg.m-3) in engine exhaust gas have been remitted (BMWA 2003).

In order to achieve a more efficient, complete use of biogas, upgrading to 
natural gas quality and feeding into the natural gas grid or further upgrad-

2

prerequisite, since the Wobbe index from natural gas is 54.8 MJ/m3

compared to 27.3 MJ/m3 in biogas (65% CH4). Only burning gases with a 
similar Wobbe index can substitute each other. By removing CO2 a accept-
able Wobbe index can be achieved in biogas. 

Several methods are commercially available for CO2 removal. Most 
widely distributed is the pressurised water absorption of CO2. Since meth-
ane is fairly insoluble in water while CO2 dissolves to a high degree, CH4

can be released in a pressurised absorption column. Dissolved CO2, to-
gether with a major part of H2S, is released in a second desorption column. 
Normally 10-12 bar at ambient temperature (20 C) are applied in the ab-
sorption process. More advanced processes replace water by chemicals 
(e.g. Polyglycolether), achieving higher absorption efficiencies for CO2

and H2S, while being more energy efficient and water saving. A methane 
content of 96% can be realised through pressurised water absorption.

Anaerobic digestion: a multi-faceted process…

The use of biogas in engines of combined heat and power plants (CHP), 
simultaneously transfers the chemical energy of methane into electrical 
power (about ) and heat (about ). While electricity usually can be ad-
vantageously used completely, the degree of heat use in many cases is 
comparably small. CHPs therefore often result in very low overall energy 
efficiencies. Nevertheless, use of biogas through CHPs represents the most 
widely distributed use and numerous commercial providers offer standard-
ised equipment. Typical installations range from 100 kW up to 3-5 MW 
electrical power. The achieved electrical efficiency is reported to be be-
tween 34-40 % (FNR 2005). 

(<20 mg.m ),  CO  (<650 mg.m ),  formaldehyde  (<60 mg.m ), NO  

burnt (NMHC) - non methane hydrocarbons - (<150 mg.m ) and H S (<5 
(<

o

ing to fuel quality has been realised occasionally. For achieving 

3.15 Biogas upgrading 

natural gas quality, among others, the removal of CO from biogas is



366      Rudolf Braun 

Further processes for CO2 removal from biogas are pressure swing ad-
sorption, the liquefaction of biogas or the use of membranes. With pressure 
swing adsorption similar methane concentrations (96 %) like in absorption 
processes can be realised. Biogas is passed through a series of dry adsorp-
tion columns using activated carbon or molecular sieve. During alternating 
compression (5-10 bar) and decompression CO2 is adsorbed respectively 
released, ending up with an CH4 enriched gas after passing the column se-
ries. Several upgrading plants, based on pressurised water absorption and 
pressure swing adsorption, have been realised in Sweden (Jönsson 2005) 
and Switzerland (Wellinger 2005).

The use of membranes for CO2 removal, as well as the liquefaction of 
methane so far have comparably little practical experience and signifi-
cance. Polymeric membranes principally are available with specific per-
meability for the various biogas components (Melin and Rautenbach, 
2004). Efficient CO2 separation can be achieved and additionally water, 
ammonia and H2S may be considerably reduced simultaneously. Gas per-
meation through membranes therefore represents a good alternative to 
conventional processes for gas treatment, provided reliable and cheap 
membrane materials will be available in the future. Nevertheless although 
numerous membrane separation processes are commercially offered, little 
practical applications have been realised for biogas separation and many 
developments are still in a pilot stage. 

Liquefaction transfers biogas to a liquid fuel which can be easily trans-
ported, stored and most advantageously, used as fuel in vehicles. Unfortu-
nately biogas cannot be converted to a liquid under ambient temperatures 
or pressure and therefore requires considerable energy input for liquefac-
tion. The process requires in a first step biogas compression to 200 bar. Af-
ter compression trace gases (e.g. H2S) are adsorbed by passage through a 
molecular sieve. Thereafter the liquefied gas mixture must be separated 
into CO2 and CH4 in a cryogenic rectification process. The liquefied meth-
ane, at ambient pressure, needs to be stored at –161 C, the pressurised CO2

(20 bar) can be used as a by-product.

3.16 Digestate 

Methanogenesis is performed by a complex mixture of symbiotic microor-
ganisms, transforming soluble organic materials under oxygen-free condi-

organic- and inorganic matter are left as by-products and remain, together 
with the freshly grown cell mass, as fermentation residue, i.e. digestate. 
Under optimum conditions, through the anaerobic treatment, as much as 
90% of the biodegradable organic fraction of a substrate can be stabilised, 

tions into biogas, nutrients and 5-10% new cell matter. Salts, refractory 

o
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respectively transformed. Biomethanation of energy crops for example, 

of the TS in the remaining digestate. Depending on the substrate biode-
gradability, the digestion conditions and on the content of refractory con-
taminants, the remaining residual fractions can be considerably bigger in 
anaerobic waste treatment. With some bio-waste for example, roughly
50% of the input waste TS can remain in the digestate and just 50% are 
gained as biogas. Proper handling-, treatment- and use of digestate can 
therefore get very complex and expensive in anaerobic waste treatment.

As a prime goal, the digestate should always be recycled to soils as a 
fertiliser or soil conditioner, preferably in the immediate neighbourhood of 
the digestion plant. For land application, the digestate quality must comply 
with the stringent European and National soil protection regulations. If the 
digestate cannot be directly applied in agriculture in the vicinity of the di-
gestion plant, longer transport distances frequently demand for further 
treatment, e.g. dewatering, composting, NH3 removal, P-removal. Big in-
stallations of waste treatment- or crop digestion plants may even be forced 
to liquid digestate treatment- or purification, e.g. filtration, membrane 
separation, reverse osmosis, aeration, and recycling of the purified water to 
the digestion process (Klink 2005). Through biological treatment, effluent 
BOD values of 20 – 400 mg.l-1 can be achieved (Schleiss and Engeli 1997; 
Kautz and Nelles 1995), according to degradation efficiencies of 60-90%. 

Poor quality substrates should not enter digestion processes provided for 
digestate recycling. Residues not meeting the required land application 
standards, must be further treated and disposed off otherwise, i.e. combus-
tion, mechanical biological treatment with subsequent landfill. Further 
treatment requirements and longer transport distances for digestate can get 
costly and soon become economically prohibitive. Overall costs must 
therefore be carefully considered during process evaluation.

Improper handling of digestate and spreading on agricultural land can be 

with hygienic risks and contamination of land and groundwater. For this 
reason, a proper control of the digestate quality and compliance with good 
agricultural practice for digestate application is indispensable. Only suffi-
ciently stabilised digestate can guarantee the prevention of emissions and 
realise the full advantage of nutrient recycle to agriculture.

3.17 Hygienisation 

Due to the potential presence of pathogenic bacteria, viruses and parasites, 
numerous wastes represent hygienic risks, e.g. sewage sludge, livestock 

Anaerobic digestion: a multi-faceted process…

wastes, slaughterhouse wastes, food leftovers. The US Environmental

transforms about 80% of the input TS into biogas, leaving just about 20% 

accompanied with noise- and odor development. It may also be connected 
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tions, requiring specific treatment and handling conditions for hygienically 
risky wastes, prior to land application. In particular the European regula-
tion (EC) No 1774/2002, (ABP, Animal By-Products Regulation), laying 
down health rules concerning animal by-products not intended for human 
consumption requires strict handling and treatment procedures for defined 
animal derived wastes. Based on their potential risk to the public, to ani-
mals, or to the environment, the ABP regulation classifies all animal by-
products and their processed products and wastes into three categories and 
defines respective treatment and utilisation possibilities. Depending on the 
risk potential, waste treatment requirements can include pasteurisation 
(70 C, 1 hour), or even sterilisation at 133 C (3 bar, 20 min) or incinera-
tion. Animal manure, stomach- and intestine contents, milk, colostrums, or 
mixtures of them with other biogenic wastes or raw materials (energy 
crops, silage), not covered by the ABP regulation, may be processed in 
biogas plants without pre-treatment. The fermentation end product may be 
used and applied on farm or pasture land without having to meet any re-
quirements from this regulation. Many other wastes, e.g. slaughterhouse, 
animal based food industry-, kitchen- and restaurant waste, have to un-
dergo thermal treatment when used in a digestion. 

The fermentation conditions (i.e. chemical composition, redox potential) 
of methane fermentations, in particular together with elevated fermentation 
temperature (55 C), show inhibitory effects on pathogenic microorgan-
isms. Comprehensive investigations on the effects of digestion conditions 
have been performed in Germany (Philipp and Böhm 1997; Martens et al. 
2000; Strauch and Philipp 2000; Silvers 1991), England (McKain and 
Hobson 1987; Carrington 2001; Carrington et al. 1991), Denmark (Ben-
dixen and Amendrup 1992; Bendixen 1999) and elsewhere (Pesaro et al. 
1995; Kearney et al. 1993; Mateu et al. 1992; Spillmann et al. 1987). It 
could be shown, that during digestion a sufficient hygienisation effect can 
be achieved, provided a minimum hydraulic residence time of 7-20 days 
and a minimum guaranteed retention time of 4-24 hours was kept at a di-

for achieving hygienisation. 
The hygienisation effect of thermophilic fermentations can advanta-

geously be used when hygienically risky wastes are to be treated. The ABP 
regulation also allows for the development of alternative hygienisation 
procedures, provided an equivalent effect to standard treatment processes 
can be achieved. National regulations can implement thermophilic diges-
tion as an alternative to thermal pasteurisation. 

Protection Agency (EPA) and the European Union have both released regula-

o o

o

ogestion temperature of 52-55 C. Mesophilic digestion proved insufficient 
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4. Applications of biomethanation

Biomass based technologies can be operated sustainable, as closed circuit 

plications, or it can be processed mechanically and by chemical - biologi-
cal techniques to a great variety of products (Klass 1998). Since most bio-
mass based upgrading- and production processes also release by-products 
and wastes, biomethanation can be advantageously implemented into these 
technologies as an energy- and fertiliser recovery process.

Methanogenesis can be optimally implemented for energy recovery from biomass as well 
as biomass processing wastes, ultimately releasing CO2 and nutrients for assimilation.

Anaerobic digestion: a multi-faceted process…

processes (Figure 13.8). Biomass can be directly used in a multitude of ap-

Fig. 13.8. Plant biomass and its universal role as raw material and energy source. 

4.1. The advantage of closed circuit processes 

CO2

Fertiliser

ENERGY
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Biomethanation is capable to process and stabilise a big variety of 
wastes and by-products. On the other hand, digestion of different renew-
able biomass sources represents a new challenge in alternative energy sup-
ply. This feature offers an important long term potential for biomethana-
tion in renewable energy recovery from biomass. Through the ultimate 
energetic use of biogas in engines or boilers, CO2 is released to the atmos-
phere, which again is converted to biomass by assimilation processes in 
green plants. Provided only biomass based raw materials and processes are 
applied, no additional CO2 will be released from this closed circuit.

Various concepts for biomass based “Biorefineries” have been proposed 
in the last years. Such production processes for materials, chemicals, 
pharmaceutical products and power generation could contribute to a sound 
industrial development and could offer new possibilities of rural occupa-
tion and income for farmers. With progressing depletion of fossil resources 
and consequently increasing energy costs, biomass based production proc-
esses and power generation will gradually become competitive to conven-
tional fossil fuel based technologies. Due to its multi-faceted capabilities, 
biomethanation processes will play a universal role in future biomass utili-
sation concepts. 

Biomethanation systems provide significant benefits to aid in meeting 
the increasing environmental regulations and public pressures on organic 
waste disposal and energy recovery. Wastewaters can be treated to yield 
acceptable effluents for receiving sewers and water courses. Sludges and 
solid wastes can be treated, resulting in stabilised end products with useful 
fertiliser properties. Lastly renewable raw materials i.e. “energy crops” can 
be processed with favourable efficiencies, yielding the directly applicable 
energy carrier biogas. 

Many bio-process technologies or -operations cannot efficiently use the 
raw materials applied and hence, usually huge amounts of by-products or 
wastes are generated during processing. Biomethanation can advanta-
geously be implemented into numerous common biotechnological produc-
tion processes. The implementation of methanogenesis can substantially 
improve the degree of utilisation of the valuable raw materials through bio-

possible examples of such cascade types of raw material use can be found, 
for example in the food- and beverage industry, biochemical- and pharma-
ceutical industry or in bio-ethanol production.

gas- and fertiliser production from by-products and wastes. Many of these 
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4.2. Waste stabilisation 

4.2.1 Sewage sludge 

Anaerobic sewage sludge stabilisation today is state of the art. Waste stabi-
lisation originally was the main goal for the historic developments of tech-
nical applications in waste water treatment. The anaerobic stabilisation of 
sewage sludge through digestion presumably is among the oldest technical

sludge separation tanks (Talbot tank, Imhoff tank), stirred tank reactors to sludge enrich-

immobilisation (Anaerobic filter).

Anaerobic digestion: a multi-faceted process…

Fig. 13.9. Development of reactor design in anaerobic waste water treatment, from early 

ment through aggregation/sedimentation (Contact process, sludge blanket reactor) and 
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applications of methanogenesis. Anaerobic treatment was first applied for 
municipal waste water, respectively sewage sludge from waste treatment 
plants. First technical applications occurred 1881-1895 in USA, UK, 
France and Germany (McCarty 1982). Typically the waste water was col-
lected in tanks i.e. septic tank, Talbot tank, Imhoff tank and stored anaero-

now gradually disappeared. 
Early descriptions of more sophisticated sewage sludge digestion proc-

esses were published by Hoppe (1956) and Roediger (1967). The current 
state of the art of sewage sludge digestion was comprehensively described 
by Eckenfelder and O`Connor (1961); Cheremisinoff and Morresi (1976); 
Kemmer (1979); Koot (1980); Grady and Lim (1980); Dauber (1993)  and 
the German ATV -“Abwassertechnische Vereinigung” (Leschber and Loll 
1996). Typically large digester units, up to 10,000-15,000 m3 volume, are 
constructed in centralised sewage treatment plants. Primary sludge, settled 
from the receiving waste water, is collected together with surplus sludge 

ternatively 10 days at 55 C digestion temperature. Depending on the de-
gree of sludge stabilisation during aeration, the biogas yield from sewage 

3

Annually between 6-12 m3 biogas are obtained per inhabitant. The biogas 
obtained from sewage sludge digestion normally is used in CHP plants. 
The electricity produced thereby, in most cases can cover the overall en-
ergy demand of a sewage treatment plant.

Provided the quality standards for soil application are met, the residual 
sludge (digestate) can be applied as fertiliser and soil conditioner in agri-
culture. Frequently further sludge treatment, i.e. dewatering, drying, com-
posting, has to be applied prior to further applications. If a direct use of the 
residual sludge cannot be realised, mechanical biological treatment with 
subsequent disposal to landfills or combustion of the digestate has to be 
applied.

4.2.2 Industrial waste water 

Many other waste digestion applications have been directly derived from 
sewage sludge digestion technology. Reactor configuration based on 

circulation from sedimentation vessels (Contact process) and applied for 
various industrial food- and fermentation waste waters (Schroepfer et al. 
1955; Donnely 1978; Anderson et al. 1981). Through biomass retention, 
respectively  the  possible  increase  of  the  solids  residence  time  up  to  

bically for several weeks (Figure 13.9). The digested sludge was removed 

stirred tank reactors (see Figure 13.9) were early extended with sludge re-

o

ofrom the aeration basins and usually kept for about 20 days at 37 C or al-

sludge amounts 0.27-0.48 m /kg  VS added (Leschber and Loll 1996). 

batch-wise and spread on land. Nearly all of these early applications have 
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about 100 days, an increased VS degradation rate at decreasing residence 
times could be achieved in contact processes.

For waste waters with low suspended solids content (e.g. condensed ex-
haust vapours, distillery slops), fixed film systems (i.e. anaerobic filter) 
were developed (Young and McCarty 1969; Young 1991). Derived from 
aerobic trickling filter applications (Coulter at al. 1957), early anaerobic 

biofilm growth. More sophisticated developments applied a variety of dif-
ferent synthetic materials, formed to balls, tubes or corrugated sheets of 
different sizes. These systems achieved considerably high biomass reten-

main disadvantage, anaerobic filter reactors are sensitive to clogging and 
therefore restricted to wastes low in suspended solids. Among others, ap-
plications have for example been reported from starch industry wastes 
(Taylor and Burn 1973; Landine et al. 1980), dairy industry (Witt et al. 
1979), vegetable processing (Brondeau and Girardon 1982) and apple 
processing (Liqudara and Ott 1983). 

Based on the phenomenon of microbial aggregate formation, the sludge 
blanket reactor (see Figure 13.9) has achieved a comparable wide application for 
industrial waste water treatment. Starting with early developments in 
South Africa (Cillie et al. 1969), the Upflow Anaerobic Sludge Blanket 
(UASB) process was further developed in the Netherlands (Lettinga et al. 
1976, 1980) and subsequently investigated in using a big variety of differ-
ent industrial wastes (Heertjes and van der Meer 1978; Pipyn et al. 1979; 
van den Berg et al. 1981; Verstraete et al. 1996). Through application of 
high selection pressures the formation of fast settling bacterial granules 
could be stimulated, allowing sludge concentrations of 150 g.l-1 TS (see 

g.l-1.d-1 COD. Reliable operation is achieved preferably with low strength 
wastes (COD < 10,000 mg.l-1), low in suspended solids, Ca2+ ions, NH4

+

and fat (Hulshoff Pol et al. 1983). Since the system allows the construction 
of comparably small and compact installations, many industries have in-
stalled sludge blanket reactor systems for waste water treatment. Numer-
ous applications are known for sugar factory wastes (Pette et al. 1980), 
starch manufacture (Zeevalink and Maaskant 1984), potato processing 
(Christensen et al. 1984), beverage industry, fermentation- and food indus-
try (Lettinga and Hulshoff Pol 1988; Borghans 1987; Ruppel et al. 1982; 
Black et al. 1974). 

The principle of sludge retention, respectively immobilisation is also 
used for other reactor configurations in industrial waste water treatment. 
By using fine carriers (e.g. sand, glass), the bacterial sludge can be immo-
bilised and retained in special reactor systems. The immobilised carriers 
can be fluidised through liquid recirculation, achieving thorough mixing, 

Anaerobic digestion: a multi-faceted process…

filters (see Figure 13.9) used porous lava stone fillings as a carrier for the 

tion and hence, comparative low hydraulic residence times (Table 13.7). As a 

Table 13.7), low hydraulic residence times and volumetric loadings up to 
25
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mass transfer and substrate flow rates. Similar to sludge bed systems, 
fluidised bed reactors are susceptible to disturbance by particulate matter 
and need careful selection of appropriate wastes.

Through the coupling of cross flow microfiltration or ultrafiltration 
membranes to digesters, complete retention of particles can be achieved 
(Becker 1984). Membrane coupled reactors (Membrane bio-reactors) al-

enabling compact reactors, with small digester volume, at extremely high 
volumetric loading rates. Since in fact all insoluble particles are retained 
by the membrane, the porous structure of the membrane is fairly suscepti-
ble to clogging and requires a steady pre-treatment of wastes, for the re-
moval of particulate substance. 

Both systems, fluidised bed- and membrane coupled reactors, have been 
realised in some special technical applications (Heijnen et al. 1985; Oliva 
et al. 1990; Becker 1983). 

Reactor system TS  in reactor  
g.l-1

Volumetric loading 
g.l-1.d-1 COD 

Hydraulic residence
time (days) 

Stirred tank 3-5 2-5 15-25
Contact process 5-15 4-8 10-20
Sludge blanket 150 15-25 <1-5
Anaerobic filter 25-50 10-20 <1-5
Fluidised bed 90 15-25 <1-5
Membrane reactor >150 >25 <1

Thousands of applications of anaerobic digesters have been built 
worldwide and various standard processes have been commercially devel-
oped. A comprehensive overview on systems, applications and markets of 
anaerobic industrial waste water treatment was given by Böhnke et al. 

4.2.3 Solid waste 

First applications in digestion of solid and semisolid wastes were realised 
decades ago with agricultural by-products like manure, straw and plant 
material residues, but did not receive broader distribution and acceptance. 
With increasing intensified crop production and animal breeding, bio-
methanation of agricultural wastes later on received renewed interest, pri-
marily as an environmental protection technology. While odors could be 
considerably reduced, digestion additionally released useful biogas and 

Table 13.7. Comparison of achievable TS contents, loading rates and residence 

(1993).

times in different conventional and high rate reactor systems.

low the enrichment of enormous sludge concentrations (See table 13.7), 
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fertiliser as by-products. Reactor technology and respective applications of 
biomethanation in agriculture have been comprehensively described in lit-
erature (Liebmann 1956; Stafford et al. 1980; Braun 1982; Baader 1983; 
Wellinger et al. 1984; Kloss 1986; Kuhn 1995). Nevertheless, with the ex-
ception of a tremendous amount of small rural digester applications in 
China (Chen Ruchen 1981; Nyns 1986), the number of agricultural “1st

generation” biomethanation applications in the developed world, until re-
cently remained comparably small.

Increasing environmental pressure on waste disposal and increasing en-
ergy costs brought up numerous organic wastes and by-products, requiring 
further treatment. The stepwise introduction of landfill bans for organic 
wastes caused increasing treatment- and disposal costs for organic waste 
materials. Through co-digestion of wastes together with sewage sludge or 
liquid manure, the process economy of biomethanation can be considera-

Consequently numerous waste materials are now used in digestion proc-
esses.

slops, spent liquors, pulp & paper wastes, oil- and fat trap wastes, can be 
treated in stirred tank reactor- or contact process systems, without complex 

unwanted contaminants, e.g. source separated organic household waste, 
kitchen & restaurant waste, market wastes, can require comprehensive pre-

propriate reactor systems have been developed for the use in solid waste 
digestion. If conventional contaminant removal by sorting, sieving and 

systems. The wet separation process additionally separates a light fraction 
of contaminants (e.g. plastics, compound materials), at the surface and a 
heavy fraction (e.g. gravel, cullets, metals), from the bottom of an external, 
conical pulper. If wet separation of contaminants is applied, the resulting 
fermentation liquor usually contains less than 10% TS and conventional 
digester systems, e.g. stirred tank, contact process, can be applied for fur-
ther treatment. Bioreactors used for dry fermentations, require sophisti-
cated installations for proper substrate mixing and transport. High pressure 
piston pumps are applied in horizontal tank reactors, while slow moving 
blade stirrer equipment is installed for mixing and substrate transport in 
horizontal tanks. 

Anaerobic digestion: a multi-faceted process…

The vast majority of organic waste materials listed in Table 13.8, e.g. 

crushing is applied, dry fermentation systems are used in digestion

treatment. Depending on the pre-treatment process applied, different ap-

bly improved. Most organic wastes can be advantageously used for digestion. 

pre-treatment requirements. Inhomogeneous wastes and materials bearing 

(Figure 13.10). Usually a final TS content of 20-35% results in dry fermentation 
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Waste material Remarks

Biogenic materials from agriculture 
Straw and other fibrous plant residues Chopping or grinding required 
Green plant material, crops, grain, si-
lages

Chopping required, disturbing sand, 
stones, scum layer formation can occur 

Harvest residues Chopping required, disturbing sand, 
stones

Silage leachate High COD loading can result 
Chicken manure Inhibiting NH3-contents can occur 
Liquid piggery manure 
Cow manure Chopping of bedding straw 
Food industry waste 
Expired food Expensive unpacking required 
Dough, confectionary waste Liquefaction (dilution) required 
Whey
Residues from canning & frozen foods Expensive unpacking required 
Residues from fruit juice production Chopping advisable 
Yeast and yeast like products  
Yeast- and cooler sludge from breweries Increased H2S – formation can occur 
Sludge from wine production Increased H2S – formation can occur 
Sludge from distilleries Increased H2S – formation can occur 
Fruit-, Corn- and Potato slops  
Fermentation wastes 
Residues from animal feed production
Expired feed Pre-treatment case dependent 
Slaughterhouse waste 
Animal fat Scum layers can occur 
Flotation sludge Scum layers can occur 
Stomach- and gut- contents Hygienisation may be required 
Blood Obligatory delivered to rendering plants 
Fish - waste Grinding advisable 
Chicken - waste Scum layers can occur (fat, feathers) 
Animal wastes 
Animal parts Obligatory delivered to rendering plants 
Animals from confiscation Obligatory delivered to rendering plants 
Carcasses Obligatory delivered to rendering plants 
Animal waste from rendering  Obligatory delivered to combustion 
Wastes from plant- and animal fat 
prod.
Spoilt plant oils Scum layers can occur 
Oil seed residues Scum layers can occur 

Table 13.8. Biogenic waste materials suitable for biomethanation.
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Waste material Remarks 

Fat trap contents Scum layers and hardening can occur 
Fats Scum layers and hardening can occur 
Oil containing bleaching earth High inert materials content 
Edible fat sludge -“- 
Pharmaceutical wastes 
Proteinous wastes Inhibiting NH3-conc. and foaming can 

occur
Bacterial cells and fungal mycelium Hygienisation may be required 
Wastes from leather prod. & process-
ing
Leather-, tissue-, collagen fleshings Poor degradable contents, high salt- and 

heavy metal (chromium) content 
Pulp- and paper industry wastes High fibre (cellulose) content, bacteri-

cidal agents from pulp additives 
Municipal wastes 
Biogenic wastes  Extended impurities separation required 
Garden- and yard wastes Chopping and impurities separation 
Market wastes Chopping and impurities separation 
Food leftovers from restaurants  Impurities separation (metals, plastics, 

bones) and hygienisation required 
Catering and airport food leftovers High inert (packaging) content; fre-

quently obligatory incineration 
Primary waste water sludge  
Surplus sludge from boil. Waste treatm.  
Oil- and fat trap wastes Scum layers and fat hardening can occur 
Sludge from gelatine production  
Sludge from starch production  
Residues from potato starch production  
Residues from maize starch production  
Residues from rice starch production  

Comparative studies show no clear overall advantages for wet- or dry 
digestion processes. While wet digestion requires addition of fresh water, 
respectively waste water treatment, dry digestion equipment (pumps, pip-
ing) frequently suffers through abrasive effects, caused by poor removal of 
glass and sand during pre-treatment. Depending on the input waste quality, 
the final digestate use after dry digestion can be restricted, due to insuffi-
cient contaminant removal. Wet digestion on the other hand can be ad-
versely affected by scum layer- or bottom layer formation. The biogas 

Anaerobic digestion: a multi-faceted process…

Table 13.8. (Cont.) Biogenic waste materials suitable for biomethanation. 
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yield with both processes is identical and both processes meet the re-
quested environmental standards in terms of emissions.

In a wet digestion process typically 0.135 t light fraction- and 0.044 t 
heavy fraction contaminants per t source separated municipal bio-waste are 
sorted out (Gallert et al. 2002). As final products 91 m3 Biogas (0.11 t) and 
2.7 t digestate (4% TS) result per t bio-waste. Digestate usually is dewa-
tered and composted, delivering 0.23 t final compost per t waste. The liq-
uid digestate fraction can be recycled at fairly high rates (75%), 25% must 
be discharged to the sewer (~0.5 m3/t waste) and replaced by fresh water. 

Depending on biodegradability and contaminant content of the waste 
organic matter, the product ratio of biogas, respectively digestate, can vary 
in a considerable wide range. From practical experience with a dry diges-
tion process for example, 1 t source separated municipal bio-waste (30 % 
TS) yields about 20 kg (TS) contaminants, 130 kg Biogas and 850 kg di-
gestate (15% TS). In this case just 46% of the TS was transformed to bio-
gas and 54% of the TS remained in the digestate. Referred to the fresh 
waste mass (1 t) 13% was obtained as biogas, 2% as contaminants, 15% 
as TS (in digestate) and 70% remained as liquid digestate. 

Early applications of mixed solid municipal waste digestion together 
with sewage sludge were reported in the USA. Digestion of urban solid 
waste together with sewage sludge has been already realised in a technical 
application in the 1950s (Ross 1954; Pfeffer 1978). Although these first in-
stallations for various reasons disappeared, comparable applications of 
municipal solid organic waste digestion were re-established. A compre-
hensive review of possible configurations and application conditions was 
published by Diaz et al., (1982). Numerous examples can now be found in 
practice (DeBaere et al. 1985; Cecchi et al. 1985; Müsken and Bidling-
maier 1994; Anonym 1997; Kern 1999; Korz 1999a; Korz 1999b; Lang-
hans 2000; Pavan et al. 2000; Schmelz 2000; Bro 2000; Wiemer and Kern 
2000; Austermann-Haun 2001; Tidden 2003; Mata-Alvarez 2003). 

In the 1990s, the use of source separated municipal bio-waste for bio-
methanation was rapidly extending in some European countries. In 1995 
about 30 different bio-waste digestion technologies had been commercially 
offered in Germany (Krull et al. 1995). In 1997 a review of the Interna-
tional Energy Agency (IEA) lists 108 bio-waste digestion plants in Europe, 
processing 4,241,700 tons of organic waste (Anonym 1997). In Germany 
44 plants processed 1,200,000 tons of bio-waste (Kern 1999). Similar 
processing capacities existed in 22 centralised digestion plants in Den-
mark. Remarkable distributions were furthermore achieved in Sweden, 
Switzerland and Austria. The number of plants and their processing capac-
ity was increasing steadily.  Recent  estimations count 124  large bio-waste 
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digestion plants in Europe (DeBaere 2005), with a total processing capac-

plants increased from about 20,000 t/a in 1995, to about 30,000 t/a in 2005. 
Compared to the overall municipal waste generation of nearly 200 million 
tons in Europe (Anonym 2001), the re-use rate actually still is fairly low 
and a huge potential for further distribution of waste recovery through bio-
methanation is available. 

With increasing experience from municipal bio-waste digestion, further 
practical applications were realised, treating organic wastes from a broad 

from food processing), expired or spoilt food, fermentation slops and 
wastes (e.g. citric acid, yeast, ethanol), plant oil residues, fat trap contents, 
pharmaceutical wastes and even leather processing- and pulp and paper 

Schön 1994; Kuhn 1995; Gessler and Keller 1995; DeBaere 1999; Hop-
penheidt and Mücke 1999; Kirchmayr et al. 2000). A comprehensive over-
view on processes and applications has been published by Thomé-
Kozmiensky (1995). Numerous operational experience reports from appli-
cations are available (Wiemer and Kern 1996, 1998, 2000).

For hygienic reasons, industrial wastes derived from livestock farming 
or processing of animal raw materials require special attention. Since inap-

Anaerobic digestion: a multi-faceted process…

Fig. 13.10. Different pre-treatment steps for unwanted contaminant removal in wet- and 
dry digestion processes of solid organic waste materials.

variety of industries (see Table 13.8). Food industry wastes (e.g. residues 

wastes are being treated anaerobically (Märkel and Stegmann 1994; 

propriate processing standards and the use of rendered products and catering

ity of 3,905,000 tons. The mean processing capacity of bio-waste treatment 
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waste are believed to be the main reason for major pandemic outbreaks 
of BSE (Bovine Spongiform Encephalopathy) and FMD (Foot and Mouth 
Disease), consequently rigorous measures were taken by the European au-
thorities. The Regulation (EC) No 1774/2002, laying down health rules 
concerning animal by-products not intended for human consumption 
(ABP, Animal By-Products Regulation), stipulates respective treatment 
procedures (i.e. incineration, sterilisation, hygienisation) for wastes de-
rived from animals. Among the materials classified in 3 risk groups, just 
animal manure, stomach contents, milk, colostrum and dairy products can 
be used without any heat treatment in biogas plants. All other animal de-
rived food- and feed waste, including kitchen- and restaurant waste, have 

plants treating the latter animal by-products, must implement a hygienisa-
tion (or sterilisation) step and must guarantee special operating conditions 
(Braun and Kirchmayr 2004; Kirchmayr et al. 2004). 

4.3  Energy recovery 

4.3.1 Early investigations with energy crops 

The idea to energetically use renewable plant biomass or “energy crops” 
for biomethanation is not new. Early investigations on the biomethanation 
potential of different energy crops and plant materials have been carried 
out in the 1950s by Reinhold and Noack (1956) in Germany. Stewart 
(1980) described the potential use of oats, grass and straw, resulting in 
methane yields of 170-280 m3.t-1TS. Investigations with seaweeds (Yang 
1981; Ryther and Hanisak 1981; Fannin et al. 1982), water hyacinth (Chin 
and Goh 1978) and fresh water algae (DeRenzo 1977) showed medium 
methane yields between 150-240 m3.t-1TS.

Although the principal performance of crop digestion could be clearly 
shown, the process was rarely applied practically. Harvest efforts were ex-
pensive, the operation expense for plant pre-treatment and for proper di-
gestion conditions were high, the conversion efficiencies of the crops used 
for biomethanation were fairly low and hence, crop digestion was com-
monly not considered to be economically feasible. With the exception of 
pilot investigations (Stewart 1980), dedicated technical applications of en-
ergy crop digestion were not realised in the 1980s. Crops, plants and plant 
waste materials were by the most occasionally added to waste based di-
gesters.

to undergo appropriate hygienisation- or sterilisation pre-treatment. Biogas 
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With steadily increasing oil prices and improved economic framework 
conditions, “energy crop” - research and development was stimulated 
again in the 1990s. Numerous plants and plant materials were investigated 

methane recovery. Even hemp, flax, nettle, miscanthus or potatoes, beets, 
kale, turnip, rhubarb and artichoke were tested successfully. A fairly wide 
range of methane yields from these crops, between 120-658 m3.t-1VS, can 
be found in literature. Main influential factors on the gas yield are the lig-
nocellulose content and the phsysiological state of the plant on harvest. 
High fibre content slows down biomethanation (Edelmann 2001) and re-

terial. The influence of the harvest time and maturity of the plant material 
on the methane yield was investigated comprehensively (Pouech et al. 
1998; Amon et al. 2003; Eder 2005). Accordingly, a decrease of the meth-
ane yield at late harvest times was observed in tests with clover grass, 
wheat and different maize varieties. 

Plant / Crop 
Methane yield 

m3.t-1 VS 
Reference

Maize (whole crop) 
397

205-375
450

Pouech et al. (1998) 
Amon et al. (2003) 

Unterlerchner (2006) 

Wheat (grain) 
384
426

Pouech et al. (1998) 
Unterlerchner (2006) 

Oats (grain) 
250
295

Kaparaju et al. (2002) 
Pouech et al. (1998) 

Rye (grain) 283-492 Heiermann et al. (2002) 
Barley 353-658 Heiermann et al. (2002) 

Triticale 337-555 Heiermann et al. (2002) 
Sorghum 295-372 Pouech et al. (1998) 

Straw 242-324 Reinhold and Noack (1956) 
Leaves 417-453 Reinhold and Noack (1956) 
Chaff 270-316 Reinhold and Noack (1956) 

Grass
298-315

414
467

Zauner and Küntzel (1986) 
Unterlerchner (2006) 

Reinhold and Noack (1956) 

Clover grass 290-390 Amon et al. (2003) 

Anaerobic digestion: a multi-faceted process…

on their methane formation potential (Table 13.9). In principal many varie-

Table 13.9. Biogas-, respectively methane production potentials, as investigated in 

quires high residence times and pre-treatment (chopping) of the plant ma-

digestion tests with various plant- and crop materials. 

ties of grass, clover, corn, maize, rape or sunflower proved feasible for 
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Plant / Crop 
Methane yield 

m3.t-1 VS 
Reference

Red clover 
300
350 Unterlerchner (2006) 

Clover
345
350

Reinhold and Noack (1956) 
Pouech et al. (1998) 

Alfalfa 340-500 Heiermann et al. (2002) 

Sudan grass 
213-239

303
Amon et al. (2003) 

Kaiser (2004) 

Red Canary Grass 340-430 

Hemp
409

355-377
Linke et al. (1999) 

Kaiser (2004) 

Flax 212 Heiermann et al. (2002) 

Nettle 120-420 Lähtomäki et al.(2003) 

Ryegrass 390-410 Pouech et al. (1998) 

Miscanthus 179-218 Kaiser (2004) 

Sunflower
177

154-335
400

Heiermann and Plöchl (2004) 
Amon et al. (2005) 

Unterlerchner (2006) 

Oilseed rape 240-340
Zubr (1986); Pouech et al. (1998); 

Heiermann et al. (2002);
Weiland (2003) 

Jerusalem artichoke 300-370 

Peas 390 Gunaseelan (2005) 

Rhubarb 320-490 

Turnip 314 Stewart (1992) 

Kale
240

310-320
334

Badger et al. (1979) 

Weiland (2003) 

Potatoes 276-400 Weiland (2003) 

Sugar beet 236-381 Kaiser (2004) 

Fodder beet 
420
456
500

Stewart (1992) 
Weiland (2003) 

Heiermann et al. (2002) 

Table 13.9. (Cont.)
 

Lähtomäki et al. (2003) 

Lähtomäki et al. (2003) 

Lähtomäki et al. (2003) 

Lähtomäki et al. (2003) 

Lähtomäki et al. (2003) 
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4.3.2 Development of energy crop digestion 

Based on existing digesters and process technology, in the initial phase of 
energy crop digestion in the 1990s, many biogas plants started occasional 
feeding of different crop materials. Maize- and grass silage, corn and corn 
residues, grass cuttings were fed together with manure and different wastes 
e.g. grease, whey, vegetable processing waste, potato residues (Weiland 
2003; 2004). The majority of the early applications to a major part used 
manure and only little crop material was fed together with other co-
substrates. One and two step digester installations were used at hydraulic 
retention times between 30-150 days, according to volumetric loading 
rates between 1-4 kg.m–3.d-1 VS. As in many conventional digesters, the 
substrate was fed either once or twice a day. Crops were often fed just on 
occasion or when available during the harvest season. The resulting biogas 
was used in CHP installations and the digestate in most cases could be 
used next to the plant as fertiliser. Sound economic operation of the early 
energy crop digestion plants could not always be achieved. Considerable 
addition of waste materials was often necessary, to improve the process 
economics through the gate fees paid for waste treatment. But sufficient 

substrate demand further reduced the gate fees paid for waste organic mat-
ter.

Changing framework conditions in agriculture and most important, con-
tinual increasing energy prices, later on were the main driving forces for a 
significant improve of the economics in biogas production from crops. Due 
to a widespread agricultural overproduction, decreasing prices of crops and 
increasing areas of set aside land, biomass became available for non food 
use at economically attractive costs. But it was not before subsidies were 
introduced and guaranteed feed in rates for electricity to the grid were real-
ised, that energy crop digestion in fact became economically viable. While 
the number of agricultural digester applications had been constant, or even 
decreasing for many years, a sudden increase was recorded in the late 
1990s, in Germany, Austria and to a minor extent in some other European 
countries. The number of biogas plants in Germany for example, increased 
from about 100 in 1990 to more than 3,000 installations in 2005 (Weiland 
2005).

The steady increase in energy crop digester applications in Germany and 
Austria can be directly attributed to the favourable supportive European 
and National legal frameworks of eco-tariffs paid for renewable energy 
(Anonym 2002). Depending on the plants electrical power capacity, stag-
gered feed in tariffs are guaranteed for the whole depreciation period of the 

Anaerobic digestion: a multi-faceted process…

organic waste material was not always available, while the increasing 
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investment. Similar subsidising systems exist in Germany and are dis-
cussed in Switzerland. Other European countries apply tax exemptions 
(e.g. Sweden) for renewable energies. A supportive European framework 
for renewable energy has been created by the European Commission re-
cently (Anonym 2001). Member countries are recommended to follow the 

by 2010. 

4.3.3 Energy crop digestion technique 

A steady technical development of energy crop digestion plants can be ob-
served during the last years. Although numerous different commercial di-

technology emerged finally. As do all digestion plants, energy crop instal-
lations comprise the same main process steps, of substrate pre-treatment 

most crops used have to undergo pre-treatment und must be stored for a 
year-round use, major differences to conventional digestion plants occur in 
substrate preparation and –storage. Due to the high TS- and fibre content 
in commonly applied crops or silages, various appropriate pre-treatment- 
and feed techniques have been developed for the use in energy crop diges-
tion. The realisation of sufficient mass transfer in high TS containing di-
gesters, still is a challenge for engineering development. Numerous stirrer 
types and mixing devices have been introduced to scope with high viscous, 
fibrous crop digestion requirements. Reactor design and –configuration ba-
sically rely on conventional one- and 2-step reactor solutions, using huge 
storage tanks for final storage of the digestate. When ever possible, the di-
gestate is directly used as a fertilizer in agriculture. Increasing plant size 
and lack of sufficient fertilizing areas, more and more demand a further di-
gestate upgrading, i.e. dewatering, drying, composting. Since an extensive 
use of the waste heat from power generation in CHPs is often fairly poor, 
better energy use efficiency through upgrading of biogas for feeding into 
the natural gas grid or transport fuel generation is getting increasingly 
popular.

and storage (1), digestion (2), digestate use (3) and energy recovery (4) 

gester concepts have been realised in the past, a fairly comparable process 

from biogas. A generalised process scheme is shown in Figure 13.11. Since 

goals of increasing the share of renewable energy in power supply of 22% 
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strate dosage (2 A), digestion (2 B), digestate storage (3) / –use and energy recovery (4).

Anaerobic digestion: a multi-faceted process…

Fig. 13.11. Process steps of energy crop digestion with harvest (1 A), ensiling (1 B), sub-
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4.3.4 Plant substrate pre-treatment and storage 

Further pre-treatment, e.g. hydrolysis, thermal disintegration, enzymatic 
degradation, have been proposed for improving ensilage and degradation 
rate, respectively biogas yield from crops (Lähtomäki et al. 2005; Neure-
iter et al. 2005). Even additives for the silage preparation (starting cul-
tures), to affect increased storage stability of silages are commercially 
available (Winkelmann 2005). Broad practical experience on supporting 
effects of extended pre-treatment and additive application is not available 
so far. Since considerable mass losses up to 15% can occur during im-
proper silage storage (McDonald 1981), adequate preparation- and applica-
tion measures must be followed strictly.

4.3.5 Plant substrate feeding and digestion 

Crops or silage to be fed into the digester, frequently have TS contents of 
at least 20% up to 40%. Dry crop material can have even higher TS con-
tents up to 90%. Such materials cannot be pumped or homogenised with 
conventional digester equipment.

Silos must have sufficient storage capacity for a continuous digester opera-
tion over the year. In a medium sized installation, typically up to 10,000 
tons of silage are prepared during harvest time, for continuous use as sub-
strate over the year. After harvest (1 A) the crop material is delivered to 
the plant, weighed and chopped before ensilage. For the storage in clamp 
silos (1 B), shovel loaders fed and compact the material into the silos. To 
prevent oxygen penetration, the material must be thoroughly covered air-
tight by means of plastic blankets. Alternatively high capacity bag silos 
(e.g. 3.5 m diameter, 100 m length), are applied. A typical bag silo storage 
capacity is for example about 6,000 tons of silage. Bag silos are filled with 
packing machines with up to 100 t / h loading-, respectively 50 ha/d har-
vest capacity. In smaller energy crop digestion plants, conventional big 
bale silos are applied for silage preparation and storage. In some cases dry 
storage of substrates is possible (e.g. maize corn), occasionally substrates 
are dried for storage, using available waste heat from the CHP.

Crop materials for ensilage should ideally have TS contents between 30-

high leachate accumulation and subsequently poor biogas yields. Regular 
ensiling results in rapid lactic acid fermentation and decrease of pH to 4-
4.5 within several days. Typically 5-10% lactic acid and 2-4% acetic acid 
are formed. Butyric acid formation usually is prevented by a fast pH de-
crease. Acid addition, or commercially available ensiling additives, can 
accelerate the lactic acid fermentation and prevent silage failures. Under 
such conditions, silage may be stored for many months, without major 
damage or losses. 

40%. Materials with TS contents below 20% result in bad silage qualities, 
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In conventional digestion plants, feeding plant materials usually in mi-
nor amounts, mixing tanks are applied, where the crop material is sus-
pended with digester liquid or other liquid substrates prior to conventional 
dosage with piston-, displacement- or rotary pumps. Some installations use 
more sophisticated liquid suspension feeding, applying continuous auto-
matic substrate dosage and control. 

Large scale commercial energy crop digestion plants mainly use solid 
substrate feeding hoppers or container dosing units (2 A). Feed hoppers or 
containers are periodically filled with shovel loaders (e.g. once daily) and 
the material is continuously augered through gas tight auger tubes into the 
digester. Some applications use piston pumps instead of augers. 

Most energy crop digester units consist of two – step, stirred tank reac-
tors with integrated gas storage (2 B). Digester mixing of the high solids 
containing substrates in most cases is done my means of mechanical stir-
rers. Sufficient mixing can be achieved up to TS contents of about 10 %. 
Higher TS contents demand substantially increased mixing power and ho-
mogeneous digester conditions cannot always be guaranteed. Liquid diges-
tate frequently is used for the dilution of fresh substrate. Nevertheless 
scum layers often cause malfunction of digesters. Phase separation usually 
can be prevented by an increase of substrate dilution, respectively lower 
TS content and loading rate.

4.3.6 Digestate storage and use 

Depending on plant size, available fertilising area, fertiliser demand and 
climatic season, the digestate has to be stored for several months and stor-
age tank capacities of several thousand cubic meters are required.

Increasingly, digestate has to be further processed, since adequate direct 
use as fertiliser is not available in many large scale energy crop digestion 
plants. Processing most frequently consists of dewatering, with subsequent 
composting or drying of the solid fraction. The liquid fraction to a high 

Anaerobic digestion: a multi-faceted process…

The digestate was originally stored in open tanks or lagoons (3). Depend-
ing on operational conditions, considerable residual methane formation po-
tentials can be detected in digestate. From 11 full scale digestion plants in-
vestigated, about ¼ showed residual methane formation potentials in the 
stored digestate of 0-5%,  showed 5-10%, the remaining caused even 
higher CH4 - emissions from 10-25% (Weiland 2005). An increasing num-
ber of plants therefore is using closed digestate storage tanks, collecting 
the emitted biogas for further use. Reliable prevention of methane emis-
sions during digestate storage- and application can be achieved by a proper 
control and limitation of the substrate feeding rate. By this means suffi-
cient VS degradation efficiencies of 80-90% can be realised, causing only 
negligible storage emissions from the digestate. 
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degree is recycled to the digestion process, guaranteeing sufficient dilution 
of the substrate fed into the digester. Surplus water has to be further 
treated. Nutrient recovery (e.g. ammonia, phosphate), biological purifica-
tion and membrane separation processes are applied. By means of com-
bined decanter-, sieve-, micro- and ultrafiltration processes, the COD of 
the digestate was reduced from 65,217 to 4,952 mg.l-1 (Klink 2005). Sub-
sequent reverse osmosis reduced the COD to a final value of 27 mg.l-1.

4.3.7 Practical operational experience of full scale energy crop 
digestion plants 

Case studies 
A typical medium sized energy crop digestion plant is processing about 
10,000 t substrate per year. Most frequently substrate mixtures are used, 
e.g. 4,409 t/a energy crops (Maize, wheat, rye, alfalfa), 602 t/a agricultural 

13.12). In the example shown, 10,511 t/a substrate are processed (Lindor-
fer 2005b), using a two step, stirred tank reactor design (3,850 m3 total 

resulting in a mean residence time of about 130 days. The digestate (8,600 
t/a) is collected in a storage tank with 4,300 m3 capacity, enabling 4-5 
month of storage. In the respective plant, the digestate can be applied as 
fertiliser on nearby agricultural land. 

The biogas is collected in a 950 m3 gas storage tank and continuously 
used for power generation (500 kWel.). From 1,840,000 m3/a Biogas, 3,718 
MWh/a electricity and 1,600 MWh/a heat can be recovered.

substrate degradation efficiency of about 82% can be calculated. When 
the  biogas  produced annually  (1,840,000 m3) is  referred to  the  substrate 
added (2,790 t TS with 95% VS content), a biogas yield of 694 m3/t VS 
(52% CH4 -content) can be calculated. 

gester, using maize silage as the sole substrate source (Resch 2005). Fresh 
silage (20 t/d with 31% VS content) is fed to a two step (each 1,500 m3)

time of about 150 days, a VS degradation efficiency of 84,5-93% was 
measured. The resulting biogas yield was between 700-770 m3/t VS (52% 
CH4-content).

o

content) and the remaining digestate (8,600 t with 5.9% TS content), a 
From the amount of substrate added annually (10,511 t with 26.5% TS 

o

Practical applications proved the process economically viable.

residues (vegetable-, beet sugar residues) and 5,500 t/a manure (Figure 

volume) at 39 C digestion temperature. About 29 t/d substrate are added, 

Comparable efficiencies were measured in a full scale energy crop di-

stirred tank digester at 49 C digestion temperature. At the high residence 
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Numerous less detailed case studies of energy crop digestion are re-
ported in literature. Use of maize silage, as single substrate for example, 
was possible in long term full scale digestion at residence times of 80-100 
days (Eder 2005). The dry matter content of the input silage (30% TS) 
was degraded by 50%, resulting in a pump- and mixable TS content of 15% 
in the reactor. The maize silage C:N:P- nutrient ratio was sufficient for a 
reliable, continuous single substrate digestion process. 

Anaerobic digestion: a multi-faceted process…

Fig. 13.12. Flow sheet and mass balance of a typical, medium sized, energy crop digestion 
plant (tons represent fresh mass of substrates).
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processed to 2.4 GWh/year electricity and 3.4 GWh/year heat energy in a 
two – step 3,000 m3 stirred tank reactor (Ebeling 2005). Operational pa-
rameters are 50 days residence time, a volumetric load of 3.5 kg.m-3.d-1 VS, 
a TS content in the reactor of 11% and a digestion temperature of 38 C.
The waste heat of the CHP can be used for heating in the immediate 
neighbourhood. The digestate can be sold as fertilizer in the vicinity, pro-
vided the transport distance is less than 4.5 km. 

A big variety of crops, i.e. triticale/rye, maize/sunflower, wheat, is 
processed in another example of a two step agricultural crop digestion 
plant (1,600 m3). About 10-12 t / day silage (TS 25-35%) are added as the 
sole substrate, resulting in a final TS content in the digester of 6-7 % and a 
methane content of 50% (Fischer and Krieg 2005).

Waste from yeast production (17,000 t / year) is digested together with 
55,000 t / year  maize / winter rye, harvested from 1,300 ha (von Felde 
2005). Two lines of digesters (total volumes 20,000 m3) are installed, 
working at 60 days residence time and 41 C. Mixing of reactor contents 
(7-8% TS) is realised with pressurised biogas. In order to prevent scum 
layer formation, the raw materials are processed through chopping to a 
maximum size of 3 mm prior to digestion. From 4.2 MW CHP, 33 GWh / 
year electricity and 35 GWh/year heat are recovered. 50,000 t per year of 
digestate (8-9 % TS) is recycled as fertiliser to farmland.

Ley crop silage (5,000 t / year) is digested together with source sepa-
rated municipal bio-waste (14,000 t / year) and 4,000 t / year fat trap con-
tents, in the city of Västeras, Sweden (Nordberg 2005). The digestate can 
be recycled to the farms. Biogas is upgraded as a vehicle fuel. 

two step digester system with an integrated gas storage of the second step 
and a separate gas storage in the background. In the foreground the cov-
ered digestate storage tank can be seen.

Biogas accumulated during final storage, contributes between 5-15% to 
the overall gas production of the plant.

4.3.8 Practical operational experience monitoring  

A typical plant layout can be seen in Figure 13.13. The picture shows the 

Austrian digestion plants, i.e. capacities, operational parameters, yields,

Five  plants were not  using  any  crop  material,  while  4 used crops exclusively. 

o

o

In Table 13.10 the performance figures of 41 representative full scale 

A mixture (5,000 t / year) of maize silage, grass/clover and  manure  is 

are represented (Laaber et al. 2005). In the plants considered, a fairly broad 
variety of substrates is applied. Energy crop addition varied between 10-100%. 
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plant, showing the covered digestate storage tank (foreground), a separate gas storage and 
an integrated gas storage, together with the main digester (Foto by courtesy of Ing. Pfiel, 
Rohkraft, Reidling, Austria).

The share of manure was 5-95 %, two plants used no manure at all. 
Most plants were adding agricultural residues and by-products in minor 
amounts (5-10 %), in 5 digesters 20-60 % were added and one plant was 
using agricultural residues exclusively. Bio-waste from source separated 
collection (mainly kitchen and restaurant waste) was digested in 11 plants 
(15-25 %) and 1 plant was operated exclusively with bio-waste. 

Fresh substrate processing capacity varied in a wide range of about 1-59 
t/d. A mean biogas yield of 0.67 Nm³ . kg-1 VS and a CH4 – content of 
about 55 % was monitored. The VS degradation efficiency varied between  
61.5-96.8 %, with a median value of 82.8%. While power generation 
showed median efficiencies of 31.3 %, the median thermal efficiency was 
fairly poor (16.5 %). As a result, the overall efficiency of the biogas ener-
getic use was just 30.5-73%. 

Anaerobic digestion: a multi-faceted process…

Fig. 13.13. Photograph of a typical two step stirred tank reactor energy crop digestion 
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Parameter Unit Median1 Minimum Maximum 

Fresh substrate processing capacity  t  . d-1 13.2 0.8 58.9 
Hydraulic retention time2 d 133 44 483 
Loading rate (VS) Kg . m-³.d-1 3.5 1 8 
Amount of VS fed into digester t . d-1 2.3 0.3 13.8 
Amount of biogas produced Nm³ . d-1 1,461 232 8,876 
Biogas yield referred to VS Nm³ . kg-1 0.673 0.423 1.018 
Biogas productivity Nm³ . m-³.d-1 0.89 0.24 2.303 
Methane concentration % (v/v) 54.8 49.7 67.0 
Methane yield referred to VS Nm³ . kg-1 0.362 0.267 0.567 
Degradation of VS % 82.8 61.5 96.8 
Average CHP usage rate % 83.3 35.7 98.2 
CHP operational hours per year hours 7,300 3,100 8,600 
Electrical efficiency % 31.3 20.7 39.2 
Thermal efficiency % 16.5 0.0 42.6 
Overall efficiency of biogas energy3use % 47.3 30.5 72.7 

1) Instead of average values the statistic term median is used in calculations 
2) Mass of substrate (t /d) instead of (m3/d) is referred to the reactor volume (m³) 
3) Net calorific value

A similar, earlier evaluation of German biogas plants (Weiland 2004) 
showed comparable results. Most plants were using manure based sub-
strate mixtures, with different share of energy crops (i.e. maize, grass, 
cerials). Food- and vegetable wastes, potato processing residues, whey and 
fat trap contents were applied as co-substrates together with manure. Ma-
nure was dominating (75-100% share) in nearly 50% of the plants consid-
ered. An even distribution between one- and two step digester configura-
tions was observed. In some cases (15%) three step digesters were used. 
Nearly 90% of all plants are operated at mesophilic temperatures. A load-
ing rate of 1-3 kg.m-3.d-1 VS was used in most cases. The majority of di-

ing used a residence time between 90 and over 150 days. The CH4 – 

efficiency of 80-95%, only 20% could not realise more than 50-80% effi-
ciency.

4.3.9 Methane yields per hectare 

Main criteria to select a crop for “biogas” - energy production are the yield 

Table 13.10. Range of long term operational data and results from 41 full - scale 

per hectare and the expenditure (i.e. energy, labour, fertiliser) for cultivation,

energy crop digestion plants in Austria. 

content in the biogas was 50-55% (55% of the plants) and 55-65% in 45% 

gesters were operated at residence times below 90 days (65%), the remain-

of the plants considered. The majority of all plants (80%) achieved a CHP 
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yield obtainable from the crops produced, are influencing the overall proc-
ess performance and –economy. The digestibility and hence the overall 
yield, depend on the biomass composition. As a general rule, increasing 
lignocellulose content decreases the digestibility. Starch- and soluble sugar 
containing plants increase digestibility and degradation rates. 

Plant / Crop 
Crop yield1

t  . ha-1

Measured
methane

yield2

m3. t-1 VS

Calculated
methane yield 

m3 . ha-1

Maize (whole crop) 9-30 397-618 3,573-18,540 
Wheat (grain) 3.6-11.75 384-426 1,382-5,005 
Oats (grain) 4.1-12.4 250-365 1,025-4,526 
Rye (grain) 2.1 283-492 594-1,033 
Barley 3.6-4.1 353-658 1,271-2,698 
Triticale 3.3-11.9 337-555 1,112-6,604 
Sorghum 8-25 295-372 2,360-9,300 
Grass 12-14 298-467 3,576-6,538 
Red clover 5-19 300-350 1,500-6,650 
Alfalfa 7.5-16.5 340-500 2,550-8,250 
Sudan grass 10-20 213-303 2,130-6,060 
Red Canary Grass 5-11 340-430 1,700-4,730 
Hemp 8-16 355-409 2,840-6,544 
Flax 5.5-12.5 212 1,166-2,650 
Nettle 5.6-10 120-420 672-4,200 
Ryegrass 7.4-15 390-410 2,886-6,150 
Miscanthus 8-25 179-218 1,432-5,450 
Sunflower 6-8 154-400 929-3,200 
Oilseed rape 2.5-7.8 240-340 600-2,652 
Jerusalem artichoke 9-16 300-370 2,700-5,920 
Peas 3.7-4.7 390 1,443-1,833 
Rhubarb 2-4 320-490 640-1,960 
Turnip 5-7.5 314 1,570-2,355 
Kale 6-45 240-334 1,440-15,030 
Potatoes 10.7-50 276-400 2,953-20,000 
Sugar beet 3-16 236-381 708-6,096 
Fodder beet 8-34 401-500 3,208-17,000 

1) Statistics Handbook Austria 2005. Statistik Austria, Vienna Austria. 
2

Anaerobic digestion: a multi-faceted process…

harvest and processing. Furthermore the digestibility and the methane 

Table 13.11. Range of reported crop yields, range of respective methane yield 
measurements and range of calculated energy potentials per hectare.

 For data source of the range given, see table 13.9 
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Generalised figures for crop yields are difficult to assess. At first, 
growth conditions (soil type, climate, vegetation period) influence the 
yield. Secondly, the crop composition and yield are influenced by the 
physiological state of the plant at harvest. Thirdly, the overall yield figures 
depend on which part of the plants are usable, i.e. whole plant, roots, 
crops. As a matter of fact, crop yield data vary to a great extent with re-
gional and climate conditions. Even temporary, seasonal influences (e.g. 
drought, frostiness), can change yields severely. 

Plant breeding on the other hand is continuously improving the crop 
yields. Maize yields for example could be doubled during the past 50 years 
(Degenhart 2005). Actually the maize yields have been increased by 0.15-
0.2 t/ha, per year. Mean hectare yields (dry mass) in Germany were 20.8 t 
in 2002, 18.7 t in 2003 and 20.9 t in 2004. Even higher yields of 25-27 t 
TS/ha (Landbeck 2005) and 30 t TS/ha (Eder 2005) were reported with 
maize varieties in Germany.

Planting experiences and growth yields from a 5 years investigation 
with perennial plants are reported from Atzema (2005). Yields varied be-
tween 2.1-8 t TS/ha (Red Canary Grass) and 2.2-7.7 t TS/ha (Switchgrass). 
Grass from nature reserves gave 1.4 t TS/ha (van Doren 2005). 

tainable under central European conditions (Anonym 2005c). The biogas 
(methane) yields used for the calculation of the energy yields per hectare, 
are derived from numerous laboratory investigations (fermentation tests) 

As can be seen, the variation of the crop yields is much bigger than 
the respective biogas (methane) yields. For this reason, the overall energy 
yield per hectare primarily depends on the crop yield achievable under the 
respective local conditions and must be thoroughly evaluated case by case. 

If using mean values, the highest crop yields are obtained with potatoes, 
kale, fodder beet, maize, sorghum, miscanthus and grass. The order of 
mean methane yields on the other hand is maize, barley, fodder beet, triti-
cale, alfalfa, wheat and rhubarb. As the crucial final measure, the calcu-
lated methane yield per hectare is essential. It is highest for potatoes 
(10,258 m3.ha-1) and maize (9,886 m3.ha-1), followed by fodder beet (9,450 
m3.ha-1), kale (7,318 m3.ha-1), sorghum (5,503 m3.ha-1), grass (4,972 m3.ha-1),
hemp (4,584 m3.ha-1) and ryegrass (4,480 m3.ha-1). The lowest calculated 
median yields can be found with rye (814 m3.ha-1), rhubarb (1,215 m3.ha-1),
oilseed rape (1,442 m3.ha-1) and peas (1,638 m3.ha-1).

Based on laboratory methane potential determinations, Lähtomäki et al. 
(2003) calculated methane yields per hectare for grass hay (2,490-2,840 m3),
red clover (1,070-1,340 m3), marrow kale (1,730-2,300 m3), lupine (1,150-
1,720 m3), and red canary grass (2,970-3,300 m3).

on the Biological Methane Potential (BMP) of plant materials (see Table 13.11).

The crop yields listed in Table 13.11 represent mean values, typically ob-
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Using 5 maize varieties in practical investigations, Amon et al. (2003), 
report methane yields per hectare between 3,743 – 8,529 m3.ha-1. Similar 
yields were shown by Eder (2005). Maize yielded between 4,200-8,800 
m3.ha-1, wheat 3,000-4,000 m3.ha-1, barley 2,600-3,800 m3.ha-1 and sugar 
beet 5,700 m3.ha-1. Variations in maize yields occurred between northern 
Germany climate regions 4,000 m3.ha-1 and southern Germany 5,000-7,000 
m3.ha-1. The influence of the maturity state on the gas yield was considered 
significant, but finally had comparable little effect on the overall energy 
yields per hectare. 

From the figures shown it is clear, that a final evaluation of a crop to 
biogas system needs a careful investigation of the local growth conditions 
for specific plants. Generalised forecasts are not possible. Seasonal varia-
tions can completely change the picture and local framework conditions 
can considerably influence the results.

4.3.10 Energy requirement of crop biomethanation 

Energy is required for crop production and as process energy in the bio-
methanation process. Furthermore energy is required for digestate trans-
port- or upgrading. Energy transfer losses occur during utilisation of the 
biogas in engines, boilers, or during upgrading of biogas. As a very simpli-
fied, rough estimation, a 15 % process energy demand for the digestion 
process (Neubarth et al. 2000) is calculated for the following considera-
tions.

In crop production energy is required for ploughing, seedbed cultiva-
tion, fertilising, pesticide- and herbicide application, harvest and transport. 
Furthermore considerable energy is required for the production of fertilis-
ers, pesticides and herbicides. Detailed estimations exist for the various 
expenditures and can be used for the calculation of net energy production. 
The total energy input is highest for potatoes (24.2 GJ/ha) and beets (16.8-
23.9 GJ/ha), wheat, barley and maize consume between 14.5-19.1 GJ/ha 
(Refsgaard et al., 1998; Hülsbergen and Kalk, 2001; Tzilivakis et al. 
2005). In average, about 50 % of the total energy requirement is spent for 
fertiliser production, minor amounts are required for machinery (22%), 
transport fuel (15%) and pesticides (13%). These figures may vary in a 
fairly wide range, depending on local soil- and climate conditions during 
cropping.

For a rough calculation of the net energy yield in energy crop digestion, 
the mean values for potatoes, maize, fodder beet, oilseed rape and rye are 
taken as examples (Table 13.12). These crops cover the whole range of 
highest (about 10,000 m3.ha-1 methane) to lowest (about 1,000 m3.ha-1

methane) calculable yields.

Anaerobic digestion: a multi-faceted process…
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for a wide range of calculable methane yields per ha, respectively selected exam-

 Potatoes Maize Fodder
beet

Oilseed
rape

Rye

Methane yield 
m3 . ha-1 10,258 9,886 9,450 1,442 814

MJ . ha-1 367,236 353,919 338,310 51,623 29,141

Process energy de-
mand for digestion - 55,085 - 53,088 -50,746 - 7,745 - 4,371 

Energy requirement 
in cropping 

- 24,200 - 16,800 - 20,350 - 16,800 - 16,800 

Total energy re-
quirement - 79,285 - 69,888 - 71,096 - 24,545 - 21,171 

Net energy yield 
MJ.ha-1 287,951 284,031 267,214 27,078 7,970

Output (MJ.ha-1)
Input (tot. Energy) 

4.6 5.1 4.8 2.1 1.4

If the process energy demand (15%) and the energy requirement for 
crop production (16,800-24,200 MJ.m-3) are subtracted from the primary 
methane yields, the respective net energy produced per hectare is obtained. 
As can be seen the net energy production varies in a broad range of 8-288 
GJ per hectare. The respective energy input / output ratios vary between 
1.4 (rye) in the worst case and 5.1 (maize) in the best case. 

With the assumptions chosen, a net energy recovery can be achieved 
even in the worst case of poor crop yields (e.g. rye). But the overall econ-
omy and feasibility of a technical process application depends on numer-
ous further influential parameters. The economic viability of energy crop 
digestion is indispensable dependent on a high return on energy sales. 
From practical experience an economic operation can only be achieved, if 
high crop and biogas yields can be realised at reasonable low production 
costs (Keymer and Schilcher 1999). Additional benefits i.e. gate fees for 
co-substrates, subsidised feed in power tariffs, may improve the overall 
economics substantially and have to be considered carefully for the proc-
ess evaluation. 

Table 13.12. Simplified calculation of net energy yield and output / input ratios, 

ples of crops. 
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5. Future significance of biomass and biomethanation

Biomethanation is successfully used for the treatment of sewage sludge 
and solid organic waste fractions, as well as for animal manure-, industrial 
sludge-, industrial- and municipal waste-waters. Applications in waste 
treatment produce significant benefits beyond simple waste removal. 
These benefits include both, energy production and energy conservation. 
In addition to waste removal, other environmental benefits result from 
biomethanation, including odor reduction, pathogen control, minimizing 
sludge production, conservation of nutrients and reduction of greenhouse 
gas emissions. Unlike fossil fuels, use of renewable resources represents a 
closed carbon cycle and therefore does not contribute to increases in at-
mospheric concentrations of carbon dioxide. Replacement of fossil fuels 
also reduces atmospheric pollutants responsible for acid rain. Thus, techni-
cal applications of methanogenesis are both, a waste treatment technology, 
which enhances environmental quality and a sustainable renewable en-
ergy-producing technology. Based on energy costs, biogas production 
from waste alone, may not always prove economically viable. Yet, 
applications of the process may produce significant energy savings and the 
benefits of energy conservation may also have significant economic value. 
Furthermore biomethanation can advantageously be integrated in a cascade 
type of raw material utilisation. By-products from biotechnological proc-
esses, i.e. slops, spent liquors, press cakes, can be further used for energy 
recovery. Biomass based “Biorefinery” concepts for biochemical produc-
tion frequently include biomethanation processes for closing nutrient cy-
cles and energy recovery (Sanders 2005). 

Biomethanation is facing a big challenge in renewable energy genera-
tion from crops. A wide range of materials can be principally used to pro-
vide energy. Once it is dry enough, anything organic can be burnt directly 
or used in thermal gasification processes. On the other hand, oil crops can 
be directly used for fuel generation. Green plants frequently contain con-
siderable high amounts of water and, as a source for energy generation, in 
most cases are preferably used indirectly, in bioconversion processes for 
ethanol or methane generation. While combustion- and thermal gasifica-
tion processes achieve overall energy efficiencies of 70-80%, bioconver-
sion processes range from about 30% (e.g. ethanol fermentation) to about 
50% for biomethanation (Kleemann and Meliß 1988). Thermal processes 
destroy the structure of the organic substance, finally resulting in inorganic 
ash, while bioconversions protect valuable organic structures and residues 
can be advantageously applied as fertiliser or soil conditioner. Finding 
processes and crops yielding the best “value” in terms of energy produc-

Anaerobic digestion: a multi-faceted process…

tion, while causing the least environmental drawbacks, still is a major
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aiming at high value products primarily, must be realised. 
Soil principally has to serve for numerous functions, of which biomass 

production is one of the most important. Biomass is providing food and 
fodder, it is used for numerous technical purposes and last not least can 
serve as an energy source. Since cropping areas and forests are limited in 
many regions, different biomass uses often are in direct competition in 
land use. Terestrial biomass principally can be obtained from forestry and 
short rotation forestry (e.g. willow, poplar, eucalyptus), from herbaceous 
lignocellulosic crops (e.g. Miscanthus), from sugar- (e.g. sugar beet, sweet 
sorghum, Jerusalem artichoke) and starch crops (e.g. maize, wheat), from 
oil crops (e.g. rape seed, sunflower) and from different kinds of wastes. 
The worldwide existing biomass is estimated to be 2.1012 tons (Kaltschmitt 
and Hartmann 2001). The annual biomass growth is about 1.55.1011 tons, 
corresponding to 3.1021 J. It is estimated that only a minor amount of the 
annual biomass growth is really used actually for food and fodder (2%), 
technical purposes (1%) and energy generation (1%). Using the above fig-
ures, an easy calculation shows, that about 13% of the annual biomass 
growth (1.55.1011 tons), could theoretically supply the worldwide overall 
primary energy demand of 3.95.1020J. The estimations for the technically, 
respectively economically feasible contribution differ widely. Hall et al. 
(1993) have estimated, that  (267 EJ) of the worldwide overall pri-
mary energy demand could be provided from biomass. Kaltschmitt and 
Hartmann (2001) state a potential biomass contribution of 29% to the 
worldwide- and 12% to the European primary energy demand. According 
to the above authors, dedicated energy crops for biomethanation could 
contribute 10% to the worldwide- and 3.5% to the European primary en-
ergy demand.

The growing interest in bio-energy is reflected in a large number of en-
ergy scenarios, published in the past decade. Numerous institutions have 
tried long term prognosis and studies of future scenarios (Dessus et al. 
1992; Greenpeace 1993; IEA 1998; IIASA/WEC 1998; IPCC 1996; Jo-
hansson et al. 1993; Lashof and Tirpak 1991; Shell 1996; WEC 1993). In 
the scenarios biomass contribution is estimated in the range of 59-135 
EJ/year in 2025, 94-220 EJ/year in 2050 and 132-320 EJ/year in 2100. 
Based on the current contribution of biomass (55 EJ/year) the figures given 
imply an increase of biomass of 7-245% by 2025, 170-400% by 2050 and 
240-581% by the year 2100. 

The traditional role of agriculture in energy production was lost in the 
younger history, since biomass used to be the main source of energy up to 
the early 20th century. Most of other things needed daily, e.g. food, fodder, 
fertiliser, fibres etc., were also derived from biomass. The current 
contribution of biomass to energy generation is comparably small in most 
industrialised countries (3-5%), about 20-30% in Asian countries and 

challenge of bio-energy generation. Furthermore a cascade use of biomass, 

about �
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Finland (19.1%), Sweden (16.%), Portugal (13.5%) and Austria (11.1%) biomass 
is rarely used as energy source in the European Union (Koukios 2002), re-
sulting in an overall mean contribution of only 3.3%. Nevertheless the 
European Commission’s “White Paper on Renewable Energy” envisages a 

2010. Biofuels are specially promoted by the Directive (EC) 30/2003, set-
ting a goal of 5,75% diesel and petrol replacement by 2010. The “Biomass 
Action Plan” of the Commission of the European Communities (Anonym 

overall primary energy demand (74.8 EJ/year) to be 1.12%. Predictions for 
2010 are given with 25% and for 2020 with 47% contribution. In 2030, the 
generation of energy from crops could be even higher than the demand. 
The current energy recovery from biomass wastes is estimated to be 4.5%, 
predictions are about 56% for 2010 onwards.

The surface of the earth is mostly covered by oceans (361.106 km2).
From the remaining area of 149.106 km2 about 55.7% are covered by for-
ests, 16.1% (or 24.106 km2) is pastureland and only about 9.4% (or 14.106

km2) is arable land (Lieth 1975). Europe has a total area of 2.3.106 km2, of 
which 41% consist of forests, 13% of arable land and 8 % of pasture land. 

Assuming a mean biogas net energy yield of 150 GJ / hectare (compare 
table 12), 10 % of the arable land would provide 21 EJ (worldwide), or 4.5 
EJ (Europe) from biomethanation of crops. If energy crops could be culti-
vated on 30% of the existing arable land, about 16% (worldwide) or 18% 
(Europe) of the overall primary energy demand could be covered. Even us-
ing theoretically all of the available arable land, just about 53 % of the 
worldwide and 60% of the European energy demand would be satisfied 
through biomethanation of energy crops. A further biogas contribution 
could be expected from pasture land resources, although harvest may be 
more expensive and the overall energy yields may be less than from dedi-
cated grown energy crops. As can be seen form the above figures, bio-
methanation can contribute substantially to the renewable energy supply, 
but cannot be considered as the main source of bio-energy.

Theoretically sufficient agricultural areas and forests are available to 
scope with an increasing demand of bio-energy. Nevertheless numerous 
technical-, environmental- and economical restrictions have to be kept in 
mind. Adverse effects of increased energy cropping on food production 
(competition), biodiversity, soil and groundwater must be prevented. Pests 
and diseases, respectively intensive monocultures, must be prevented. A 
shift towards a more environmentally friendly farming should not be ad-
versely affected. Land use and forestry should follow sustainable patterns 
and permanent grass land should not be transformed into forests

Anaerobic digestion: a multi-faceted process…

2005a) estimates the current contribution of energy crops to the European 

doubling of renewable energy utilisation rates from 6% in 1995, to 12% by 

about 70-80% of the overall energy demand in Africa. With the exception of 
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cultural and ecological value. Harvesting operations, transport methods 
and distances to the conversion plants significantly impact the overall en-
ergy balance of a biomass to energy system. Careful evaluation is therefore 
required to minimise transport energy demand for low energy density bio-
mass, as well as adverse affects on air, water and soil. 

Provided that the majority of the biomass needed additionally can be 
produced locally, a considerable impact of bioenergy exploitation on rural 
employment can be expected. The EU “Biomass Action Plan” assumes 
that direct employment of up to 300,000 people, mostly in rural areas, will 
be needed additionally to scope with the employment intensive energetic 
biomass use. Since biomethanation of crops not only delivers directly us-
able energy, but also fits excellently in a sustainable agricultural nutrient 
cycle, the process will receive increasing interest, among other renewable 
energies available. 

Recent developments in Germany, Sweden, Denmark and Austria have 

structure. The number of agricultural biogas plants in Germany has in-
creased from about 100 in the early 1990s, up to more than 3,000 current 
installations (Weiland 2005). Assuming mean biogas yields, about 14 PJ / 
year can be obtained from these plants. For using the whole German poten-
tial of organic wastes and possible energy crops, an additional installation 
of 30,000-40,000 biogas plants would be required, resulting in a future en-
ergy potential of more than 400 PJ. In Sweden about 200 biogas plants 
produce 140.106 m3 methane, corresponding to about 0.39 PJ /year. In Den-
mark 3.6 PJ / year are obtained from over 30 large scale, centralised 
agricultural biogas plants. About 40 new plants are expected until 2008 (Al 
Seadi 2005). In Austria the number of biogas plants was increasing within 
short time from about 50 to about 350 plants in 2006, representing an en-
ergy production of about 2 PJ per year. Accordingly, 3,000-4,000 new bio-
gas plants can be estimated to be required for the use of proper substrates 
available in the nearer future. Movements towards increased biogas tech-
nology application can also be observed in some other European countries, 
e.g. Italy, Spain, Netherlands. Although the major sources of biogas in 
many countries, like England or France, still are landfills and sewage, the 
use of crop materials may become more important with gradually im-
proved framework conditions. 

excessively. Energy crops principally should not displace land uses of high agri-

proved the possibility of implementing biogas technology in rural infra-
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Parameters, abbreviations and symbols 

a - Year 
BOD [mg O2.l

-1] Biochemical oxygen demand 
BTS [kg.kg-1.d-1] Sludge loading rate 
BV [kg.m-3.d-1] Hydraulic or volumetric loading rate 
COD [mg O2.l

-1] Chemical oxygen demand 
CHP - Combined heat and power plant 
d - Day 

` [kJ/Mol] Enthalpy
EJ [1018 J] Exajoule
GJ [109 J] Gigajoule
Methane number - Defines the pre-ignition resistance 

(knock rating) of a burnable gas 
Mtoe [107 Gcal ] Million tons of oil equivalent 
Nm3 - Volume at standard conditions of 0 C  

and 101.325 kPa 
NMHC - Non methane hydrocarbons

 - That amount of odorant(s) that, when 
evaporated into one cubic metre of 
neutral gas at standard conditions,
elicits a physiological response from a 
panel (detection threshold) equivalent 
to that elicited by one European Ref-
erence Odor Mass (EROM), evapo-
rated in one cubic meter of neutral gas 
at standard conditions. [CEN TC264 
Draft]

Pa [1 N/m2] Pascal (1 bar = 105 Pa) 
PJ [1015 J] Petajoule 
ppm Parts per million 

Hydraulic residence time 
TJ [1012 J] Terajoule 
TS [%] Total solids
VS [%] Volatile solids
v / v [%] Percent referred to volume  
Wobbe index [MJ.m-3] Amount of energy introduced to the 

burner
w / w [%] Percent referred to weight 

�GO

� [d] 

o

Odor units
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1 Molecular Farming and the new frontiers of vaccinology

Genomic and proteomic approaches to the study of fundamental cell 
mechanisms are rapidly contributing to broaden our knowledge on 
metabolic pathways for the optimal exploitation of the cell as a factory. In 
the last few years this knowledge has led to important advances in the 
large scale production of diagnostic and therapeutic proteins in 
heterologous hosts (bacteria, yeasts, mammalian and insect cells or 
transgenic animals and plants), allowing the comparison of the most 
efficient methods in terms of costs, product quality and safety.

Vaccinology is a rapidly expanding research field and new vaccination 
strategies have been developed thanks to modern technologies based on the 
rational design of attenuated pathogens, live recombinant vaccines and 
protein (antigen)- or peptide (epitope)-based subunit vaccines (Plotkin 
2005). The aim of these approaches is to obtain efficient and safe vaccine 
formulations being able at the same time to induce effective, long lasting 
immunity against complex viral pathogens such as HIV-1 (Nabel 2001), 
influenza A/H5N1 virus (Stephenson et al. 2004), SARS-coronavirus 
(Stadler and Rappuoli 2005). To reach this goal, targets must be found able 
not only to generate long-term memory B cell producing neutralizing 
antibodies to block free pathogens, but also T cell mediated immunity for 
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the control of pathogen spreading by the elimination of infected cells 
(Lambert et al. 2005).

The newborn branch of plant biotechnology defined as “molecular 
farming” is mainly focused on the exploitation of plants of agronomic 
relevance as factories for the large scale production of biomolecules. The 
possibility to produce subunit vaccines through plants paves new ways and 
offers solutions to some of the problems associated to traditional 
production systems.

2. Antigen production in plants: advantages and 
perspectives

2.1 Stable nuclear and plastid transformation 

The stable expression of heterologous proteins in plants can be performed 
by inserting the exogenous encoding gene into nuclear or plastid genomes. 
To obtain plants transformed in the nuclear genome the natural capability 
of Agrobacterium tumefaciens to transfer DNA into plant cells (Tinland 
1996) is amply exploited. By this method plant tissues can be transformed 
either in vitro, on small leaf explants, or directly in planta (Feldmann and 
Marks 1987; Bechtold and Pelletier 1998; Clough and Bent 1998). But the 
transformation of plant species less susceptible to this pathogen (i.e. some 
monocots), can be also achieved by shooting DNA-coated tungsten or gold 
microbeads on plant tissues through a “particle gun” (biolistic method) 
(Taylor and Fauquet 2002). 

Several antigens have been successfully expressed in plants by stable 
nuclear transformation with different ends. In some cases, plants were 
considered only as “biofactories” for massive production, while in others 
edible plant varieties have been chosen for the direct oral delivery of the 
expressed antigens (Table 14.1).

Pathogen Antigen Transgenic Plant References 

Table 14.1. Representative antigens stably expressed in plants. 

Hepatitis B Virus Surface antigen Lactuca sativa  
Lupinus luteus   
Nicotiana  tabacum 
Solanum tuberosum
 

Mason et al. 1992; 
Thanavala et al. 1995 ;
Ehsani et al. 1997 ;
Kapusta et al. 1999; 
Richter et al. 2000 ;
Thanavala et al. 2005 
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Pathogen Antigen Transgenic Plant References 

The use of plants can indeed represent not only a measure to reduce 
production costs, improve product safety and eliminate the use of needles, 
but also a strategy to efficiently deliver vaccines at mucosal level (Tacket 
et al. 1998; Kapusta et al. 1999; Tacket et al. 2000; Tacket et al. 2004; 
Thanavala et al. 2005). Nonetheless, antigen production in plants still 
suffer some limitations of the nuclear transformation technology, basically 
due to the low and variable expression levels of the heterologous gene 
among independent lines. This is particularly detrimental when the direct 
oral delivery of the plant tissue is foreseen, as a precise a priori 
establishment of the vaccine dose is impracticable. A step taken to face 
this problem consists in optimizing the heterologous gene sequence by 
using host codon usage, removing cryptic genetic signals that can 
negatively affect post-translational steps and targeting the heterologous 
protein in appropriate subcellular compartments ensuring proper folding 

identifying suitable 5’ and 3’ regulatory elements able to ensure 
reproducible high-level and tissue-specific transgene expression, as it has 
been shown that the activity of nominally constitutive promoters can vary 
as a function of the developmental stage, organ and plant species 
(Williamson et al. 1989; Malik et al. 2002; Samac et al. 2004). Recently, 
new plant-derived regulatory sequences, such as the promoter-terminator 

Table 14.1. Representative antigens stably expressed in plants. 

(Sullivan and Green 1993; Koziel et al. 1996). Another step consists in 

Norwalk Virus Capsid protein Nicotiana tabacum 
Solanum tuberosum

Mason et al. 1996; 
Tacket et al. 2000 

Enterotoxic E. coli  Heat-labile 
enterotoxin B 
subunit  

Nicotiana tabacum 
Solanum tuberosum
Zea mays  

Haq et al. 1995; Mason 
et al. 1998 ; Tacket et 
al. 1998; Tacket et al.
2004 

Rabies Virus Glycoprotein Lycopersicon 
esculentum  

McGarvey et al. 1995 

Cytomegalovirus  Glycoprotein B Nicotiana tabacum Tackaberry et al. 1999 
Vibrio cholerae  Cholera toxin B

subunit 
Solanum tuberosum Arakawa et al. 1997 ; 

Arakawa et al. 1998 
Foot-and-mouth 
disease virus 

VP1 Structural  
protein  

Arabidopsis 
thaliana 

Carrillo et al. 1998 

Porcine 
transmissible 
gastroenteritis 
coronavirus  

Glycoprotein S Arabidopsis 
thaliana 
Nicotiana tabacum 
Zea mays  

Gomez et al. 1998; 
Tuboly et al. 2000 ; 
Streatfield et al. 2001 

In bold characters are indicated references describing clinical trials of the plant-
expressed antigens. 
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of the highly transcribed gene (rbcS1) of the ribulose-1,5-bisphosphate 
carboxylase (RBC) small-subunits gene family in chrysanthemum 
(Outchkourov et al. 2003), the regulatory sequences of the seed storage 
protein gene arcelin 5-I (arc5-I) of common bean (Phaseolus vulgaris) (De 
Jaeger et al. 2002) or novel gene regulatory elements associated with a 
cryptic constitutive promoter from tobacco (Malik et al. 2002), have been 
identified. These sequences are currently used to improve transgene 
expression levels in different plant species. Turned in a similar direction 
are those approaches aimed to the production of transgenic plant lines 
stably encoding replicating viral vectors, the so-called replicons or 
amplicons, and expressing uniformly and synchronously a foreign gene, 
thanks to the efficiency of viral replicases (Palmer et al. 1999; Mallory et 
al. 2002; Gleba et al. 2004; Zhang and Mason 2005). 

Agrobacterium T-DNA insertion target site and to evaluate whether 
transgene expression variability in single copy transgenic plants can be 
correlated with integration position (Gelvin 2000; De Buck et al. 2004; 
Schneeberger et al. 2005).

In a similar direction, efforts are oriented attempting to adjust gene 
targeting by homologous recombination in plants, to induce the integration 
of the heterologous gene into a pre-determined genomic location in a 

fundamental for plant metabolism or the anomalous expression profiles 
due to post-transcriptional silencing (Hanin and Paszkowski 2003; 
Srivastava and Ow 2004). Progress in this sense has been achieved using 
Cre-lox mediated recombination mainly in tobacco and rice, in the latter 
case by optimizing the design of T-DNA flanking regions (Albert et al. 
1995; Terada et al. 2002; Cotsaftis and Guiderdoni 2005).

An interesting alternative to nuclear stable transformation is the 
insertion of antigen encoding genes in the plastid genome (Tregoning et al. 
2003; Koya et al. 2005; Molina et al. 2005; Glenz et al. 2006). 
Fundamental difference between plastid and nuclear transformation is that 
in the plastid homologous recombination of the foreign sequence is 
feasible, eliminating problems linked to “positional effect”. Moreover, the 
plastid genome present in several copies in a single cell, rapidly replicates 
ensuring high yields of recombinant protein production (Daniell et al. 
2005). Despite these advantages, up to now no data are available regarding 
the oral delivery of transplastomic plant tissues, probably because fertile 
edible transplastomic plants are still under construction (Ruf et al. 2001; 
Lelivelt et al. 2005). 

Alternatively, efforts have been made to point out preferences in 

single copy pattern, preventing the accidental inactivation of genes 
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2.2 Transient transformation 

To get round the difficulties encountered in obtaining high rate of 
expression of the heterologous gene in nuclear transformed plants, 
transient transformation strategies have been devised. In this case, the gene 
encoding the antigen of interest is inserted in the genome of a pathogen 
that is used as a vector for expression during plant infection. The two 
major techniques used to get transient transformation are based on plant 
viruses- or Agrobacterium-mediated infection of fully developed plants.

The use of plant viruses (typically ss(+)RNA viruses such as Tobacco 
Mosaic Virus (TMV), Cowpea Mosaic Virus (CPMV), Potato Virus X 
(PVX), and Alfalfa Mosaic Virus (AlMV)) to transiently express 
heterologous genes, has been greatly favored by the development of 
expression vectors harboring the cDNA of the complete viral genome 
(Pogue et al. 2000). Using these tools, the foreign gene can be easily 
inserted as an additional Open Reading Frame (ORF) or, when possible, by 
replacing unessential viral functions (Lacomme et al. 1998). By this way 
many antigens have been successfully produced able to induce in animal 
models good antibody responses, both when delivered in extracted and 

Pathogen Antigen Viral  
Vector

References

through viral vectors. 
Table 14.2. Representative antigens and epitopes transiently expressed in plants 

P. falciparum  Several epitopes TMV Turpen et al. 1995 
Influenza virus Hemagglutinin epitope TMV Sugiyama et al. 1995 
HIV-1  Capsid epitopes PVX 

CPMV 
Porta et al. 1996 ; 
Yusibov et al. 1997 ; 
Marusic et al. 2001 

S. aureus 
 

Fibronectin binding protein 
epitope 

PVX Brennan et al. 1999 

FMDV VP1 Structural protein TMV Wigdorovitz et 
al.1999 

Hepatitis B 
virus 

Mimotope TMV Nemchinov et al. 
2000 

Rabies virus  Chimeric peptide AlMV Yusibov et al.  2002 
HPV  E7 Oncoprotein PVX Franconi et al. 2002 
BHV-1 Glycoprotein D TMV Pérez Filgueira et al. 

2003 
Colorectal 
cancer 

GA733-2 Antigen TMV Verch et al. 2004 

Hepatitis C 
virus 

Mimotope CMV Natilla et al. 2004 

purified forms or directly per os using the infected plant tissues (Table 14.2).
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Pathogen Antigen Viral  
Vector

References

Up to now agroinfiltration technique has been used mainly to predict 
expression efficiency of constructs before their use for nuclear stable 
transformation. However, recent approaches converted this procedure into 
a valuable alternative expression system. For example, Icon Genetics Inc. 
(recently acquired by Bayer) has developed a system (magnICON) for the 
overexpression of foreign genes that conjugates the efficiency of 
Agrobacterium-mediated transformation with viral rate of expression 
(Marillonnet et al. 2004, 2005; Gleba et al. 2005; Gils et al. 2005). The 
strategy is based on the optimization of the TMV genome (by the removal 
of cryptic sequence that, if recognized by the plant machineries, could 
affect viral replication/spreading) and on the split of the improved genome 
into 5’ and 3’ modules of expression. The 5’ module includes the viral 
polymerase and the movement proteins genes while the 3’ module carries 
the gene of interest in substitution of the viral coat protein gene. These two 
modules, used to co-infiltrate plants, are linked together by a recombinase 
encoded by a third co-infiltrated vector that recognizes specific 
recombinase target-sequences, artificially added to each module. This 
“deconstructed” virus system that lacks the coat protein gene, is unable to 
spread throughout the plant and in the environment, is not influenced by 
the dimension of the inserted gene due to the absence of the packaging 
process, while leads the plant cell machinery to the production of the 
heterologous protein. Using this strategy high levels of different Yersinia

pestis antigens have been expressed in Nicotiana benthamiana plants. 
These plant-produced antigens are efficient in inducing protective immune 
responses against the pathogen when administered subcutaneously to 
guinea pigs (Santi et al. 2006).

Table 14.2. Representative antigens and epitopes transiently expressed in plants 
through viral vectors. 

RSV G protein AlMV Yusibov et al. 2005 
HIV-1 Tat protein TMV Karasev et al. 2005 
Y. pestis F1 and V proteins MagnICON Santi et al. 2006 

HIV-1: Human Immunodeficiency Virus type 1; FMDV: Foot and Mouth Disease 
Virus; HPV: Human Papilloma Virus; BHV-1: Bovine Herpes Virus type 1; RSV: 
Respiratoty Syncytial Virus; TMV: Tobacco Mosaic Virus; PVX: Potato Virus X; 
CPMV: Cowpea Mosaic Virus; AlMV: Alfalfa Mosaic Virus; CMV: Cucumber 
Mosaic Virus. In bold character is indicated the reference describing clinical trial of 
a plant-expressed chimeric peptide through a viral vector. 
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3. Peptide-based vaccine production in plants: new 
solutions to old problems 

with antigen receptors of B and T cells, they are responsible for the 
induction of the immune response. The use of synthetic peptides 
corresponding in their sequence to linear epitopes has been considered for 
the development of safe vaccines. Unfortunately, the efficacy of peptides in 
the induction of an immune response is limited mainly because of their 
very short half-life in the serum. Several delivery systems have been 
designed to circumvent this limitation.

An attractive approach to produce epitope-based plant vaccines is the 
construction of chimeric plant viruses displaying on the surface of the 
assembled particles peptides of interest for vaccine formulations (Pogue et 
al. 2002). By this approach, plants are employed as biofactories and large 
scale “reservoirs” of chimeric virus particles (CVPs) carrying the epitope. 
To construct CVPs, the sequence coding for the heterologous peptide is 
fused to the viral coat protein (CP) gene in a position known to be exposed 
on viral surface (Johnson et al. 1997; Porta and Lomonossoff 1998). To 
guarantee the production of large quantities of CVPs, the structural and 
functional characterization of the CP is essential to place the foreign 
peptide avoiding the interference with viral assembly, stability and/or 
spreading through the plant. To this aim, fundamental are the studies that 
define the biochemical factors governing viral movement and CP/virus 
particle structures by mutational, immunological and X-ray 
diffraction/spectro-metry analysis (Carrington et al. 1996; Callaway et al. 
2001; Bendahmane et al. 1999; Porta et al. 2003).

The efficacy of CVPs in inducing antibody responses specific to the 
displayed epitope have been extensively demonstrated. Purified CVPs 
administered to animal models intranasally, intraperitoneally, or orally by 
direct delivery of virus-infected plant tissues (in this case also in humans) 
have been  able  to  induce  strong  specific  neutralizing  immune  

Recent data indicate that CVPs could be able to induce also the 
activation of HLA class I restricted T cell responses and of Natural Killer 
cells (Yusibov et al. 2005). Endorsement of these findings envisages a 
significant expansion of plant derived CVPs in the field of vaccinology. 

responses (Table 14.2).

Epitopes are the most important parts of an antigen because, by interacting 
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4. Efficient delivery of subunit (plant-derived) vaccines: 
will plants offer the solution? 

Although subunit vaccines offer great perspectives, their development is 
somewhat impaired due to the fact that peptides and proteins are poorly 
immunogenic and/or unable to be properly presented to cytotoxic T cells 
(Sette and Fikes 2003). For this reason, aside from the identification of 
essential targets, most of the efforts are focused on the improvement of 
vaccine efficacy. 

As far as the recombinant antigen-based formulations is concerned, a 
fundamental role is played by substances able to enhance the immune 
response against the antigen and fundamental to strengthen the efficacy of 
the active principle in the vaccine (adjuvants) (Cox and Coulter 1997). 
Research is currently in progress in this area. Nonetheless, aluminium 
salts, the first adjuvant described (Glenny et al. 1926), still remain the 
standard for human use. 

Plants have also been considered as possible source of adjuvants. The 
most known plant-derived adjuvants are saponins and in particular the 
QS21 acylated 3,28-o-bisdesmodic triterpene saponin extracted from the 
bark of the South American tree Quillaja saponaria Molina (Jacobsen et 
al. 1996). Basically, the interest to this natural surfactant derives from its 
high water solubility and the stability (hours if not days) of the mixture 
with the antigen preparation. Delivered in combination with different 
antigens not only in several animal models, but also in human trials, QS-21 
has been able to enhance both Th1and Th2 responses (Moore et al. 1999) 
and to favor the activation of cytotoxic T cells (Newman et al. 1997). 
Besides QS-21 and new variants of natural or semi-synthetic saponins (da 
Silva et al. 2005; Marciani et al. 2003), a broad range of different plant-
derived compounds, such as the Neem tree Leaf Preparation (NLP) (Baral 
et al. 2005), a compound of Chinese herbal medicinal ingredients 
(cCHMIs) (Wang et al. 2005) and the Rb1 fraction of ginseng (Rivera et 
al. 2005), is under investigation to evaluate adjuvanticity. Some of these 
compounds together with molecules, such as triterpenoids (Squalene is at 
the moment the sole adjuvant, together with alum, approved for human 
use) (Singh and O’Hagan 1999; Stephenson et al. 2005) are as effective as 
Freund’s complete or incomplete adjuvant, and able to induce balanced 
Th1 and Th2 immune responses and active immunity even towards tumor 
antigens (Baral et al. 2005).
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Aside the identification of immune response potentiator, new routes of 
delivery, or alternative delivery strategies, are also considered as key 
factors to improve subunit vaccines efficacy. Mucosal immunizations, for 
example, represent an efficient alternative to traditional parenteral 
immunization, inducing not only secretory IgA responses, but also 
systemical antibody production and T-cell mediated immunity (Holmgren 
and Czerkinsky 2005). Moreover, this non-invasive, easy-delivered 
immunization procedure is performed without the use of needles thus 
preventing cross-contamination.  Plant-derived antigens both stably and 
transiently expressed in edible tissues/organs have been delivered orally 
and the efficiency of this immunization procedure has been evaluated in 
terms of antibody production. In this context, chimeric plant virus particles 
offer interesting solutions to the problem of peptide-vaccine efficacy for 
two main reasons. They are functional carriers for peptide-delivery and 
have been demonstrated to be efficient immune response-inducers without 
the need of adjuvant both when delivered in purified form (Marusic et al. 
2001) or when orally administered in infected plant tissues (Yusibov et al. 
2002). Studies have been carried out in order to define the fate of CVPs in 
vivo, by investigating the distribution in mice of CPMV particles orally or 
intravenously delivered (Rae et al. 2005). The conclusion was that these 
icosahedric virions, that are the best characterized to be used as 
nanoparticles (Wang et al. 2002a, 2002b; Chatterji et al. 2004), are stable 
during transit in the gastrointestinal tract being able to disseminate 
systemically thereafter. CPMV particles were found in several tissues 
throughout the body, supporting the idea that they can be used also as 
orally bioavailable nanocapsule for the delivery of vaccines and more 
generally of therapeutics. 

More than two centuries have passed from Edward Jenner first vaccination 
against smallpox. Since then, many advances and scientific conquests have 
been done in the field of vaccinology. However, despite this progress a lot 

frequent. A second but not less important socio-economical issue is that an 
excessive cost of the available vaccines prevents the application of WHO 
guidelines tending to cancel the disparities in health rights still existing 
among industrialized and developing countries. The use of plants as 
“biofactories” could offer the solution to some of these problems.

5. Conclusions 

of delicate issues still subsist. First of all, the biological safety of the 
product as the adverse effects of vaccine delivery are unfortunately very 
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Up to now, plants have been mainly considered attractive as alternative 
systems only for the production of subunit vaccines by giving emphasis to 
their advantages in terms of cost-reduction and intrinsic biological safety 
of the product. However, many indications suggest that efforts should be 
now concentrated to define how plants could be exploited in novel 
strategies for subunit and epitope vaccine delivery. This could not only
enhance the efficiency of vaccination but, above all, improve global health 
equity favouring the diffusion of modern vaccines to the world‘s poorest 
countries.

The obvious question now is why this “friendly” and promising 
technology has difficulties to take off and  capital investment in this sector 
is still so limited.

References

Albert H, Dale EC, Lee E, Ow DW (1995) Site-specific integration of DNA into 
wild-type and mutant lox sites placed in the plant genome. Plant J 7:649-659 

Arakawa T, Chong DK, Merritt JL, Langridge WH (1997) Expression of cholera 
toxin B subunit oligomers in transgenic potato plants. Transgenic Res 6:403-
413

Arakawa T, Chong DK, Langridge WH (1998) Efficacy of a food plant-based oral 
cholera toxin B subunit vaccine. Nat Biotechnol 16:292-297 

Baral R, Mandal I, Chattopadhyay U (2005) Immunostimolatory neem leaf 
preparation acts as an adjuvant to enhance the efficacy of poorly 
immunogenic B16 melanoma surface antigen vaccine. Int Immunopharmacol 
5:1343-1352

Bechtold N, Pelletier G (1998) In planta Agrobacterium-mediated transformation 
of adult Arabidopsis thaliana plants by vacuum infiltration. Methods Mol Biol 
82: 256-266 

Bendahmane M, Koo M, Karrer E, Beachy RN (1999) Display of epitopes on the 
surface of Tobacco Mosaic Virus: Impact of charge and isoelectric point of 
the epitope on virus-host interaction. J Mol Biol 290:9-20 

Brennan FR, Gilleland LB, Staczek J, Bendig MM, Hamilton WD, Gilleland HE 
(1999) A chimeric plant virus vaccine protects mice against a bacterial 
infection. Microbiology 145:2061-2067 

Callaway A, Giesman-Cookmeyer D, Gillock ET, Sit TL, Lommel SA (2001) The 
multifunctional capsid proteins of plant RNA viruses. Annu Rev Phytopathol 
34:419-460

Carrington JC, Kasschau KD, Mahajan SK, Schaad MC (1996) Cell-to-cell and 
long-distance transport of viruses in plants. Plant Cell 8:1669-1681 



Molecular farming for antigen (vaccine) production in plants      427 

Carrillo C, Wigdorovitz A, Oliveros JC, Zamorano PI, Sadir AM, Gomez N, 
Salinas J, Escribano JM, Borca MV (1998) Protective immune response to 
foot-and-mouth disease virus with VP1 expressed in transgenic plants. J Virol 
72:1688-1690

Chatterji A, Ochoa WF, Paine M, Ratna BR, Johnson JE, Lin T (2004) New 
addresses on an addressable virus nanoblock: uniquely reactive Lys residues 
on Cowpea Mosaic Virus. Chem Biol 11:855-863 

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana. Plant J 16:735-743 

Cotsaftis O, Guiderdoni E (2005) Enhancing gene targeting efficiency in higher 
plants: rice is on the move. Transgenic Res 14:1-14 

Cox CJ, Coulter AR (1997) Adjuvants – a classification and review of their modes 
of action. Vaccine 15:248-256 

Da Silva BP, Soares JBRC, Paraguai de Souza E, Palatnik M, Palatnik de Sousa 
CB, Parente JP (2005) Pulcherrima saponin, from the leaves of Calliandra

pulcherrima, as adjuvant for immunization in the murine model of visceral 
leishmaniasis. Vaccine 23:1061-1071 

Daniell H, Chebolu S, Kumar S, Singleton M, Falconer R (2005) Chloroplast-
derived vaccine antigens and other therapeutic proteins. Vaccine 23:1779-
1783

De Buck S, Windels P, De Loose M, Depicker A (2004) Single copy T-DNAs 
integrated at different positions in the Arabidopsis genome display uniform 
and comparable -glucuronidase accumulation levels. Cell Mol Life Sci 
61:2632-2645

De Jaeger G, Scheffer S, Jacobs A, Zambre M, Zobell O, Goossens A, Depicker 
A, Angenon G (2002) Boosting heterologous protein production in transgenic 
dicotyledonous seeds using Phaseolus vulgaris regulatory sequences. Nat 
Biotechnol 20:1265-1268 

Ehsani P, Khabiri A, Domansky NN (1997) Polypeptides of hepatitis B surface 
antigen produced in transgenic potato. Gene 190:107-111 

Feldmann K, Marks M (1987) Agrobacterium-mediated transformation of 

Mol Gen Genet 208:1-9 
Franconi R, Di Bonito P, Dibello F, Accardi L, Muller A, Birilli A, Simeone P, 

Donà MG, Venuti A, Giorni C (2002) Plant-derived Human Papillomavirus 
16 E7 oncoprotein induces immune response and specific tumor protection. 
Cancer Res 62:3654-3658 

Gelvin SB (2000) Agrobacterium and plant genes involved in T-DNA transfer and 
integration. Annu Rev Plant Physiol Plant Mol Biol 51:223-256 

Gils M, Kandzia R, Marillonnet S, Klimyuk V, Gleba Y (2005) High-yield 
production of authentic human growth hormone using a plant virus-based 
expression system. Plant Biotech J 3:613-620 

Gleba Y, Marillonnet S, Klimyuk V (2004) Engeneering viral expression vectors 
for plants: the “full virus” and the “deconstructed virus” strategies. Curr Opin 
Plant Biol 7:182-188 

germinating seeds of Arabidopsis thaliana: a non-tissue culture approach. 



428     Chiara Lico, Selene Baschieri, Carla Marusic, Eugenio Benvenuto 

Gleba Y, Klimyuk V, Marillonnet S (2005) Magnifection – a new platform for 
expressing recombinant vaccines in plants. Vaccine 23:2042-2048 

Glenny AT, Pope CG, Waddington H, Wallace UJ (1926) The antigenic value of 
toxoid precipitated by potassium alum. J Pathol Bacteriol 29:31–40 

Glenz K, Bouchon B, Stehle T, Wallich R, Simon MM, Warzecha H (2006) 
Production of a recombinant bacterial lipoprotein in higher chloroplasts. Nat 
Biotechnol 24:76-77 

Gomez N, Carrillo C, Salinas J, Parra F, Borca MV, Escribano JM (1998) 
Expression of immunogenic glycoprotein S polypeptides from transmissible 
gastroenteritis coronavirus in transgenic plants. Virology 249:352-358 

Gomord V, Faye L (2004) Posttranslational modification of therapeutic proteins in 
plants. Curr Opin Plant Biol 7:171-181 

Hanin M, Paszkowski J (2003) Plant genome modification by homologous 
recombination. Curr Opin Plant Biol 6:157-162 

Haq TA, Mason HS, Clements JD, Arntzen CJ (1995) Oral immunization with a 
recombinant bacterial antigen produced in transgenic plants. Science 268:714-
716

Holmgren J, Czerkinsky C (2005) Mucosal immunity and vaccines. Nat Med 
11:S45-S53

Jacobsen NE, Fairbrother WJ Kensil CR, Lim A, Wheeler DA,Powell MF (1996) 
Structure of the saponin adjuvant QS-21 and its base-catalyzed isomerization 
product by 1H and natural abundance 13C NMR spectroscopy. Carbohydr Res 
280:1-14

Johnson J, Lin T, Lomonossoff G (1997) Presentation of heterologous peptides on 
plant viruses: genetics, structure and function. Annu Rev Phytopathol 35:67-
86

Kapusta J, Modelska A, Figlerowicz M, Pniewski T, Letellier M, Lisowa O, 
Yusibov V, Koprowski H, Plucienniczak A, Legocki AB (1999) A plant-
derived edible vaccine against hepatitis B virus. FASEB J 13:1796-1799 

Karasev AV, Foulke S, Weelens C, Rich A, Shon KJ, Zwierzynski I, Hone D, 
Koprowski H, Reitz M (2005) Plant based HIV-1 vaccine candidate: Tat 
protein produced in spinach. Vaccine 23:1875-1880 

Koya V, Moayeri M, Leppla SH, Daniell H (2005) Plant-based vaccine: mice 
immunized with chloroplast-derived anthrax protective antigen survive 
anthrax lethal toxin challenge. Infect Immun 73:8266-8274 

Koziel MG, Carozzi NB, Desai N (1996) Optimizing expression of transgenes 
with an emphasis on plant-transcriptional events. Plant Mol Biol 32:393-405 

Lacomme C, Smolenska S, Wilson TMA (1998) Genetic engineering and the 
expression of foreign peptides or proteins with plant virus-based vectors. In: 
Setlow JK (ed) Genetic Engineering: Principles and Methods. Plenum Press, 
New York, pp 225-237 

Lambert P-H, Liu M, Siegrist C-A (2005) Can successful vaccines teach us how to 
induce efficient protective immune responses? Nat Med 11: S54-S62 

Lelivelt CLC, McCabe MS, Newell CA, de Snoo CB, van Dun KMP, Birch-
Machin I, Gray JC, Mills KHG, Nugent JM (2005) Stable plastid 
transformation in lettuce (Lactuca sativa L.) Plant Mol Biol 58:763-774 



Molecular farming for antigen (vaccine) production in plants      429 

Malik K, Wu K, Li X-Q, Martin-Heller T, Hu M, Foster E, Tian L, Wang C, Ward 
K, Jordan M, Brown D, Gleddie S, Simmonds D, Zheng S, Simmonds J, Miki 
B (2002) A constitutive gene expression system derived from the tCUP 
cryptic promoter elements. Theor Appl Genet 105:505-514 

Mallory AC, Parks G, Endres MW, Baulcombe D, Bowman LH, Pruss GJ, Vance 
VB (2002) The amplicon-plus system for high-level expression of transgenes 
in plants. Nat Biotechnol 20: 622-625 

Marciani DJ, Reynolds RC, Pathak AK, Finley-Woodman K, May RD (2003) 
Fractionation, structural studies, and immunological characterization of the 
semi-synthetic Quillaja saponins derivative GPI-0100. Vaccine 21:3961-3971 

Marillonnet S, Giritch A, Gils M, Kandzia R, Klimyuk V, Gleba Y (2004) In 
planta engineering of viral RNA replicons: efficient assembly by 
recombination of DNA modules delivered by Agrobacterium. Proc Natl Acad 
Sci USA 101: 6852-6857 

Marillonnet S, Thoeringer C, Kandzia M, Klimyuk V, Gleba Y (2005) Systemic 
Agrobacterium tumefaciens-mediated transfection of viral replicons for 
efficient transient expression in plants. Nat Biotechnol 23:718-723 

Marusic C, Rizza P, Lattanzi L, Mancini C, Spada M, Belardelli F, Benvenuto E, 
Capone I (2001) Chimeric plant virus particle as immunogens for inducing 
murine and human immune response against Human Immunodeficiency virus 
Type 1. J Virol 75:8434-8439 

Mason HS, Lam DM, Arntzen CJ (1992) Expression of hepatitis B surface antigen 
in transgenic plants. Proc Natl Acad Sci USA 89:11745-11749 

Mason HS, Ball JM, Shi JJ, Jiang X, Estes MK, Arntzen CJ (1996) Expression of 
Norwalk capsid protein in transgenic tobacco and potato and its oral 
immunogenicity in mice. Proc Natl Acad Sci USA 93:5335-5340 

Mason HS, Haq TA, Clements JD, Arntzen CJ (1998) Edible vaccine protects 
mice against Escherichia coli heat-labile enterotoxin (LT): potatoes 
expressing a synthetic LT-B gene. Vaccine 16:1336-1343 

McGarvey PB, Hammond J, Dienelt MM, Hooper DC, Fu ZF, Dietzschold B, 
Koprowski H, Michaels FH (1995) Expression of the rabies virus glycoprotein 
in transgenic tomatoes. Bio/Technology 13:1484-1487 

Molina A, Veramendi J, Hérva-Stubbs S (2005) Induction of neutralizing 
antibodies by a tobacco chloroplast-derived vaccine based on a B cell epitope 
from canine parvovirus. Virology 342:266-275. 

Moore A, McCarthy L, Mills KHG (1999) The adjuvant combination 
monophosphoryl lipid A and QS21 switches T cell responses induced with a 
soluble recombinant HIV protein from Th2 to Th1. Vaccine 17:2517-2527. 

Nabel GJ (2001) Challenges and opportunities for development of an AIDS 
vaccine. Nature 410:1002-1007

Natilla A, Piazzolla G, Nuzzaci M, Saldarelli P, Tortorella C, Antonaci S, 
Piazzolla P (2004) Cucumber mosaic virus as carrier of a hepatitis C virus-
derived epitope. Arch Virol 149:137-154 

Nemchinov LG, Liang TJ, Rifaat MM, Mazyad HM, Hadidi A, Keith JM (2000)
Development of a plant-derived subunit vaccine candidate against hepatitis C 
virus. Arch Virol 145:2557-2573 



430     Chiara Lico, Selene Baschieri, Carla Marusic, Eugenio Benvenuto 

Newman MJ, Wu J-Y, Gardner BH, Anderson CA, Kensil CR, Recchia J, 
Coughlin RT, Powell MF (1997) Induction of cross-reactive cytotoxic T-
lymphocyte responses specific for HIV-1 gp120 using saponin adjuvant (QS-
21) supplemented subunit vaccine formulations. Vaccine 15:1001-1007 

Outchkourov NS, Peters J, de Jong J, Rademarkers W, Jongsma MA (2003) The 
promoter-terminator of chrysanthemum rbcS1 directs very high expression 
levels in plants. Planta 216:1003-1012 

Palmer KE, Thomson JA, Rybicki EP (1999) Generation of maize cell lines 
containing autonomously replicating maize streak virus-based gene vectors. 
Arch Virol 144:1345-1360 

Pérez Filgueira DM, Zamorano PI, Domìnguez MG, Taboga O, Del Médico Zajac 
MP, Puntel M, Romera SA, Morris TJ, Borca MV, Sadir AM (2003) Bovine 
herpes virus gD protein produced in plants using a recombinant tobacco 
mosaic virus (TMV) vector possesses authentic antigenicity. Vaccine 
21:4201-4209

Plotkin SA (2005) Vaccines: past, present and future. Nat Med 11:S5-S11 
Pogue GP, Lindbo JA, Garger SJ, Fitzmaurice WP (2002) Making an ally from an 

enemy: plant virology and the new agriculture. Annu Rev Phytopathol 40:45-
74

Porta C, Spall VE, Lin T, Johnson JE, Lomonosoff GP (1996) The development of 
cowpea mosaic virus as a potential source of novel vaccines. Intervirology 
39:79-84

Porta C, Lomonossoff GP (1998) Scope for using plant viruses to present epitopes 
from animal pathogens. Rev Med Virol 8:25-41 

Porta C, Spall VE, Findlay KC, Gergerich RC, Farrance CE, Lomonossoff GP 
(2003) Cowpea mosaic virus-based chimaeras. Effects of inserted peptides on 
the phenotype, host range, and transmissibility of the modified viruses. 
Virology 310:50-63 

Rae CS, Lhor IW, Wang Q, Destito G, Gonzalez MJ, Singh P, Thomas DM, 
Estrada MN, Powell E, Finn MG, Manchester M (2005) Systemic trafficking 
of plant virus nanoparticles in mice via the oral route. Virology 343:224-235 

Richter LJ, Thanavala Y, Arntzen CJ, Mason HS (2000) Production of hepatitis B 
surface antigen in transgenic plants for oral immunization. Nat Biotechnol 
18:1167-1171

Rivera E, Ekholm Pettersson F, Inganas M, Paulie S, Gronvik K-O (2005) The 
Rb1 fraction of ginseng elicits a balanced Th1 and Th2 immune response. 
Vaccine 23:5411-5419 

Ruf S, Hermann M, Berger IJ, Carrer H, Bock R (2001) Stable genetic 
transformation of tomato plastids and expression of a foreign protein in fruit. 
Nat Biotechnol 19:870-875 

Samac DA, Tesfaye M, Dornbusch M, Saruul P, Temple SJ (2004) A comparison 
of constitutive promoters for expression of transgenes in alfalafa (Medicago

sativa). Transgenic Res 13:349-361 



Molecular farming for antigen (vaccine) production in plants      431 

Santi L, Giritch A, Roy CJ, Marillonnet S, Klimyuk V, Gleba Y, Webb R, Arntzen 
CJ, Mason HS (2006) Protection conferred by recombinant Yersinia pestis

antigens produced by a rapid and highly scalable plant expression system. 
Proc Natl Acad Sci USA 24:861-866 

Schneeberger RG, Zhang K, Tatarinova T, Troukhan M, Kwok SF, Drais J, 
Klinger K, Orejudos, Macy K, Bhakta A, Burns J, Subramanian G, Donson J, 
Flavell R, Feldmann K (2005) Agrobacterium T-DNA integration in 
Arabidopsis is correlated with DNA sequence compositions that occur 
frequently in gene promoter regions. Funct Integr Genomics 5:240-253 

Sette A, Fikes J (2003) Epitope-based vaccines: an update on epitope 
identification, vaccine design and delivery. Curr Opin Immunol 15:461-470 

Singh M, O’Hagan D (1999) Advances in vaccine adjuvants. Nat Biotechnol 
17:1075-1081

Srivastava V, Ow DW (2004) Marker-free site-specific gene integration in plants. 
Trends Biotechnol 22:627-629

Stadler K, Rappuoli R (2005) SARS: understanding the virus and development of 
rational therapy. Curr Mol Med 5:677-697 

Stephenson I, Nicholson KG, Wood JM, Zambon MC, Katz JM (2004) 
Confronting the avian influenza threat: vaccine development for a potential 
pandemic.

 
Lancet Infect Dis 4:499-509 

Stephenson I, Bugarini R, Nicholson KJ, Podda A, Wood JM, Zambon MC, Katz 
JM (2005) Cross-reactivity to highly pathogenic avian influenza H5N1 viruses 
after vaccination with nonadjuvanted and MF59-adjuvanted influenza 
A/Duck/Singapore/97 (H5N3) vaccine: a potential priming strategy. J Infect 
Dis 191:1210-1215 

Streatfield SJ, Jilka JM, Hood EE, Turner DD, Bailey MR, Mayor JM, Woodard 
SL, Beifuss KK, Horn ME, Delaney DE, Tizard IR, Howard JA (2001) Plant-
based vaccines: unique advantages. Vaccine 19:2742-2748 

Sugiyama Y, Hamamoto H, Takemoto S, Watanabe Y, Okada Y (1995) Systemic 
production of foreign peptides on the particle surface of tobacco mosaic virus. 
FEBS Lett 359:247-250 

Sullivan ML, Green PJ (1993) Post-transcriptional regulation of nuclear-encoded 
genes in higher plants: the roles of mRNA stability and translation. Plant Mol 
Biol 23:1091-1104 

Tackaberry ES, Dudani AK, Prior F, Tocchi M, Sardana R, Altosaar I, Ganz PR 
(1999) Development of biopharmaceuticals in plant expression systems: 
cloning, expression and immunological rectivity of human cytomegalovirus 
glycoprotein B (UL55) in seeds of transgenic tobacco. Vaccine 17:3020-3029 

Tacket CO, Mason HS, Losonsky G, Clements JD, Levine MM, Arntzen JC 
(1998) Immunogenicity in humans of a recombinant bacterial antigen 
delivered in transgenic potato. Nat Med 4:607-609 

Tacket CO, Mason HS, Losonsky G, Estes MK, Levine MM, Arntzen JC (2000) 
Human immune responses to a novel Norwalk virus vaccine delivered in 
transgenic potatoes. J Infect Dis 182:302-305 



432     Chiara Lico, Selene Baschieri, Carla Marusic, Eugenio Benvenuto 

Tacket CO, Pasetti M, Edelman R, Howard JA, Streatfield S (2004) 
Immunogenicity of recombinant LT-B delivered orally to humans in 
transgenic corn. Vaccine 22:4385-4389 

Taylor NJ, Fauquet CM (2002) Microparticle bombardment as a tool in plant 
science and agricultural biotechnology. DNA Cell Biol 21:963-977 

Terada R, Urawa H, Inagaki Y, Tsugane K, Iida S (2002) Efficient gene targeting 
by homologous recombination in rice. Nat Biotechnol 20:1030-1034 

Thanavala Y, Yang Y, Lyons P, Mason HS, Arntzen C (1995) Immunogenicity of 
transgenic plant-derived hepatitis B surface antigen. Proc Natl Acad Sci USA 
92:3358-3361

Thanavala Y, Mahoney M, Pal S, Scott A, Richter L, Natarajan N, Goodwin P, 
Arntzen CJ, Mason HS (2005) Immunogenicity in humans of an edible 
vaccine for hepatitis B. Proc Natl Acad Sci USA 102:3378-3382 

Tinland B (1996) The integration of T-DNA into plant genome. Trends Plant Sci 
1:178-184

Tregoning JS, Nixon P, Kuroda H, Svab Z, Clare S, Bowe F, Fairweather N, 
Ytterberg J, Wijk KJ, Dougan G, Maliga P (2003) Expression of tetanus toxin 
Fragment C in tobacco chloroplasts. Nucleic Acid Res 31:1174-1179 

Tuboly T, Yu W, Bailey A, Degrandis S, Du S, Erickson L, Nagy E (2000) 
Immunogenicity of porcine transmissible gastroenteritis virus spike protein 
expressed in plants. Vaccine 18:2023-2028 

Turpen TH, Reinl SJ, Charoenvit Y, Hoffman SL, Fallarme V, Grill LK (1995) 
Malarial epitopes expressed on the surface of recombinant tobacco mosaic 
virus. Bio/Technology 13:53-57 

Verch T, Hooper DC, Kiyatkin A, Steplewski Z, Koprowski H (2004) 
Immunization with a plant-produced colorectal cancer antigen. Cancer 
Immunol Immunother 53: 92-99 

Wang D, Hu Y, Sun J, Kong X, Zhang B, Liu J (2005) Comparative study on 
adjuvanticity of compound Chinese herbal medicinal ingredients. Vaccine 
23:3704-3708

Wang Q, Kaltgrad E, Lin T, Johnson JE, Finn MG (2002a) Natural 
supramolecular building blocks: wild-type Cowpea Mosaic Virus. Chem Biol 
9:805-811

Wang Q, Lin T, Johnson JE, Finn MG (2002b) Natural supramolecular building 
blocks: cysteine-added mutants of Cowpea Mosaic Virus. Chem Biol 9:8135-
819

Wigdorovitz A, Pérez Filgueira DM, Robertson N, Carrillo C, Sadir AM, Morris 
TJ, Borca MV (1999) Protection of mice against challenge with Foot and 
Mouth Disease Virus (FMDV) by immunization with foliar extracts from 
plants infected with recombinant tobacco mosaic virus expressing the FMDV 
structural protein VP1. Virology 264:85-91 

Williamson JD, Hirsch-Wyncott ME, Larkins BA, Gelvin SB (1989) Differential 
accumulation of a transcript driven by the CAMV 35S promoter in transgenic 
tobacco. Plant Physiol 90:1570-1576. 



Molecular farming for antigen (vaccine) production in plants      433 

Yusibov V, Modelska A, Steplewski K, Agadjanyan M, Weiner D, Hooper DC, 
Koprowsky H (1997) Antigens produced in plants by infection with chimeric 
plant viruses immunize against rabies virus and HIV-1. Proc Natl Acad Sci 
USA 94:5784-5788 

Yusibov V, Hooper DC, Spitsin SV, Fleysh N, Kean RB, Mikheeva T, Deka D, 
Karasev A, Cox S, Randall J, Koprowski H (2002) Expression in plants and 
immunogenicity of plant virus-based experimental rabies vaccine. Vaccine 
20:3155-3164

Yusibov V, Mett V, Mett V, Davidson C, Musiychuk K, Gilliam S, Farese A, 
MacVittie T, Mann D (2005) Peptide-based candidate vaccine against 
respiratory syncytial virus. Vaccine 23:2261-2265 

Zang X, Mason H (2005) Bean Yellow Dwarf Virus replicons for high-level 
transgene expression in transgenic plants and cell cultures. Biotechnol 
Bioengineering 93:271-279 



15

Molecular farming of antibodies in plants

1 2 2

1Department of Biology, University of York, Heslington, York YO10 
5DD, United Kingdom (e-mail: Richard@writescience.com)2 Fraunhofer
Institute for Molecular Biology and Applied Ecology (IME), Forckenbeck-
strasse 6, 52074 Aachen, Germany (e-mail: rai-
ner.fischer@ime.fraunhofer.de)

1. Introduction 

Antibodies are multi-subunit glycoproteins, produced by the vertebrate 
immune system. They recognize and bind to their target antigens with 
great affinity and specificity, which allows them to be used for many ap-
plications, including the diagnosis, prevention and treatment of human and 
animal disease (Anderson and Krummen 2003; Chad and Chamow 2001; 
Fischer and Emans 2000). It is estimated that approximately 1000 thera-
peutic recombinant antibodies are under development, up to one quarter of 
which may already be undergoing clinical trials. A large proportion of 
these antibodies recognize cancer antigens but others have been developed 
for the diagnosis and treatment of infectious diseases, acquired disorders 
and even transplant rejection (Gavilondo and Larrick 2000). As well as 
biomedical applications, antibodies can also be exploited to prevent dis-
eases in plants (Schillberg et al. 2001), to detect and remove environmental 
contaminants, and for various industrial processes such as affinity purifica-
tion and molecular targeting (Stoger et al. 2005b). 

With such a diverse spectrum of uses, the potential market for antibod-
ies is extremely large and there is considerable interest in high-capacity 
production technologies that are robust, economical and safe. Over the last 
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15 years, plants have emerged as a convenient, economical and scalable al-
ternative to the mainstream antibody production systems which are based 
on the large-scale culture of microbes or animal cells (Chu and Robinson 
2001; Wurm 2004). In this chapter, we discuss the advantages and disad-
vantages of plants for antibody production, the diverse plant-based systems 
which are now available, and factors governing the success of antibody 
production in plants. We begin, however, with a brief overview of recom-
binant antibody technology and the diversity of antibody formats and de-
rivatives that can now be synthesized. 

2. Recombinant antibody technology 

2.1 Structure of natural antibodies 

The typical antibody format is the mammalian serum antibody, which 
comprises two identical heavy chains and two identical light chains joined 
by disulfide bonds (Figure 15.1).

cate continuation of the polypeptide backbone (simple lines indicate the constant parts of 
the antibody, curly lines indicate the variable regions). Antibody domains are indicated by 
circles. Disulfide bonds are represented by thick black bars.

Each heavy chain is folded into four domains, two either side of a flexible 
hinge region which allows the multimeric protein to adopt its characteristic 
Y-shape. Each light chain is folded into twodomains. The N-terminal domain 
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heavy chains (dark gray) and two identical light chains (light gray). Solid black lines indi-
Fig. 15.1. Structure of a typical mammalian serum antibody, comprising two identical 
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of each of the four chains is variable, i.e. it differs among individual B-
cells due to unique rearrangements of the germ-line immunoglobulin 
genes. This part of the molecule is responsible for antigen recognition and 
binding. The remainder of the antibody comprises a series of constant do-
mains, which are involved in effector functions such as immune cell rec-
ognition and complement fixation.  Below the hinge, in what is known as 
the Fc portion of the antibody, the constant domains are class-specific. 
Mammals produce five classes of immunoglobulins (IgG, IgM, IgA, IgD 
and IgE) with different effector functions. The Fc region also contains a 
conserved asparagine residue at position 297 to which N-glycan chains are 
added. The glycan chains play an important role both in the folding of the 
protein and the performance of effector functions (Jefferis 2001). 

Antibodies are also found in mucosal secretions, and these secretory 
antibodies have a more complex structure than serum antibodies. They are 
dimers of the serum-type antibody, the two monomers being attached by 
an additional component called the joining chain. There is also a further 
polypeptide called the secretory component, which protects the antibodies 
from proteases (Figure 15.2).

serum antibody, and including two additional components, the joining chain (black disc) 
and secretory component (white disc). Heavy chains are shown in dark gray and light 
chains in light gray. Solid black lines indicate continuation of the polypeptide backbone 
(simple lines indicate the constant parts of the antibody, curly lines indicate the variable re-
gions). Antibody domains are indicated by circles. Disulfide bonds are represented by thick 
black bars.

Fig. 15.2. Structure of a mammalian secretory antibody, comprising a dimer of the typical 
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2.2 Humanized recombinant monoclonal antibodies 

Antibodies obtained from immunized animals are polyclonal, i.e. derived 
from many different B-cells. The advantage of monoclonal antibodies, i.e. 
antibodies derived from a single clone of B-cells, is that their binding 
specificity does not vary. The traditional source of monoclonal antibodies 
is murine B-cells.  To provide a constant source of the antibody, B-cells of 
appropriate specificity are fused to immortal myeloma cells to produce a 
hybridoma cell line. However, the use of murine hybridoma-derived anti-
bodies as therapeutics is limited because the murine components of the an-
tibodies are immunogenic in humans, resulting in a so-called human anti-
mouse antibody (HAMA) response. Therefore, numerous strategies have 
been developed to humanize murine monoclonal antibodies (Kipriyanov 
and Little 1999) culminating in the production of transgenic mice express-
ing the human immunoglobulin genes (Green 1999).  An alternative ap-
proach is to use phage display libraries based on the human immune reper-
toires. Phage display is advantageous because high-affinity antibodies can 
be identified rapidly, novel combinations of heavy and light chains can be 
tested and the DNA sequence encoding the antibody is indirectly linked to 
the antibody itself (Griffiths and Duncan 1998; Sidhu 2000).  This avoids 
the laborious isolation of cDNA or genomic immunoglobulin sequences 
from hybridoma cell lines. 

2.3 Recombinant antibody derivatives 

The expression of serum type or secretory type antibodies as recombinant 
molecules requires the preparation and expression of two and four differ-
ent transgenes, respectively. However, this is often an unnecessary com-
plication because in many cases the effector functions conferred by the 
constant regions are neither required nor desired. The constant regions of 
native immunoglobulins are not required for antigen binding, and the vari-
able regions of the heavy and light chains can interact perfectly well when 
joined on the same polypeptide molecule (Chad and Chamow 2001; 
Fischer and Emans 2000). Smaller antibody derivatives which still require 
two chains include Fab and F(ab )2 fragments (which contain only the se-
quences distal to the hinge region), and minibodies which contain only part 
of the constant portion of the molecule. Other derivatives such as large 
single chains, single chain Fv fragments (scFvs) and diabodies contain the 
variable regions of the heavy and light chains joined by a flexible peptide 
chain. Such derivatives are often more effective as drugs than full-length 
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immunoglobulins because they show increased penetration of target tissues,
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reduced immunogenicity and they are cleared from tissues more rapidly. 
Another variant is the camelid serum antibody, which is unique in that it 
only contains heavy chains. A full-size camelid antibody can therefore be 
expressed from a single transgene. Further, more specialized derivatives 
include bispecific scFvs, which contain the antigen-recognition elements 
of two different immunoglobulins and can bind to two different antigens, 
and scFv-fusions, which are linked to proteins with additional functions. 
Examples of all these antibody derivatives are shown in Figure 15.3. 

Fig. 15.3. Structure of recombinant antibody derivatives and atypical antibody formats, 
most of which have been expressed in plants. Heavy chain derivatives are shown in dark 
gray and light chain derivatives in light gray. Solid black lines indicate continuation of the 
polypeptide backbone (simple lines indicate the constant parts of the antibody, curly lines 
indicate the variable regions). Antibody domains are indicated by circles. Disulfide bonds 
are represented by thick black bars. The black disc indicates a new functional protein do-
main in the scFv fusion protein.

Minibody Fab fragment Single chain Fv 
fragment (scFv)

Diabody Bispecific scFv

Camelid heavy chain scFv-fusion

Single 
variable 
domain

Large single chain

Antigen 1

Antigen 2

Minibody Fab fragment Single chain Fv 
fragment (scFv)

Diabody Bispecific scFv

Camelid heavy chain scFv-fusion

Single 
variable 
domain

Large single chain

Antigen 1

Antigen 2
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3. Expression systems for recombinant antibodies 

3.1 Traditional expression systems

Most of the recombinant full-length immunoglobulins being developed as 
pharmaceuticals are produced in mammalian cell culture, a few in hybri-
doma lines but most in immortalized lines which have been cleared by the 
FDA and equivalent authorities in other countries. These lines include 
Chinese hamster ovary (CHO) cells, the murine myeloma cells lines NS0 
and SP2/0, baby hamster kidney (BHK) and human embryonic kidney 
(HEK)-293 cells, and the human retinal line PER-C6 (Chu and Robinson 
2001).  The main reason for this is the belief that mammalian cells yield 
authentic products, particularly in terms of glycosylation patterns. How-
ever, there are minor differences in glycan chain structure between rodent 
and human cells. For example, human antibodies contain only the sialic 
acid residue N-acetylneuraminic acid (NANA) while rodents produce a 
mixture of NANA and N-glycosylneuraminic acid (NGNA) (Raju et al. 
2000).  There are many disadvantages to mammalian cell cultures, includ-
ing the high set-up and running costs, the limited opportunities for scale-up 
and the potential contamination of purified recombinant antibodies with 
human pathogens.  Bacterial fermentation systems are more cost effective 
than mammalian cell cultures and are therefore preferred for the produc-
tion of Fab fragments and scFvs since these derivatives are not glycosy-
lated.  Even so, the yields of such products in bacteria are generally low 
because the proteins do not fold properly (Baneyx and Mujacic 2004).  The 
main reason for sticking to these systems is that they are well characterized 
and established, and conform to the strict and extensive regulatory systems 
governing biopharmaceutical production. 

Several alternative production systems have been explored, some of 
which are now well established while others are still experimental. In the 
former category, yeast and filamentous fungi have the advantages of bacte-
ria (economy, robustness) but do have the tendency to hyper-glycosylate 
recombinant proteins (Gerngross 2004), while insect cells can be cultured 
in the same way as mammalian cells (although more cheaply) but also 
produce distinct glycan structures (Ikonomou et al. 2003). A more recent 
development is the production of antibodies in the milk of transgenic ani-
mals (Dyck et al. 2003). A disadvantage of animals, in common with cul-
tured mammalian cells, is the existence of safety concerns about the 
transmission of pathogens or oncogenic DNA sequences. Finally, hen’s 
eggs could also be used as a production system since they are protein rich 
and already synthesize endogenous antibodies, but they remain a relatively 
unexplored potential expression system (Harvey et al. 2002). 
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3.2 Antibody expression in plants 

Plants offer a unique combination of advantages for the production of 
pharmaceutical antibodies (Twyman et al. 2003, 2005; Ma et al. 2003). 
The main benefit is the low production costs, reflecting the fact that tradi-
tional agricultural practices and unskilled labor are sufficient for maintain-
ing and harvesting antibody-expressing crops. Also, large-scale processing 
infrastructure is already in place for most crops. Scale-up is rapid and effi-
cient, requiring only the cultivation of more land. There are minimal risks 
of contamination with human pathogens. 

The general eukaryotic protein synthesis pathway is conserved between 
plants and animals, so plants can efficiently fold and assemble full-size se-
rum immunoglobulins (as first demonstrated by Hiatt et al. 1989) and sec-
retory IgAs (first shown by Ma et al. 1995). In the latter case, four differ-
ent subunits need to assemble in the same plant cell to produce a functional 
product, even though two different cell types are required in mammals. 
The post-translational modifications carried out by plants and animals are 
not identical to those in mammals, but they are very similar (certainly 
more so than fungal and insect systems). There are minor differences in the 
structure of complex glycans, such as the presence in plants of the residues 

1,3-fucose and 1-2 xylose, which are absent from mammals (Cabanes-
Macheteau et al. 1999). These residues are immunogenic in several mam-
mals including humans, but curiously not in mice and only after multiple 
exposures in rats (Gomord et al. 2005; Faye et al. 2005). However, as dis-
cussed in more detail below, there are now many studies which show how 
the glycan profile of proteins produced in plants can be ‘humanized’. As 
well as full-size antibodies, various functional antibody derivatives have 
also been produced successfully in plants, including Fab fragments, scFvs, 
bispecific scFvs, single domain antibodies and antibody fusion proteins 
(see Twyman et al. 2005). 

4. Different plant-based expression systems 

4.1 Nuclear transgenic plants (terrestrial crop species) 

The most widely used strategy for antibody production in plants is the nu-
clear transgenic system, in which the antibody transgenes are transferred to 
the plant nuclear genome. The advantages of this approach when used in 
our major terrestrial crop species include: 1) transformation is a fairly rou-
tine procedure in many species and can be achieved by a range of methods,
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the two most common of which are Agrobacterium-mediated transformation
and the delivery of DNA-coated metal particles by microprojectile bom-
bardment; 2) a stable transgenic line can be used as a permanent genetic 
resource; 3) among the various plant systems it is the simplest to maintain 
(once the producer line of transgenics is available) and is ultimately the 
most scalable; 4) it is possible to establish seed master banks. Disadvan-
tages, compared to other plant systems, include the relatively long devel-
opment time (required for transformation, regeneration, analysis of trans-
genics, selection and bulking up of the producer line), the unpredictable 
impact of epigenetic events on transgene expression (e.g. post-
transcriptional gene silencing, position effects) and the potential for trans-
gene spread from some crops through outcrossing. A range of different 
crops have been explored for antibody production, and the main categories 
are described below.

4.1.1 Leafy crop systems 

Leafy crops have two major benefits – they have a large biomass which 
translates to large product yields, and flowering can be prevented (e.g. ge-
netically, or by emasculation) to avoid the spread of transgenic pollen. On 
the other hand, leaf tissue is very watery, so proteins are expressed and ac-
cumulate in an aqueous environment in which they are subject to degrada-
tion. This means that antibody-containing leaves generally have to be 
processed soon after harvest, or otherwise frozen or dried which can add 
significantly to production costs. Tobacco (Nicotiana tabacum) has the 
longest history as a pharmaceutical production crop, having been used to 
express the very first plant-derived antibodies and many of the others since 
(Table 15.1).

The major advantages of tobacco are the well-established technology for 
gene transfer and expression, the high biomass yield (over 100,000 kg per 
hectare for close cropped tobacco, since it can be harvested up to nine 
times a year) and the existence of large-scale infrastructure for processing 
that does not come into contact with the human or animal food chains. Par-
ticularly due to the yield potential and safety features, tobacco could be a 
major source of plant-derived recombinant antibodies in the future. 
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Table 15.1. Recombinant therapeutic or diagnostic recombinant antibodies produced by 
molecular farming in plants and reported in the scientific literature (many antibodies in 
commercial development remain undisclosed until IP rights have been secured). Antibodies 
with alternative applications, such as phytomodulation or the prevention of plant disease, 

Antigen  Antibody 
format

Production
system

Comments References 

B cell lymphoma, 
murine 38C13 

scFv Virus vectors in 
tobacco leaves 

Maximum yield 
30.2μg/g leaves 

McCormick et 
al. (1999) 

scFv, IgG1 Tobacco 
agroinfiltration

Vaquero et al. 
(1999)

dAb Tobacco, agro-
infiltration and 
transgenic
plants

Directed to apoplast 
or ER. Maximum 
yields 5μg scFv/g 
leaves, 1μg IgG/g 
leaves

Vaquero et al. 
(2002)

scFv Rice, rice cell 
cultures

Directed to apoplast 
or ER. Maximum 
yields 3.8μg/g cal-
lus, 29μg/g leaves, 
32μg/g seed 

Torres et al. 
(1999), Stoger 
et al. (2000) 

scFv wheat Directed to apoplast 
or ER. Maximum 
yields900ng/g
leaves, 1.5μg/g seed

Stoger et al. 
(2000)

Carcinoembryonic
antigen

scFv pea Directed to rER. 
Maximum yield 
9μg/g seed

Perrin et al. 
(2000)

CD-40 scFv-
fusion

Tobacco sus-
pension cells 

Secreted to 
apoplast. Yield not 
reported.

Francisco et 
al. (1997) 

Colon cancer anti-
gen

IgG Virus vectors in 
tobacco leaves 

Yield not reported. Verch et al. 
(1998)

Epidermal growth 
factor receptor 
(EGFR)

IgG Tobacco Aglycosylated anti-
body was directed 
to the ER and binds 
to EGFR expressed 
on the surface of 
human tumor cells. 

Rodriguez et 
al. (2005) 

are not listed.
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Antigen  Antibody 
format

Production
system

Comments References 

IgG1, Fab Tobacco leaves 
Arabidopsis
leaves

Accumulated in nu-
cleolus or apoplast. 
Maximum yield 
1.3% TSP. 

De Neve et al. 
(1993), De 
Wilde et al. 
(1998)

Human creatine 
kinase

scFv Tobacco leaves Direct to cytosol or 
apoplast. Maximum 
yield 0.01% TSP

Bruyns et al. 
(1996)

Rhesus D antigen IgG1 Arabidopsis 
leaves

Reacted with RhD+

cells in antiglobulin 
technique and elic-
ited a respiratory 
burst in human pe-
ripheral blood 
mononuclear cells. 

Bouquin et al. 
(2002)

Ferritin scFv Tobacco leaves  Semenyuk et 
al. (2002) 

IgG Tobacco leaves Up to 25 mg anti-
body per kg bio-
mass

Valdez et al. 
(2003a,b)

Hepatitis B virus 
surface antigen 

IgG Tobacco sus-
pension cells 

Complement-
dependent cytotox-
icity demonstrated 

Yano et al. 
(2004)

rus 2 apoplast. Yield not 
reported.

Zeitlin et al. 
(1998)

HIV antibodies in 
blood

scFv-
fusion

Tobacco leaves, 

potato tubers 

Maximum yield Schunmann et 
al. (2002) 

scFv, dAb, Tobacco leaves Secreted to 
apoplast. Maximum 
yield 40 mg/kg 

Kathuria et al. 
(2002)

Human choriogo-
nadotrophin

IgG1, di-
abody

Tobacco and 
winter cherry 
leaves

or ER. Glycan pat-

Human IgG IgG1 Alfalfa 
apoplast. Maximum 
yield 1% TSP. 

Khoudi et al. 
(1999)

Interleukin-4 scFv Tobacco roots  Ehsani et al. 
(2003)

Interleukin-6 scFv Tobacco roots  

Maximum yield 
0.18% TSP 

Ehsani et al. 
(2003)
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Antigen  Antibody 
format

Production
system

Comments References 

of Bacillus an-
thracis

neutralized in vitro 
and in vivo. 

(2005)

Rabies virus IgG Tobacco Directed to the ER. 
Activity of the ra-
bies virus was neu-
tralized. Glycan 
patterns were ana-
lyzed.

Ko et al. 
(2003)

Salmonella
enterica
lipopolysaccharide

scFv Tobacco 41.7 μg purified 
scFv per g leaf tis-
sue

Makvandi-
Nejad et al. 
(2005)

sIgA Tobacco leaves Secreted to 
apoplast. Maximum 
yield 500 μg/g fresh 
weight

Ma et al. 
(1995)

IgG1 Tobacco leaves Directed to plasma 
membrane Maxi-
mum yield 1.1% 
TSP in leaves 

Vine et al. 
(2001)

Streptococcal sur-
face antigen (I/II) 

IgG1 Secretion from 
tobacco roots 

Up to 11.7 g per 
gram dry root 
weight per day 

Drake et al. 
(2003)

Substance P VH Tobacco leaves Secreted to 
apoplast. Maximum 
yield 1% TSP. 

Benvenuto et 
al. (1991) 

Tetanus toxin C IgG2a 
fused to 
tetanus
toxin C 

Tobacco Animals immunized 
with recombinant 
immune complex 
without adjuvant 
were fully protected 
against lethal chal-
lenge

Chargelegue
et al. (2005) 

Tumor-associated
antigen EpCAM 

IgG Tobacco Secreted to the 
apoplast. Binding 
activity to colon 
cancer cells and 
tumor inhibition ac-
tivity in nude mice. 

Ko et al. 
(2005)

Table 15.1. Continue:-

Protective antigen IgG N. benthamiana Toxin activity was Hull et al. 
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Another leafy crop that has been evaluated for antibody expression is al-
falfa (Medicago sativa). This has been developed as a production crop by 
the Canadian biotechnology company Medicago Inc., and they have se-
cured a robust IP portfolio covering the use of expression cassettes for 
biopharmaceutical proteins in this species. Although not as prolific as to-
bacco, alfalfa nevertheless produces large amounts of leaf biomass and has 
a high leaf protein content. Alfalfa also lacks the toxic metabolites pro-
duced in many tobacco cultivars which are often cited as a disadvantage, 
but instead it contains high levels of oxalic acid, which can affect protein 
stability. Alfalfa is particularly useful because it is a perennial plant that is 
easily propagated by stem cutting to yield clonal populations. Although al-
falfa has been put on the biosafety ‘hit list’ by the regulators because it 
outcrosses with wild relatives, this does not detract from the excellent 
properties of this species for antibody production under containment. Al-
falfa has been used for the production of a diagnostic IgG that recognizes 
epitopes specific to the constant regions of human IgG (Khoudi et al. 
1999) and several further antibodies in development by Medicago Inc. 

4.1.2 Dry seed crops 

The problem of protein instability in leafy tissue (see above) can be over-
come by expressing antibodies in the dry seeds of cereals and grain leg-
umes. Several different species have been investigated for antibody pro-
duction including four major cereals (maize, rice, wheat, barley) and two 
legumes (soybean, pea). The idea is that such crops would be beneficial for 
production in developing countries, where on-site processing would not be 
possible and a cold chain could not be maintained. The accumulation of 
recombinant antibodies in seeds allows long term storage at ambient tem-
peratures because the proteins accumulate in a stable form. Seeds have the 
appropriate molecular environment to promote protein accumulation, and 
achieve this through the creation of specialized storage compartments such 
as protein bodies and storage vacuoles that are derived from the secretory 
pathway. Seeds are also desiccated, which reduces the level of both non-
enzymatic hydrolysis and protease degradation. It has been demonstrated 
that antibodies expressed in seeds remain stable for at least three years at 
ambient temperatures with no detectable loss of activity (Stoger et al. 
2005a).

As well as their advantages in terms of product stability, seed expression 
might also be beneficial in terms of downstream processing because seeds 
have a relatively simple proteome (therefore minimizing the likelihood that 
endogenous proteins would be co-purified) and lack the phenolic com-
pounds abundant in leaves that can interfere with affinity purification. The 
restriction of recombinant protein accumulation to seeds also helps to 
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avoid any potentially negative effects on the growth and development of 
vegetative plant organs, and on animals and micro-organisms that interact 
with the plant or feed on its leaves. 

Disadvantages of seed crops include the lower overall yields that have 
been obtained. The intrinsic yields are in a few cases higher than tobacco 
(e.g. on a kilogram per kilogram basis of harvested material, rice grains 
can accumulate more antibody than tobacco leaves (Stoger et al. 2002), but 
the vast abundance of harvested biomass per hectare from a tobacco crop 
far outweighs this. Also, seeds are regarded as viable genetically modified 
organisms in their own right, so while the transport of harvested transgenic 
tobacco leaves should not cause any problems, the transport of seeds could 
fall foul of national and international regulations on the transport of 
GMOs; the seeds would have to be crushed to flour beforehand and this 
might offset the advantage of increased product longevity. 

Maize seeds have been investigated as an antibody production vehicle 
by Prodigene Inc., following successful demonstrations of the economical 
production of other valuable proteins using this system, including avidin 
and -glucuronidase. Initial findings for the expression of a secretory IgA 
in maize showed that the four chains were expressed, directed to the cell 
wall matrix and assembled correctly. The product accumulated to 0.3% to-
tal soluble protein in the T1 seeds, and based on previous results, signifi-
cant improvements were anticipated though selective breeding (Hood et al. 
2002). An antibody derivative used for HIV diagnostics has been ex-
pressed in barley, and has achieved a yield of 150 g g-1.

Finally, antibodies have also been produced in soybean, although in this 
particular case it was expressed constitutively and isolated from the leaves 
rather than from the seeds (Zeitlin et al. 1998). Soybean has been investi-
gated as a potential production crop by Prodigene and others because it is a 
self-fertilizing crop with a high biomass yield, but product yields have 
been low and the system has been largely abandoned.

4.1.3 Fruit and vegetable crops 

Recombinant antibodies have been produced in potato and tomato, which 
also offer certain advantages over other crops. Proteins accumulating in 
potato tubers are generally stable, because like the cereal seed endosperm, 
these are storage organs that are adapted for high level protein accumula-
tion. The potential of potato tubers for antibody production was first dem-
onstrated by Artsaenko et al. (1998), who produced a scFv fragment spe-
cific for the inflammatory agent oxazolone. Potatoes have since been 
developed as a general production host for antibodies (De Wilde et al. 
2002) as well as other biopharmaceuticals based on antibodies (Schun-
mann et al. 2002).  Fruit crops have another potential advantage, which is 
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antibody expression in organs that are consumed raw allows the direct oral 
administration of recombinant antibodies designed for passive immuno-
therapy, such as protection of the oral cavity against pathogens. Stoger et 
al. (2002) describe preliminary experiments in which scFv84.66, recogniz-
ing the carinoembryonic antigen (CEA), is expressed in tomato fruits, al-
though the accumulation levels were rather low (0.3 g per gram fresh 
weight). Other advantages of tomato include the high biomass yields 
(about 68,000 kg per hectare, approaching the yields possible in tobacco) 
and the increased containment offered by growth in greenhouses. 

4.2 The chloroplast transgenic system (terrestrial crop species) 

Instead of introducing transgenes into the nuclear genome, they can be tar-
geted to the chloroplast genome using particle bombardment or another 
physical DNA delivery technique and ensuring the transgene is embedded 
in a chloroplast DNA homology region (Maliga 2003, 2004). The main 
benefits of the chloroplast system are that there are thousands of chloro-
plasts in a typical leaf cell, yet only one nucleus – therefore, the number of 
transgene copies in the cell following plastid transformation and the estab-
lishment of homoplasmy is much higher promising greater product yields. 
This is enhanced by the absence of epigenetic phenomena such as trans-
gene silencing in the chloroplast genome. Chloroplasts, derived from an-
cient bacteria, also support operon-based transgenes allowing the expres-
sion of multiple proteins from a single transcript. Finally, and perhaps 
most importantly from the regulatory perspective, chloroplasts are absent 
from the pollen of most of our food crops, which limits the potential for 
outcrossing (Daniell et al. 2005a). 

There are two disadvantages to the chloroplast system – first, chloro-
plast transformation is not a standard procedure and is thus far limited to a 
relatively small number of crops (tobacco, tomato, potato, cotton, soybean 
and most recently lettuce and cauliflower (Daniell et al. 2005b; Lelivelt et 
al. 2005; Nugent et al. 2006). Secondly, since chloroplasts are derived 
from ancient bacteria they lack much of the eukaryote machinery for post-
translational modification, i.e. they are unable to synthesize glycan chains. 
For this reason, they would be suitable for the production of scFvs but not 
full-size immunoglobulins. 

In the only published report thus far dealing with antibody expression in 
terrestrial plant chloroplasts, a camelid antibody fragment was expressed 
in tobacco using an inducible T7-promoter system. Transcripts could be 
detected but no protein (Magee et al. 2004). However, antibodies have 
been expressed successfully in algal chloroplasts (see below). 
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4.3 Antibody production by transient expression (leafy crops) 

Transient expression assays are generally used to evaluate the activity of 
expression constructs or test the functionality of a recombinant protein be-
fore committing to the long term goal of generating transgenic plants.  
However, transient expression can also be used as a routine production 
method if enough protein can be produced to make the system economi-
cally viable.  The advantages of this approach include the minimal set-up 
costs and the rapid onset of protein expression, but scaling up is expensive 
and impractical so this type of system is particularly useful for the produc-
tion of high-value proteins such as therapeutic antibodies, which have spe-
cialized markets and are required in small amounts.

An example of a transient expression system is the agroinfiltration 
method, where recombinant Agrobacterium tumefaciens are infiltrated into 
tobacco leaf tissue under vacuum and milligram amounts of protein can be 
produced within a few weeks (Kapila et al. 1997). This system has also 
been developed in alfalfa by Medicago researchers (D’Aoust et al. 2004) 
and is applicable in many other leafy species (Markus Sack, personal 
communication). Although stable transformation occurs at very low effi-
ciency, many cells are initially transiently transformed only for the exoge-
nous DNA to get diluted and degraded. However, before this happens, 
most cells contain the T-DNA and can express any transgenes carried 
therein. As extrachromosomal constructs, these unintegrated T-DNAs are 
free from position effects and epigenetic silencing phenomena that often 
reduce of abolish the expression of integrated nuclear transgenes.

A number of different antibodies and their derivatives have been pro-
duced by agroinfiltration, including the full-size IgG T84.66 along with its 
scFv and diabody derivatives (Vaquero et al. 1999, 2002) and a chimeric 
full-size IgG known as PIPP, along with its scFv and diabody derivatives, 
which recognizes human chorionic gonadotropin (Kathuria et al. 2002). 

4.4 Plant viruses as expression vectors 

Plant viruses are advantageous for the production of antibodies because vi-
ral genomes are easier to manipulate than plant genomes, and the infection 
of plants with recombinant viruses is a very simple process compared to 
the regeneration of transgenic plants. Potentially, plants carrying recombi-
nant viruses can be grown on the same scale as transgenic plants, but with 
a much shorter development time. Viral infections are generally systemic, 
so infected plants carry the virus in all cells and can produce the antibody 
systemically, resulting in potentially very high yields. A further advantage 
of viruses is that mixed infections are possible, making it a simple process 
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to express, for example, the multiple chains of a full-size immunoglobulin. 
Although the transgene is carried on a viral genome rather than in the plant 
genome, the expressed protein is processed in the same manner as it would 
be in transgenic plants, meaning that appropriate folding, targeting and 
modification of antibodies is possible. The viral system is therefore 
uniquely simple, flexible and efficient, and has the potential for protein 
manufacture in both contained and open facilities (Canizares et al. 2005; 
Yusibov et al. 2006).

There are two types of expression systems based on plant viruses, one 
for full polypeptides and one for peptide epitopes displayed on the virion 
surface. Both have been used to express antibodies. In the polypeptide ex-
pression system, the antibody is encoded by a discrete transgene, and ac-
cumulates as a soluble protein within the plant cell. In the epitope display 
system, a small antibody derivative such as a scFv is expressed as a fusion 
with the viral coat protein in such a way that the antibody is displayed on 
the surface of the virus particle. 

Tobacco mosaic virus (TMV) has a monopartite RNA genome of 6.5 kb 
encoding four proteins all of which are essential for systemic infection. 
The normal strategy for polypeptide expression is to place the transgene 
under the control of an additional coat protein promoter, although not a 
perfect copy of the endogenous coat protein promoter as this is an unstable 
configuration that leads to transgene elimination (Donson et al. 1991). 
Many antibodies have now been expressed in TMV-infected plants. 
McCormick et al. (1999) produced a scFv fragment based on the idiotype 
of malignant B-cells of the murine 38C13 B-lymphoma cell line. When 
administered to mice, the scFv stimulated the production of anti-idiotype 
antibodies capable of recognizing 38C13 cells, providing immunity against 
lethal challenge with the lymphoma. This has been developed into a per-
sonalized therapy for diseases such as non-Hodgkin’s lymphoma, where 
antibodies capable of recognizing unique markers on the surface of any 
malignant B-cells could be produced for each patient. Up to 15 such anti-
bodies were tested in phase I and phase II clinical trials by the US biotech-
nology company Large Scale Biology Inc. before they went into liquida-
tion. Additionally, Verch et al. (1998) produced a full length IgG in 
transgenic tobacco plants by infecting them with two TMV vectors, one 
expressing the heavy chain and one the light chain. This study showed that 
viral coexpression was compatible with the correct assembly and process-
ing of multimeric recombinant proteins. 

Potato virus X (PVX), the type member of the Potexvirus family, has a 
6.5-kb monopartite RNA genome rather like that of TMV. Also like TMV, 
PVX vectors contain extra subgenomic promoters to drive transgene ex-
pression but in this case the lack of a closely-related alternative means that 
transgene elimination by homologous recombination is unavoidable. PVX 
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vectors have been used for the expression of several different antibodies, 
but none of medical relevance. Single chain Fv antibodies have been ex-
pressed, specific for proteins from potato virus V (Hendy et al. 1999), to-
mato spotted wilt virus (Franconi et al. 1999) and against granule-bound 
starch synthase I (Ziegler et al. 2000). 

In addition to the use of complete viruses carrying additional foreign 
genes, another strategy uses deconstructed viruses that cannot spread sys-
temically in the plant. The magnifection strategy, developed by Icon Ge-
netics (now part of Bayer CropSciences), renders the systemic spread of 
the virus unnecessary through the use of A. tumefaciens as a delivery vehi-
cle (Marillonnet et al. 2005; Gleba et al. 2005). The bacterium delivers the 
viral genome to so many cells that local spreading is sufficient for the en-
tire plant to be infected. Like the infection stage, systemic spread is a limit-
ing function, often one of the primary determinants of host range. Taking 

 bacterium to deliver the viral genome to a large number of cells allows 
the same viral vector to be used in a wide range of plants. The system has 
been used to express antigens and antibodies at high levels in tobacco and 
other plants (Gleba et al. 2004).

4.5 Systems based on the culture of plants, plant cells and 
plant tissues

The above systems all involve the use of whole plants as the expression 
platform. Even if antibody production is limited to specific tissues, such as 
seeds or leaves, these are harvested from the whole plant at the beginning 
of downstream processing. An alternative is to culture the specific organs 
or cells that produce the antibody, and either isolate the antibody from 
these cells or tissues, or collect it from the culture medium. A number of 
different culture systems have been developed, although most research has 
focused on cell suspension cultures. 

We start with an example of ‘whole plant culture’. In most cases where 
nuclear transgenic plants have been used for the production of recombinant 
antibodies, the product has been extracted from plant tissues. An alterna-
tive is to attach a signal peptide to the recombinant protein thus directing it 
to the secretory pathway. In this way, the protein can be recovered from 
the root exudates or leaf guttation fluid, processes known respectively as 
rhizosecretion and phyllosecretion (Borisjuk et al. 1999; Komarnytsky et 
al. 2000). Although not widely used, the secretion of recombinant an-
tiobodies into hydroponic culture medium is advantageous because no 
cropping or harvesting is necessary. The technology is being developed by 
the US biotechnology company Phytomedics Inc. A monoclonal antibody 

the systemic spreading function away from the virus and relying instead on the
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was shown to be secreted into hydroponic culture medium resulting in a 
yield of 11.7 g antibody per gram of dry root mass per day (Drake et al. 
2003).

Other systems are based on the culture of plant organs. Hairy roots are 
neoplastic structures that arise following transformation of a suitable plant 
host with Agrobacterium rhizogenes. If the plant is already transgenic, or if 
the transforming A. rhizogenes strain is transgenic and transfers the foreign 
gene to the host plant during the process of transformation, then hairy root 
cultures can be initiated which will produce recombinant antibodies and 
secrete them into the growth medium (Sharp and Doran 2001b). Hairy 
roots grow rapidly and can be propagated indefinitely in liquid medium. 
Thus far, hairy root cultures have been used to produce a relatively small 
number of antibodies (Sharp and Doran 2001a) mainly because of the rela-
tive ease with which multi-subunit proteins can be produced. The cultures 
can be initiated from transgenic plants already carrying multiple trans-
genes, wild type plants can be infected with multiple A. rhizogenes strains, 
or established hairy root cultures can be super-transformed with A. tumefa-
ciens. A clonal root system based on a similar principle has been devel-
oped as a commercial platform by the Fraunhofer Center for Molecular 
Biotechnology in Newark, Delaware. In this case, the root system is com-
bined with the use of viral-derived vectors for high-yield antibody expres-
sion in sealed vessels. 

A tissue culture system has been developed from shooty teratomas, 
which are differentiated cell cultures produced by transformation with cer-
tain strains of A. tumefaciens (Subroto et al. 1996). Thus far, there has 
been only one report of pharmaceutical protein production in teratoma cul-
tures, and the levels of antibody were very low (Sharp & Doran 2001a,b).

As stated above, most of the work in this area has focused on suspension 
cells, which are individual plant cells and small aggregates thereof grow-
ing in liquid medium in a fermenter (Hellwig et al. 2004; Doran 2006).  
Suspension cell cultures are usually derived from callus tissue by the dis-
aggregation of friable callus pieces in shake bottles, and are later scaled up 
for fermenter-based production. Recombinant antibody production is 
achieved by using transgenic explants to derive the cultures, or transform-
ing the cells after disaggregation, usually by co-cultivation with A. tumefa-
ciens. Suspension cultures have the same advantages as the simple plants 
i.e. controlled growth conditions, batch-to-batch reproducibility, contain-
ment and production under GMP procedures. Many foreign proteins have 
been expressed successfully in suspension cells, including antibodies, en-
zymes, cytokines and hormones (reviewed by Hellwig et al. 2004, Fischer 
et al. 1999). Tobacco cultivar Bright Yellow 2 (BY-2) is the most popular 
source of suspension cells for molecular farming, since these proliferate 
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rapidly and are easy to transform. However, rice suspension cells have also 
been used to produce several antibodies (e.g. Torres et al. 1999).

Recombinant antibodies expressed in plant cell suspension cultures may 
be secreted into the culture supernatant or retained within the cells. Local-
ization depends on expression construct design (see below) and the perme-
ability of the plant cell wall to the antibody. Targeting signals included in 
the expression construct can be used to direct the protein to the apoplast or 
to retain it within intracellular compartments. The fate of antibodies tar-
geted for secretion depends to a large extent on their size: molecules of 
20–30 kDa (the size range of scFvs) will generally pass through the plant 
cell wall and be secreted into the culture medium, whereas larger proteins 
(such as IgGs) will be retarded in a size-proportional manner. The inclu-
sion of a C-terminal KDEL sequence results in higher levels of antibody 
accumulation in cultured cells because the biochemical environment of the 
endoplasmic reticulum favors stable protein folding and assembly while 
reducing the level of proteolytic degradation (see below). However, this 
also makes it necessary to disrupt the cells in order to isolate the protein, 
which requires additional processing time and causes the release of pheno-
lic molecules that interfere with purification and reduce production yield. 
Thus, the preferred approach is to secrete the target proteins and capture 
them from the culture supernatant or release them from the cells by mild 
enzymatic digestion. 

4.6 Microbial and aquatic plants 

Single-celled plants and aquatic plants can be maintained in bioreactors, 
offering two advantages over terrestrial plants. First, the growth conditions 
can be controlled precisely, which means that optimal growth conditions 
can be maintained, batch-to-batch product consistency improved and the 
growth cycle can conform to GMP. Second, growth in bioreactors offers 
complete containment. Although more expensive than agricultural molecu-
lar farming, the use of simple plants in bioreactors is not as expensive as 
cultured animal cells because the media requirements are generally very 
simple. Added to this, the proteins can be secreted into the medium, which 
reduces the downstream processing costs and allows the product to be col-
lected in a non-destructive manner. A final, major advantage is the speed 
of production. The time from transformation to first product recovery is on 
the scale of days to weeks because no regeneration is required, and stable 
producer lines can be established in weeks rather than months to years be-
cause there is no need for crossing, seed-collection and the testing of sev-
eral filial generations to check transgene stability. Three major bioreactor-
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based systems are currently under commercial development: algae, moss 
and duckweed. 

Thus far, a single report discusses the production of monoclonal anti-
bodies in the chloroplast of the alga Chlamydomonas reinhardtii (Mayfield 
et al. 2003). Production costs appear similar to those of recombinant pro-
teins produced in terrestrial plants, mainly due to the inexpensive media 
requirements (the medium does not cost very much to start with, and in 
any case can be recycled for algal cultures grown in continuous cycles). 
Aside from the economy of producing recombinant proteins in algae, there 
are further attributes that make algae ideal candidates for recombinant pro-
tein production. First, transgenic algae can be generated quickly, requiring 
only a few weeks between the generation of initial transformants and their 
scale up to production volumes. Second, both the chloroplast and nuclear 
genome of algae can be genetically transformed, providing scope for the 
production of several different proteins simultaneously. In addition, algae 
have the ability to be grown on various scales, ranging from a few millili-
ters to 500,000 liters in a cost-effective manner. These attributes, and the 
fact that green algae fall into the GRAS (generally regarded as safe) cate-
gory, make C. reinhardtii a particularly attractive alternative to other 
plants for the expression of recombinant proteins. The production technol-
ogy has been reviewed recently (Franklin and Mayfield 2005; Mayfield 
and Franklin 2005). 

The moss Physcomitrella patens is a haploid bryophyte which can be 
grown in bioreactors in the same way as algae, suspension cells and 
aquatic plants. Like these other systems, it has the advantages of controlled 
growth conditions, synthetic growth media, and the ability to secrete re-
combinant proteins into the medium (Decker and Reski 2004). The unique 
feature of this organism, relative to all other plants, is that it is amenable to 
homologous recombination (Schaefer 2002). This means that not only can 
it be transformed stably with new genetic information, but that endogenous 
genes can be disrupted by gene targeting. The major application of gene 
targeting in molecular farming is the modification of the glycosylation 
pathway (by knocking out enzymes that add non-human glycan chains to 
proteins) thus allowing the production of humanized glycoproteins (Faye 
et al. 2005). 

The P. patens system is being developed by the German biotechnology 
company Greenovation Biotech GmbH, which is based in Freiburg. The 
company has developed transient expression systems that allow feasibility 
studies, and stable production strains that can be scaled up to several thou-
sand liters.

The Lemna System is based on duckweed (Lemna minor) and has been 
developed by the US biotechnology company Biolex Inc. Lemna has a 
number of significant advantages for the production of recombinant
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plants, this aquatic plant is cultured in sealed, aseptic vessels under con-
stant growth conditions (temperature, pH and artificial light). Only very 
simple nutrients are required (water, air and completely synthetic inorganic 
salts) and under these conditions, the plant proliferates vegetatively and 
doubles its biomass every 36 hours. This provides the optimal production 
environment for batch-to-batch consistency. Duckweed constitutes about 
30% dry weight of protein, and recombinant proteins can either be ex-
tracted from wet plant biomass or secreted into the growth medium. Biolex 
Inc. has reported the successful expression of tens of proteins in this sys-
tem, including several recombinant antibodies and enzymes (Gasdaska et 
al. 2003).

5. Optimizing antibody production in plants 

5.1 Design of the expression construct 

The intrinsic production capacity of the chosen expression platform is a 
property that cannot be modified easily, because it is dependent on the 
overall biomass yield of the crop. However, the specific yield of recombi-
nant protein per unit of plant biomass can be influenced by the optimiza-
tion of transgene expression, which is achieved through expression con-
struct design. Perhaps the most important component of the expression 
construct is the promoter used to control transcription of the transgene. For 
dicotyledonous species such as tobacco, potato and tomato, the strong and 
constitutive cauliflower mosaic virus 35S promoter (CaMV 35S) is often 
chosen to drive transgene expression (Twyman et al. 2005). In cereals, the 
CaMV 35S promoter has a lower activity and other promoters have been 
tested such as the maize ubiquitin-1 (ubi-1) promoter (Christensen and 
Quail 1996). Some modified dicot promoters do work rather well in cere-
als, an example being the pPLEX series of constructs developed by 
Schunman et al. (2003) adapted for use in monocots. The original pPLEX 
vectors were based on regulatory elements from subterranean clover stunt 
virus (SCSV). Modification was achieved by adding either the Ubi1 or 
Act1 introns, as well as GC-rich enhancer sequences from banana bunchy 
top virus (BBTV) or maize streak virus (MSV). 

Regulated promoters can be used in preference to constitutive promot-
ers to improve practicality and biosafety in addition to yields. For example, 
although constitutive promoters allow high-level accumulation of recom-
binant proteins in seeds, the proteins are also expressed in leaves, pollen 
and roots. The use of seed-specific promoters largely restricts recombinant 

pharmaceutical proteins (Gasdaska et al. 2003). Unlike transgenic terrestrial 
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protein accumulation to the seeds, so the vegetative organs do not accumu-
late detectable levels of the recombinant protein. This increases the bio-
safety of the plants, since adventitious contact with non target organisms is 
unlikely (Commandeur et al. 2003). Among the many different seed-
specific promoters that have been used (reviewed by Christou et al. 2004) 
the most impressive yields have been obtained with a novel seed-specific 
promoter from the common bean (Phaseolus vulgaris) which was used to 
express a single chain antibody in Arabidopsis thaliana. In contrast to the 
CaMV 35S promoter, which resulted in antibody accumulation to 1% total 
soluble protein (TSP), the bean arc5-I promoter resulted in antibody levels 
in excess of 36% TSP in homozygous seeds, and the antibody retained its 
antigen binding activity and affinity (De Jaeger et al. 2002). 

The use of inducible promoters (Padidam 2003) is also advantageous 
because recombinant protein synthesis can be delayed until just before 
harvest, or even after harvest as is the case for the tomato hydroxy-3-
methylglutaryl CoA reductase 2 (HMGR2) promoter developed by the 
now defunct CropTech Inc. as the MeGA promoter system (mechanical 
gene activation). The promoter used in this system is wound-inducible, and 
gene expression is activated when the harvested tobacco leaves are shred-
ded prior to protein extraction (Cramer et al. 1999). However, many en-
dogenous inducible promoters show a degree of leakiness (background ex-
pression) and in some cases a low induction ratio. Recombinant systems 
such as those based on bacterial operons or animal hormones may be ad-
vantageous in these circumstances. 

After promoter choice, the next most important aspect of construct de-
sign is the inclusion of sequences that control subcellular targeting of the 
protein. This is a general method to increase the yield of recombinant pro-
teins because the compartment in which a recombinant protein accumu-
lates influences its folding, assembly and post-translational modification 
(Ma et al. 2003; Schillberg et al. 2003). Comparative targeting experiments 
with full-size immunoglobulins and single chain Fv fragments have shown 
that the secretory pathway is a more suitable compartment for folding and 
assembly than the cytosol, and is therefore advantageous for high-level 
protein accumulation (Zimmermann et al. 1998; Schillberg et al. 1999). 
The endoplasmic reticulum (ER) provides an oxidizing environment and 
an abundance of molecular chaperones, while there are few proteases. Pro-
teins are directed to the secretory pathway using either a heterologous or 
endogenous signal peptide, located at the N-terminus of the native protein. 
Such proteins are cotranslationally imported into the ER and are eventually 
secreted to the apoplast, a supracellular network of interlinked compart-
ments underlying the cell wall. Depending on its size, a protein can be re-
tained  in the  cell wall  matrix or it  can leach from  the cell.  Although the
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majority of recombinant proteins are generally more stable in the apoplast 
than the cytosol, they are even more stable in the ER lumen. Therefore, an-
tibody expression levels can be increased even further if the protein is re-
trieved to the ER using an H/KDEL C-terminal tetrapeptide tag in addition 
to the signal peptide (Conrad and Fiedler 1998). Accumulation levels are 
generally two to tenfold greater compared with an identical protein lacking 
the KDEL signal (Schillberg et al. 2002). As an added benefit, antibodies 
retrieved in this manner are not modified in the Golgi apparatus, which 
means they possess high-mannose glycans but not plant-specific xylose 
and fucose residues (Sriraman et al. 2003). The expression construct is the 
most important consideration because it controls how the antibody trans-
gene is transcribed, processed, translated and to a certain extent how the 
protein is modified. Each of these factors can have a critical impact on the 
final yield, quality and stability of the antibody. 

5.2 Post-translational modification 

Although the protein synthesis and folding pathways are highly conserved 
between plants and animals, there are some differences in the capacity for 
post-translational modification. Plants do not, for example, hydroxylate 
proline residues in recombinant collagen. There are also various differ-
ences in glycan structure: plant-derived recombinant human glycoproteins 
tend to contain the carbohydrate groups (1 2) xylose and 

(1 3)fucose, which are absent in mammals, but generally lack the ter-
minal galactose and sialic acid residues that are found on many native hu-
man glycoproteins (Figure 15.4). 

Since glycan structures can impact on the solubility, stability, immuno-
genicity and biological activity of recombinant proteins, the ‘humaniza-
tion’ of glycan structures produced in plants has been an important topic of 
research and debate in the scientific community. There has been consider-
able interest in modifying the plant glycosylation pathway to humanize the 
glycan profile of recombinant proteins. Several changes in the pathway are 
required to produce proteins with typical human glycan structures (Warner 
2000; Gomord et al. 2005; Faye et al. 2005). Strategies used include the 
invitro modification of plant-derived recombinant proteins by purified hu-
man (1,4)-galactosyltransferase and sialyltansferase enzymes (Blixt et al. 
2002) and the expression of human (1,4)-galactosyltransferase in trans-
genic plants to produce recombinant antibodies with galactose-extended 
glycans (Bakker et al. 2001). In the latter case, 30% of the antibody was 
galactosylated, similar to the proportion found in hybridoma cells. In vivo 
sialylation will be more difficult to achieve because plants lack the precur-
sors and metabolic capability to  produce this carbohydrate group.  A more 
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can. B) Long chain complex glycan. The xylose and (1,3) fucose residues are not found in 
mammals.

recent report documenting sialylation in Arabidopsis thaliana suspension 
cells has been challenged, although the subject remains a matter of contro-
versy (Shah et al. 2003, 2004; Seveno et al. 2004). To remove the non-
mammalian (1 2) xylose and (1 3)fucose residues, some researchers
have explored the possibility of inhibiting the enzymes responsible for 
synthesizing these groups, while in one case this goal has been achieved in 
whole Arabidopsis  thaliana  plants  by gene  knockout  techniques 
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(Strasser et al. 2004). As discussed above, the moss Physcomitrella patens
can also be modified by gene targeting to eliminate these enzymes (Decker 
and Reski 2004). Another approach is to prevent the glycoproteins passing 
through the Golgi, so only high-mannose glycans are added. This can be 
achieved simply by adding a KDEL C-terminal tag to the antibody, as 
demonstrated by Sriraman et al. (2004) and Triguero et al. (2005). This is-
sue has been reviewed by Gomord et al. (2004). 

5.3 Downstream processing 

Downstream processing, the isolation and purification of the recombinant 
product, is an integral part of every biomanufacturing process. Whichever 
production system is used, downstream processing represents up to 80% of 
overall production costs, although this depends on the required level of pu-
rity and is highest for clinical-grade materials (Drossard 2003). In many 
cases, it is necessary to develop specific processing steps for each product, 
although certain classes of product can be isolated using a standardized 
approach (e.g. affinity chromatography to isolate recombinant antibodies 
(Stoger et al. 2005b)). Several aspects of downstream processing have to 
be customized specifically for plant systems, including the removal of fi-
bres, oils and other by-products from certain crops, and process optimiza-
tion for the treatment of different plant species and tissues (Menkhaus et 
al. 2004; Nikolov and Woodard 2004). 

For the production of clinical grade antibodies, downstream processing 
steps need to meet the standards that have been set for other biopharma-
ceutical production systems, including a strict regime of quality assurance 
and quality control to achieve approval of regulatory agencies (Fahrner et 
al. 2001). The initial stages of processing display the greatest variability 
and have to be optimized in a system-specific manner. Disruption of cell 
walls and membranes is the first post-harvesting step, but different tissue 
types (leaves, seeds, fruits etc.) require different forms of treatments 
(grinding, milling, etc.). After cell disruption, clarification of the extract is 
often carried out by dead-end or cross-flow filtration, sometimes preceded 
by bulk cell mass removal using a decanter, plate separator or centrifuge. 

Several liquid chromatography steps are required in a full purification 
protocol, and the initial chromatographic steps require the most specializa-
tion for plant-based production. In industrial processing, robust and inex-
pensive chromatography media are used in the initial steps, accepting that 
there will be some loss of selectivity and resolution (Bai and Glatz 2003; 
Menkhaus and Glatz 2005). However, important exceptions include the 
use of Protein A or Protein G affinity chromatography for antibody purifi-
cation,  and the use of affinity tags and their respective capture agents  
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(e.g. His6 and Ni-NTA resin) which are highly selective initial capturing 
methods.

5.4 Regulatory landscape 

One of the greatest uncertainties surrounding the use of plants for the pro-
duction of pharmaceuticals is the regulatory landscape. While plants are 
grown in glasshouses and in enclosed bioreactors, the production of phar-
maceuticals is regulated in the same way for other production systems, and 
comes under the authority of the FDA and equivalent agencies in other 
parts of the world. The switch to open-field conditions adds another layer 
of regulatory complexity, because the transgenic plants then come under 
the authority of APHIS (part of the USDA) or their counterparts in Europe 
and other regions. The involvement of multiple regulatory agencies makes 
the production process more complex because the extent of each author-
ity’s jurisdiction is not always clear, and at the current time only draft 
guidelines are available (FDA 2002; CPMP 2002).  The impact of this is to 
suppress the market. It is likely that more companies will become inter-
ested in plant-derived pharmaceuticals when full guidelines become avail-
able, hopefully sometime in mid-2006.

All recombinant pharmaceuticals, including those derived from plants, 
need to comply with the national and international GMP standards for 
product safety, quality, potency and efficacy. However, it is not clear at 
which stage GMP requirements should come into effect when plants are 
used as the production system, since the strict rules governing defined 
growth conditions are difficult to implement in the field, where variables 
such as the weather, differences in soil quality and the presence of other 
organisms needs to be considered. This is increasingly important now that 
European regulatory requirements regarding GMP-compliance for the 
manufacture of medicinal products have extended to the production of 
clinical trial material (Directive 2001/20/EC). 

6. Conclusions 

The production of recombinant pharmaceuticals in plants is advantageous, 
theoretically offering unlimited production scales at unprecedented low 
manufacturing costs. We are beginning to overcome the technical limita-
tions such as low yields, instability and non-authentic glycan structures 
that erect obstacles in the path towards commercialization, but more needs 
to be done to convince industry that plants represent a true alternative to 
CHO cells and bacteria. Despite the further limitations of a formative and, 
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in some cases, restrictive regulatory framework, the potential of molecular 
farming can be seen in the rich IP landscape and the multiple cross-
licensing and collaborative ventures that are possible between companies 
developing production platforms, extraction and separation technologies 
and those with experience in the latter stages of drug development and 
marketing. The welcome announcement of the first approved plant-derived 
veterinary vaccine may open the way for antibodies, and in particular anti-
bodies with therapeutic and diagnostic potential, to follow.
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1. Introduction 

Although the production of most of the current medicines is based on 
chemical synthesis, more than 25% of the current prescribed drugs 
contains at least one active ingredient of plant origin (Kaufman et al 1999). 
Examples of important plant-derived pharmaceuticals include the anti-
tumoral taxol and vinblastine, the antimalarial drug quinine and 
artemisinin, the analgesical morphine and codeine. In addition, it has been 
estimated that more than 80% of the world’s population in developing 
countries depends primarily on herbal medicine for basic healthcare needs 
(Vines 2004). There is also a revival of traditional medicine in developed 
countries and an increase in the use of herbal remedies. The world market 
of herbal medicines, including herbal and raw material, has been estimated 
to have an annual growth rate between 5-15%. Total global herbal drug 
market is estimated as US $ 62 billion and it is expected to grow to US $ 5 
trillion by the year 2050 (Joshi et al. 2004). At same time, there is a 

different medicinal plant species in use are collected from the wild 
(Edwards 2004). Moreover, to rely solely on wild spontaneous plants as a 
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growing concern on loss of genetic diversity since about 75% of the 50,000 
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production system can be extremely dangerous, as shown recently by 
severe shortage problems of the antimalarial artemisinin (Scheindlin 
2005). Additionally, bioactive plant compounds are produced generally at 
very low amount and, often, it is not economically convenient to extract 
them from natural sources.

Altogether these considerations have opened the way to a new 
renaissance in the field of genetic and metabolic engineering studies to 
modify biosynthetic pathways in medicinal plants and to enhance the 
production of bioactive phytopharmaceuticals.

Far to be exhaustive, the present review is aimed at presenting an up-
dated view of the most recent advances in engineering tailored secondary 
metabolites in medicinal plants. Analysis and discussion will be restricted 
to the successes, the pitfalls, the bottlenecks and the evolution in the 
strategies that have been used or might be used to boost the synthesis of 
plant compounds that exert specific pharmacological actions and that may 
be used for specific health problems over short- or long-term intervals. 
Engineering of plant compounds, serving nutritional or health benefits 
arising from long-term use as food (nutraceuticals), will be not covered in 
the present review. 

2. Evolution of diversity of secondary metabolites 

Most of the plant compounds exerting pharmacological activity belongs to 
the class of small molecules (< 1000 Da), known collectively as secondary 

been described, that represent less than 10% of the actual total present in 
nature (Wink 1999). The astonishing chemical and structural heterogeneity 
of plant secondary metabolites is the result of the increased evolutionary 
plant adaptability to an unstable and challenging environment. Besides 
their role in the plant’s defence, secondary metabolites have also potential 
pharmacological effects in humans. In general terms, to promote plant 
survival under biotic and abiotic stress, structures of secondary metabolites 
have evolved to interact with molecular targets affecting cellular and 
physiological functions in competing microorganisms, plants and animals. 
In this respect, some plant secondary metabolites may exert their actions 
by resembling endogenous metabolites, ligands, hormones, signal 
transduction molecules, or neurotransmitters, thus having beneficial 
medicinal effects on humans due to the similarities in their potential target 
sites (e.g. central nervous system, endocrine system etc) (Wink and 
Schimmer 1999). For example, plant secondary products that are cytotoxic 

metabolites. To date, more than 100,000 different plant metabolites have 



in humans, if not too toxic. Similarly, secondary metabolites active against 
plant herbivores, due to their neurotoxical activity, could prove to be 
beneficial in relieving disturbs related to the central nervous system in 
humans (i.e. as antidepressants, sedatives, muscle relaxants, or 
anaesthetics).

metabolites derives from a limited number of backbone structures. As an 
example, the more than 40,000 different molecules ascribed to the class of 
isoprenoids, are all synthesized through the condensation of isopentyl 
diphosphate (IPP) and its allylic isomer, methylallyl diphosphate 
(DMAPP) (Croteau et al. 2000) and most alkaloids are derived through 
decarboxylation of amino-acid precursors (i.e. ornithine, lysine, tryptophan 
and histidine) (Facchini 2001). It is only the subsequent decoration of 
these common precursors, by addition of functional groups and/or 
modification operated by quite conserved enzymatic activities (e.g.
hydroxylation, methylation, acetylation, glycosilation etc), that generates 
the amazing diversity of plant secondary metabolites and that imparts a 

secondary metabolism derives from primary metabolism and involves 
complex and often specific enzymatic reactions that lead to specific 
biosynthetic pathways to yield different classes of natural products. In 
many cases, the first reaction leading to the synthesis of a new secondary 
metabolite is pivotal to the formation of a new secondary biosynthetic 
pathway. If the resultant new encoded enzyme can form a secondary 
product that is advantageous for plant survival, the trait is inherited under 
selection pressure. In fact, there is increasing evidence that duplication of 
essential genes of primary metabolism is an important evolutionary 
mechanism for gene recruitment in secondary metabolism. During 
evolution, these duplicated genes acquired new functions and were 
optimized and diversified for their role in new pathways (Pickersky and 
Gang 2000; Noel et al. 2005; Pickersky et al. 2006). As it will discuss 
later, this feature implies that different strategies of genetic and metabolic 
engineering might be adopted according to which part of the pathway is 
rate-limiting for the synthesis of a specific bioactive secondary 
metabolites, i.e. enzymes involved in the synthesis of precursors or in the 
following decoration. 
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towards plant pathogens could be  useful also as antimicrobial  medicines 

Much of the chemical and structural diversity of plant secondary 

genus- or species-specific chemical signature. Each biosynthetic route of 
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3. General concepts and molecular tools for metabolic 
engineering

Recent advances in plant biotechnology, molecular biology and genomics 
have created promising new opportunities in using plants as efficient, 
environmentally friendly and renewable chemical factories. The possibility 
of exploiting the biosynthetic capacity of plants to meet future demands for 
pharmaceuticals is dependent on a detailed understanding of the 
biochemical enzymatic reactions involved in secondary metabolites 
pathways, and on a thorough knowledge on the relative genes and their 
regulation.

In general terms, development of metabolic engineering strategies to 
boost the production of bioactive secondary metabolites in in vivo plants or 
in plant tissue cultures requires: i) a systematic expansions of the available 
molecular toolbox (i.e. cloned genes for enzymes involved in a specific 
pathway and regulatory genes), ii) detailed and accurate knowledge on the 
biochemistry of the metabolic pathways under study, including rate-
limiting enzymatic reactions, on the cellular compartmentation of the 
specific compounds and their catabolism and iii) appropriate and efficient 
systems for genetic transformation of the plant of interest.

Presently, a major constraint in engineering plant secondary metabolite 
production is that only few genes of these pathways are known, especially 
for medicinal plants. Impressive progress has been made for model plants, 
especially Arabidopsis thaliana, for which emerging technologies, 
genomics, functional genomics, transcriptomics, metabolomics are 
providing efficient tools to identify biosynthetic and regulatory genes 
involved in the individual secondary metabolite pathway. Though an 
increasing number of genes involved in secondary metabolic pathways 
have been mined from the genome sequence of model plant A. thaliana

and Oryza sativa or other crop plants, this knowledge is of limited values 
for secondary metabolism of medicinal plants, that is per definition 
species-specific. For medicinal plants, an attractive alternative to hunt 
genes involved in the biosynthesis of specific secondary metabolites is 
offered by random EST sequencing, as reported for Stevia rebaudiana

(Brandle et al. 2002) and Ocymum basilicum (Gang et al. 2001). 
Sequencing of EST libraries highly enriched in the metabolic genes of 
interest, such as those from highly specialized cell types, (e.g. glandular 
trichomes or other specialized tissues) (Gang et al. 2001) or from elicited 
plant cells or tissues, may serve also as a short-cut to gene discovery in 
medicinal plants. This last approach has rescued several genes involved in 
the synthesis of the anticancer drug taxol in a cDNA library from Taxus



cuspidata cells induced for taxoid biosynthetic with methyl jasmonate 
(Jennewein et al. 2004). An ample repertoire of known and novel genes in 
the tobacco secondary metabolism has been obtained by transcriptional 
profiling by cDNA-AFLP of elicited plant cells, as reported for jasmonate-
elicited tobacco BY-2 cells (Goossens et al. 2003) or Catharanthus roseus

cells (Rischer et al. 2006). 
With only few exceptions, widely used medicinal plants have not 

received the extensive studies devoted to food crops or model plants, and 
therefore, for this group of plants there is a poor and scattered              
characterization of plant secondary metabolites pathway at the level of 
biosynthetic intermediates and enzymes (Briskin 2000).

Finally, although an efficient transfer delivery system, using either 
Agrobacterium rhizogenes or A. tumefaciens, is already available for 
several important medicinal plants, including Atropa belladonna,

the family Solanaceae, Taraxacum platycarpum, Taxus spp. Echinacea,
Scrophularia, Digitalis, Thalictrum, Salvia spp and others (Bajaj 1999), 
many medicinal plants are still not prone to genetic transformation, often 
because of the lack of intensive experimental work. However, in many 
cases the bottleneck is not genetic transformation per se but rather the 
unfeasibility of in vitro organogenesis. This limitation can be overcome by 
establishing stable transformed cell lines or hairy roots for large-scale 
production in bio-fermentors. 

4. Boosting the metabolic flux towards a target compound 

Provided that all the biochemical and genetic information of a metabolic 
pathway leading to an end-product of interest are available, along with a 
suitable transformation system for a specific medicinal plant, the choice of 
the most convenient strategy of metabolic engineering to enhance 
biosynthesis of one or more secondary metabolites depends on the specific 
metabolic pathway, but, basically may be achieved through: i) over-
expression of a gene encoding an enzyme known to be rate-limiting; ii) 
down-regulation of a gene encoding the first enzyme of a lateral 
competitive chain or involved in catabolic reactions; iii) increase of 
intracellular compartmentation of the interested compound, to avoid 
feedback control and/or cellular toxicity, and  iv) over-expression of 
multiple genes or coordinate over-expression by regulatory genes (Fig. 
16.1).
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Catharanthus roseus, Papaverum somniferum, Artemisia spp, members of 
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4.1 One is better than nothing: over-expression of single genes 
for rate limiting reactions 

A typical metabolic engineering approach generally focuses on a particular 
metabolic intermediate or product. A critical evaluation of the current 
knowledge on that specific biosynthetic pathway may identify candidates 
for rate-limiting enzymatic reactions and open the way to a possible strat-
egy of genetic engineering of the identified limiting target gene. As 
mentioned before, the main constraint for applying this principle in plants, 
and especially for medicinal ones, is that detailed and unequivocal 
information on precursors, metabolic intermediates and the relative 
conversion enzymes are still lacking and, therefore, in many cases, it is 
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Pioneer work in engineering metabolically medicinal plants was based 
on over-expressing one or a few genes thereby overcoming specific rate-
limiting steps in the pathway, or to shut down competitive pathways and to 
decrease catabolism of the product of interest. However, identifying rate-
limiting reactions in one specific pathway is often difficult and, besides, 
the level of the end-product accumulation can be controlled by more than 
one enzymatic activity. Secondly, attempts have been made to change the 
expression of regulatory genes that control multiple biosynthetic genes. 
Recent large-scale studies of gene expression have fuelled the present 

complex metabolic pathway. All these strategies will be discussed in the 
following paragraphs, reporting the most recent results obtained for 
medicinal plants (Table 16.1). 

specific metabolic pathway. Current up-graded analytical technologies, such as 
genome sequencing, microarray analysis and sophisticated metabolic 
profiling, have ameliorated the predictability of metabolic engineering, but 
still the final effect of manipulating a single gene is under a strict control 
of the cellular homeostasis. Despite the trial-and error approach adopted 
principally at the beginning of the metabolic engineering era, the relatively 
simple way to introduce single genes for rate limiting enzymes, also from 

knowledge   on   mechanisms   that   govern   transcriptional   regulation  of

virtually unfeasible to establish unambiguously which step is  rate-limiting in a 
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heterologous organisms, has yielded remarkable successes even for 
medicinal plants, especially for alkaloids and isoprenoids.

4.1.1 Engineering plant alkaloids 

Alkaloids ascribed about 12,000 different nitrogenous compounds, found 
in about 20% of plant species, many of which are largely used as 
pharmaceuticals, such as the antitumoral vincristine and vinblastine, the 
narcotic morphine, the anti-cough depressant codeine, the oral antibacterial 
sanguinarine (Facchini 2001).

Several attempts have been reported on modifying expression of genes 
involved in the nicotine content in Nicotiana tabacum, which can be 
considered a model plant and a medicinal plant at the same time. Over-
expression of tropinone reductase and hyoscyamine-6 -hydroxylase (h6h)
has enhanced the synthesis of nicotine and related pyridin alkaloids (Rocha 
et al. 2002). As far as medicinal plants, the constitutive expression of 
tobacco pmt gene, encoding the putrescine N-methyltransferase, in A.

belladonna plants and hairy roots did not significantly alter the alkaloid 
level (Sato et al. 2001), suggesting that the conversion of the putrescine 
and N-methylputrescine, the first two intermediate compounds in the 
synthesis of scopolamine from ornithine, are not rate-limiting for the 
synthesis of this compound. However, a 3-4-fold increase of scopolamine, 
a tropane alkaloid used as anticholinerginic sedative agent that acts on the 
parasympathetic nervous system, was achieved by over-expressing the h6h

gene in A. belladonna (Yun et al. 1992). The H6H enzyme has a dual 
enzymatic activity since it catalyzes the hydroxylation of hyoscyamine to 
6- -hydroxyhyoscyamine and its further epoxidation to scopolamine 
(Facchini 2001). 

Other alkaloids thoroughly studied for their pharmacological impact are 
those produced in C. roseus, the common Madagascar periwinkle. This 
plant species produces the monomeric alkaloids serpentine and ajmalicine, 
used as a tranquilizer and to reduce hypertension, respectively. Dimeric 
alkaloids from periwinkle, vincristine and vinblastine, and their semi-
synthetic derivates, including vinorelbine and vinflunine, are used 
extensively in the treatment of many cancers. Dimeric alkaloids are 
synthesized at very low levels in the periwinkle and are restricted to 
specific leaf cell type (St Pierre et al. 1999). Synthesis of these bioactive 
secondary metabolites is quite complex since it involves two separate 
pathways, the terpenoid and the indole pathway, necessary for the 
synthesis of a converging intermediate, the strictosidine, and a total of over 
20 different enzymes. Enzymatic studies coupled with expression analysis 
have demonstrated that activity of the tryptophan decarboxylase (tdc),
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converting the tryptophan in tryptamine, coincides with alkaloid 
accumulation, while strictosidine synthase (STR) activity is relative stable 
(Meijer et al. 1993). Either tdc or str genes have been overexpressed in C.

roseus cells or hairy roots in an attempt to enhance the level of terpenoid 
indole alkaloids (TIAs). Constitutive expression of str in cell culture 

while tdc overexpression triggered accumulation of the intermediate 
tryptamine, with no significant increase in TIAs (Goddijn et al. 1995). 
Alkaloid profiling has been also modified by over-expression of the tdc

gene in other medicinal plants such as Cinchona officinalis, for quinine 

Another example of metabolic engineering of plant alkaloids is the 
modification of the synthesis of several important medicinal compounds 
belonging to the benzylisoquinoline alkaloid class, such as the 
antimicrobial berberine and sanguinarine, which has been attempted in 
Coptis japonica and the California poppy (Eschscholzia californica

Cham). Constitutive expression of the scoulerine 9-O-methyltransferase
(smt) gene in C. japonica cell cultures resulted in 20% higher SMT activity 
and a small increase in the accumulation of protoberberine alkaloids (Sato 
et al. 2001). Analogously, expression of smt gene in cultured California 
poppy cells led to a diversion of the metabolic flux towards the 
protoberberine alkaloid columbamine and away from benzophenenthridine 
(Sato et al. 2001).

Taken together these studies, have demonstrated that, more than 
increase the synthesis of a specific alkaloid, genetic modification of a 
single gene can divert this pathway, but much remains to be learnt before 
this class of bioactive compounds might be rationally engineered. As it 
will be discussed later in § 4.2.1, one possibility is to identify and over-
express regulatory genes able to activate in a coordinate fashion the 

4.1.2 Engineering plant isoprenoids 

Isoprenoids are the largest and most diverse family of natural products, 
with very diversified structures and chemical size. All the terpenoids have 
been long believed to be synthesized solely in the cytosol by condensation 
of units of isopentenyl diphosphate (IPP) and its allyl isomer dimethylallyl 
diphosphate (DMAPP), both originated from acetyl-CoA through the 
classical mevalonate (MVA) pathway, until the recent discover of an 
alternative plastidial pathway to IPP synthesis, starting from the 1-deoxy-
D-xylulose phosphate (DXP). The cytosolic pathway supplies IPP for the 

multiple genes involved in this complex pathway. 
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psychotropic alkaloids  (Berlin et al. 1993).

proved to be useful to increase the alkaloid levels (Canel et al. 1998), 

production (Geerlings et al. 1999) and Peganum harmala, producing



synthesis and subsequent precursor for the biosynthesis of sesquiterpenes 
and triterpenes, while monoterpenes, diterpenes and tetraterpenes are 
produced through the plastidial pathway (Mahmoud and Croteau 2002). 
This large family of compounds includes essential molecules, such as 
carotenoids, giberellins, abscisic acid, brassinosteroids, sterols and the 
phytol chains of chlorophyll, tocopherols and quinones. However, the 
majority are secondary metabolites of pharmacological interest, such as the 
volatile components of essential oils produced by the Lamiaceae species, 
and complex molecules like the anticancer drug taxol. 

Monoterpenes comprise the major components of the essential oils of 
the Lamiaceae family, to which belong several medicinal and aromatic 
plants (sage, peppermint, basil to mention few of them). Biosynthesis of 

considered a model system for monoterpenes of the whole family. 
Synthesis of monoterpenes in mint is localized in glandular trichomes and 
originates in the leucoplasts of the secretory cells of these highly 
specialized structures. The flux through the monoterpene pathway has 
been modified in mint by over-expression of a gene encoding the 
deoxyxylulose phopshate reductoisomerase (DXR), which control the first 
committed step in the plastidial DXPS pathway (Mahmoud and Croteau 
2001). Most transgenic plants accumulated more essential oils than control 
plants, with an increase up to 50%, without remarkable changes in the 
monoterpene composition compared to wild type plants. Furthermore, 
because the monoterpene synthase steps might be rate limiting (Wise and 
Croteau 1999), modified expression of these genes could increase yield 

demonstrated for ectopic expression of a 4S-limonene synthase in 
peppermint (Mentha x piperita L) and cornmint plants (Mentha arvensis)
(Diemer et al. 2001; Krasnyanski et al. 1999). 

A successful example of the metabolic engineering of cytosolic 
isoprenoids biosynthesis is the genetic modification of the artemisinin 
biosynthesis pathway. Artemisinin, extracted from the traditional Chinese 
herb Artemisia annua L, which has been used in China to treat fevers since 
A.D. 150, came into vogue as a modern malaria treatment after studies in 
Vietnam showed it reduced deaths from the illness by 97 percent. Most of 
the current pharmacological treatments against malaria are inefficient due 
to the selection of resistant forms of the parasite. The World Health 
Organization now recognizes that drugs combining antibiotics with 
artemisinin provide the most rapid defence against malaria and are the only 
ones to which the parasites has not developed resistance (WHO and 
UNICEF: Malaria World Report, 2005: http://rbm.who.int/wmr2005/-
html/1-2.htm). Artemisinin is currently extracted from natural plants with a 
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essential oils has been thoroughly studied in peppermint, which can be 

and change composition of the monoterpenoid essential oil, as it has been 



very low content. Attempts to produce it by cell or organ tissue have been 
unsuccessful and chemical synthesis is not economically convenient 
(Abdin et al. 2003). Chemically, artemisinin is an endoperoxide 
sesquiterpenoid lactone (Klayman 1985), produced in the MVP pathway 
by two consecutive condensations of IPP with DMAPP by a farnesyl 
diphosphate synthase (FPPS), forming FPP, which is subsequently 
converted in artemisinin by a sesquiterpene cyclase (Bouwmeester 1999). 

expressing the gene fpps in A. annua hairy roots and plants. In transgenic 
plants, the concentration of artemisinin was approximately 8-10 mg/g DW, 
about two- to three–fold higher than that in control plants, while in hairy 
roots the content of this sesquiterpene was 2-3 mg/g DW, which is three- 
to four-fold higher than in control roots (Chen et al. 1999; 2000). 
Optimization of enhanced production of this interesting plant secondary 
metabolites is, however, far to be reached, due to the involvement of a 

2003). The recent funding of research groups in USA by the Bill & 
Melinda Gates Foundation in 2004 may speed up the development of a 
genetically engineered form of artemisinin (Purcell 2006). 

To the class of isoprenoids belongs also the tricyclic diterpene taxol 
(paclitaxel), initially isolated from the bark of Taxus brevifolia. Taxol is a 
potent antimitotic agent, acting by stabilizing microtubules and promoting 
microtubule assembly, rather than by depolymerizing microtubules, as 
found for vincristine and vinblastine. Since taxol is only available as a 
natural product, sources other than the bark of T. brevifolia have been 
investigated, including production of taxol from plant tissue culture. For a 
long period taxol was produced by chemical semi-synthesis from its 
precursor, 10-deacetylbaccatin III, extracted from leaves and twigs of the 
European yew, T. baccata, but presently Bristol-Meyer produced it solely 
from cell cultures of T. chinensis. Taxol is now used to treat ovarian, 
breast, and lung cancer and it has been prescribed to more than 1 million of 
patients. Despite the strong interest in this valuable natural anti-tumoral 
plant compound, successes in engineering its biosynthetic pathway are 
limited by the large number of enzymes involved (nineteen enzymatic 
steps from the universal diterpenoid progenitor GGPP) and lack of known 
regulatory genes. However, increased demands for taxol and its high cost 
have recently accelerated research towards the elucidation of its 
biosynthetic pathway, the responsible enzymes and underlying genes 
(Schoendorf et al. 2001; Jennewein et al. 2004), that may provide many 
promising targets for metabolic engineering of the production of taxol and 
its precursors. 
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Increased accumulation in artemisinin has been achieved by over-

total of twelve genes, nine of which have already been cloned (Martin et al. 



4.2 Down-regulation of competitive or catabolic reactions 

This approach deserves the same considerations that have been reported 
for over-expressing single rate-limiting genes. Though a down-regulation 
approach has been successfully applied in model and crop plants to remove 
undesirable plant compounds, in medicinal plants the main bottleneck for 
this technology is again the lack of thorough information on branching of 
complex biosynthetic pathways as well as on the endogenous plant 
catabolic degradation system of these compounds. 

However, silencing of genes encoding key enzymes of relevant 
secondary metabolite pathways has been proved successful in some 
medicinal plants, either by antisense, co-suppression or RNAi technology. 
A significant decrease in the level of the undesirable menthofuran has been 
achieved in peppermint (Mentha x piperita L) through antisense 
suppression of the mfs gene, coding for the cytochrome P450 (+) 
menthofuran synthase (Mahmoud and Croteau 2001). Menthofuran 
reaches levels in environmentally stressed peppermint plants considered 
unacceptable by the pharmaceutical and industrial companies, because 
confer a bitter flavour to mint essential oils and promote off-color on 
storage. Accumulation of limonene in peppermint plants was achieved by 
co-suppression of the limonene-3-hydroxylase gene (Mahmoud and 
Croteau 2004). Down-regulation of the putrescine N-methyltransferase 
(PMT), the first committed step in both pyridine and tropane alkaloids, has 
been reported to reduce nicotine level in tobacco plants, with a 
concomitant unexpected increase in anatabine, whose synthesis does not 
require PMT (Chintapakorn and Hamill 2003). Antisense RNA-mediated 
suppression has been also reported for two genes involved in the 
biosynthesis of benzophenanthridine alkaloids in California poppy (Park et 
al. 2002), respectively the berberine bridge enzyme (BBE) and the N-

provided insight into the complex regulation of the benzylisoquinoline 
alkaloid biosynthesis, to which belong important pharmacological 
compounds, e.g. morphine, codeine, sanguinarine, rather than effectively 
increased specific alkaloids. BBE has been also knocked out by an 
antisense approach in opium poppy, resulting in an altered ratio of 
alkaloids in latex but not in roots (Frick et al. 2004). 

RNAi technology has been also used recently in medicinal plants. A 
recent paper from Allen and coworkers (2004) reported the metabolic 
engineering of morphine biosynthesis in opium poppy (Papaver

somniferum L.) by using RNAi to block the gene coding for the codeinone 
reductase (COR), the enzyme that catalyzes the reduction of codeinone to 
codeine and morphinone to morphine. Several COR genes are present in 
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methylcoclaurine 3’-hydroxylase (CYP80B1). These results have 



the opium poppy, but the authors designed a hybrid RNAi construct to 
knock out all known members of this multigene family. Chemical analysis 
of the silenced transgenic lines showed that the amount of morphine was 
substantially lower and that, instead, higher level of (S)-reticuline, an 
intermediate compound located seven steps upstream the COR conversion 
in the morphine pathway. The authors speculated that this unexpected 
result might be due to feedback inhibition of the preceding enzymes or 
transporters, due to the resulting accumulation of codeinone and 
morphinone due to suppression of the COR or caused by other 
unpredictable transcriptional down-regulation of the up-stream enzymes. 
Alternatively, based on recent findings on the presence in plants of 
metabolon, multienzyme complex capable of metabolic channelling 
(Winkel 2004), a more fascinating explanation for this unexpected 
upstream control might be related to disruption of the morphinan 
metabolon caused by the silencing of COR, thus preventing the formation 
of its intermediates and resulting in the accumulation of  (S)-reticuline.
The relevance of metabolon formation in metabolic engineering of plant 
secondary metabolites will be discussed again when facing and solving 

Though not a medicinal plant in sensu strictu, in Coffea canephora RNAi 
has been used successfully to reduce the content of the alkaloid caffeine 
(Ogita et al. 2003).

As far as the feasibility of improving the synthesis of the end-product of 
interest through inhibiting eventual catabolic reactions, at our knowledge 
there are no examples in medicinal plants. Catabolism and degradation 
often occur simultaneously with synthesis, but, unfortunately, only the 
synthetic capacity has received sufficient attention in engineering 
secondary metabolites. Obviously, any strategy that is able to inhibit or 
avoid these degradative or catabolic processes may enhance total yield of a 
desired metabolite. However, catabolism of a secondary metabolite of 
interest may be avoided indirectly by promoting proper compartmentation 
through engineering genes involved in transport towards specialized 
cellular storage organelle (such as vincristine and vinblastine that are 
accumulated in the vacuole) or by a judicial choice of cell- tissue specific 
plant promoters, as it will be discussed in § 5. 

4.3 Orchestrated regulation of sets of genes involved in the 
biosynthesis of plant secondary metabolites 

Since it has been realized that the manipulation of single genes is of 
limited value in metabolic engineering, attention has shifted then towards 
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possible pleiotropic effects associated to metabolic engineering (see § 6). 



more complex and sophisticated strategies in which several steps in a 
given pathway are modified simultaneously to achieve optimal flux. 
Multipoint metabolic engineering is now beginning to replace single-point 
engineering as the best way to manipulate metabolic flux. This can be 
achieved either by over-expressing and/or suppressing several enzymes 
simultaneously or through the use of transcriptional regulators to control 
several endogenous genes. 

4.3.1 Two or few are better than one: introducing multiple genes 

Unlike bacteria, plants cannot normally co-express genes from 
polycistronic messengers. Introducing multiple genes into a target plant is 
quite challenging but not technically impossible, as elegantly proved for 
the increase in provitamin A in rice plants (Ye et al. 2000) or lignin 
pathway in forest tree (Li et al. 2003). Co-expression of multiple 
transgenes in a single tobacco plants was achieved by crossing 
independent transformed plants that expressed three different monoterpene 
synthases from lemon (Lucker et al. 2004), with an increase in endogenous 
terpenes as well as changes in the terpenoid profiles compared to 
untransformed wild-type plants. This is also the first report of transgenic 
plants expressing multiple foreign enzymes competing for the same 
substrate.

A nine-fold increase in the sedative compound scopolamine has been 
recently reported by simultaneously over-expressing the pmt and h6h

genes, respectively encoding an up-stream and a down-stream rate-limiting 
enzyme in hairy roots of Hyoscyamus niger (Zhang et al. 2004). Compared 
to hairy roots over-expressing the single gene, the transgenic hairy roots 
expressing both pmt and h6h genes produced significantly higher levels of 
scopolamine, with the best line produced 411 mg/liter scopolamine, which 
was over nine times more than that the content of wild type roots (43 
mg/liter). Transgenic hairy roots of C. roseus co-expressing a tryptophan 
decarboxylase (TDC) and a feed-back resistant anthranilate synthase 
subunit (AS ) have been produced (Hughes et al. 2004a). Interestingly, 
while the TDC line showed no significant increase in tryptamine level, 
hairy roots co-expressing the two genes synthesize much as six-fold 
amount of this crucial precursor in the synthesis of vincristine and 
vinblastine. This example offers another way of improved metabolic flux 
towards a desired end-product by mutagenesis of genes encoding enzymes 
subjected to a feed-back control. In fact, by over-expressing a mutated 
form of the AS bunit in periwinkle hairy roots, it has been proved that 
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this enzyme regulates the flux to tryptophan, a common precursor for 
alkaloid accumulation (Hughes et al. 2004b). Other possibilities of 
multiple gene co-expression have been attempted in plants other than 
medicinal ones, such as artificial gene-clusters introduced in plants using a 
vector system based on intron and intein-encoded endonuclease (Thomson 
et al. 2002) or the expression of polyproteins able to self-cleave, recently 
used to engineer ketocarotenoids in higher plants (Ralley et al. 2004). 
Finally, the success in plastidial transformation, although limited to a 
restricted number of plant species, opens also the possibility of introducing 
multiple genes assembled in polycistrons in the prokaryotic-like 
chloroplast genome, as it will be discussed in § 5.

4.3.2 Transcription factors 

Although many successful results in increasing biosynthesis of plant 
secondary metabolites have been obtained by over-expression or down-
regulation of single genes, in many cases, over-expression of an enzyme 
upstream in the pathway of the desired metabolite does not lead to 
increased production of that product, since secondary metabolites 
generally are not products of single genes, but are the results of multi-step, 
multi-enzymatic processes. Recent large-scale studies of gene expression 
coupled to metabolomic analyses have revealed that there is a coordinated 
metabolic regulation, mediated by regulatory genes that control the 
expression of the series of enzymes involved in a particular pathway. It has 
been demonstrated that the transcriptional control of the genes involved in 
metabolic pathways is the primary mechanism to regulate the final 
concentration of secondary metabolites in plants. Therefore, the 
identification of transcription factors (TFs) and relative genes able to 
simultaneously and coordinately controlling the transcription of multiple 
genes of a specific pathway is of great interest as biotechnological tool to 
enhance the production of plant bioactive molecules (for excellent reviews 
see Gantet and Memelink 2002; Broun 2004). The use of specific TFs 
would avoid the time-consuming steps of acquiring knowledge about all 
enzymatic steps of a poorly characterized biosynthetic pathway and, at the 
same time, allows the coordinated transcription of many genes belonging 
to a specific metabolic pathway.

The most well documented study of coordinated expression of 
biosynthetic genes in a medicinal plant driven by a TF is offered by the 
over-expression of ORCA3 in C. roseus cultured cells. The gene for 
ORCA3 (octadecanoid-responsive Catharanthus AP2-domain protein 2), a 
jasmonate-responsive gene, APETALA2 (AP2)-domain transcription 
factor from C. roseus, was isolated by T-DNA activation tagging (van der 
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Fit and Memelink 2000; 2001). Orca3 over-expression in C. roseus cells 
resulted in enhanced expression of several metabolite biosynthetic genes 
and, consequently, in increased accumulation of terpenoid indole alkaloids 
(TIAs). Expression of TIA biosynthetic genes tdc, str, sgd, cpr, and d4h

was increased in the Orca3 over-expressing line, whereas g10h and dat

genes were not induced, suggesting that they are not controlled by 
ORCA3. Genes encoding the  subunit of AS (AS ) and DXS, enzymes 
involved in primary metabolism leading to TIA precursor synthesis, were, 
instead, induced by Orca3 over-expression. Transgenic cells that over-
express ORCA3 accumulate significantly more tryptophan and tryptamine, 
and accumulate indole alkaloids when fed with the precursor secologanin 
(van der Fit and Memelink 2000). These data indicate that although 
ORCA3 is an important regulator of TIA biosynthesis, it is not sufficient to 
regulate the complete pathway. 

Though not in medicinal plants, the feasibility of using regulatory genes 
for increasing the production of plant secondary metabolites other than 
alkaloids has been demonstrated in several other studies, as for 
phenylpropanoids by ectopic expression of plant myb and bHLH TF genes 
in A thaliana, Petunia or N. tabacum (Barkovich and Liao 2001; Schijlen 
et al. 2004). Studies in a number of systems suggest that many 
transcriptional regulators are capable of faithfully recognizing their 
homologous target genes in heterologous species, due to the conservation 
among the members of the same TF family. Therefore, it might be 
expected that over-expression in medicinal plants of TFs from other plants 
could be effective in modifying their metabolic profiles. To the MYB 
family belongs a novel TF, OsMYB4, isolated in rice, which has been 
recently described as able to increase cold and freezing tolerance when 
over-expressed in Arabidopsis thaliana plants (Vannini et al. 2004). 

Arabidopsis plants express constitutively stress-responsive genes as well 
as genes involved in the metabolic pathway of secondary metabolites.

Particularly, over-expression of Osmyb4 gene in Arabidospis induces
transcription of seven out of eight genes of the chorismate and aromatic 
amino acid biosynthesis, including also the chorismate mutase, the first 
enzyme responsible of the lateral chain leading to the synthesis of tyrosine 
and phenylalanine. Moreover OsMYB4 controls the transcription of the 
genes for the phenylalanine ammonia-lyase (PAL), the cinnamate-4-
hydroxylase (C4H) and the 4-coumarate:CoA ligase (4CL), involved in the 
phenylpropanoid biosynthesis (Immacolata Coraggio, personal 
communication). Over-expression of this transcription factor has increased 
the synthesis of chlorogenic acid in Nicotiana tabacum (Docimo et al. 
2005) and of rosmarinic and salvianolic acid in Salvia sclarea (A. Leone 
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unpublished results), both compounds belonging to the class of 
phenylpropanoids.

Another large family of plant TFs is the WRKY proteins, which seems 
to exist exclusively in plants and low eukaryotes. The transcription of 
WRKY genes is strongly and rapidly upregulated in response to wounding, 
pathogen infection or abiotic stresses in numerous plant species (Eugelm et 
al. 2000). The WRKY family has 74 members in Arabidopsis (Ulker and 
Somssich 2004) and it would be interesting to exploit the role of the 
various members in triggering biosynthesis of bioactive secondary 
metabolites.

While the studies reported above have demonstrated that enhanced 
synthesis of plant secondary metabolites may be achieved through 
regulation of transcription of key biosynthetic genes or TFs, the formation 
of these plant compounds is a complex and dynamic process that involves 
multiple subcellular compartments, such as cytosol, endoplasmic 
reticulum, vacuoles and others, highlighting the central role of post-
transcriptional regulation of secondary biosynthetic pathways. The 
relevance of these last aspects in successful metabolic engineering for 
plant molecules of therapeutic activity will be discussed in details in the 
next paragraph.

5. Improving transport and compartmentation 

As discussed previously, in many species, the production of the 
astonishing number of secondary metabolites in plant cells relies on very 
well organized expression patterns of multiple genes. While gene 
expression is, in most cases, regulated at the transcriptional level and often 
influenced by the environment, the diversification of end-products, starting 
from few precursors and central intermediates, also depends on 
compartmentation of enzymes and reactions at the organ/tissue, cellular 
and subcellular level. Reasons for such tight developmentally related 
organization include the necessity to sequester toxic compounds in safe 
locales of the plant and the cell, the local availability of intermediates in 
some organs and tissues, the need to deliver end-products in plant parts 
where physiological and ecological interactions with other organisms, such 
as pollinators or pests, take place. Except for some notable cases, the lack 
of organization in undifferentiated cell cultures is often the cause of the 
failure of secondary metabolite production in vitro (De Luca and St Pierre 
2000; Oksman-Caldentey and Inzé 2004). On the other hand, the 
comprehension, and possible manipulation, of cellular and molecular 
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mechanisms underlying secondary metabolite biosynthesis, transport and 
storage, is necessary for the adoption of successful metabolic engineering 
approaches and biotechnological applications.

By contrast with prokaryotic cells, plant cells present a number of 
compartments delimited by different kinds of membranes, that are 
responsible not only for marking the boundaries of production and/or 
storage sites, but also for intra- and intercellular transport. 

It is now well known that isoprenoid production in plant cells is based 
on two parallel pathways leading to the same precursors but different end-
products. Although some exchanges between the two pathways are 
possible, the acetate-mevalonate pathway, responsible for the production 
of isopenthenyl diphosphate (IPP) and dimethylallyl diphosphate 

triterpenes and other compounds, while, the GAP-pyruvate pathway 
determines the synthesis of IPP and DMAPP in plant plastids, where most 
hemi-, mono-, di- and tetraterpenes are produced and in various cases also 
accumulated (Croteau et al. 2000). Various highly specialized tissues and 
cells, such as glandular epidermis of flowers, resin blisters and ducts, 
glandular trichomes, secretory cavities and idioblasts, are involved in 
isoprenoid synthesis in higher plants, reflecting a complex pattern of 
organization at the tissue/cellular level at the basis of specialized functions 
and uses of end-products (McCaskill and Croteau 1997). The 3-hydroxy-3-
methylglutaryl-coenzyme-A reductase (HMGR), a central enzyme in the 
acetate-mevalonate pathway, is present in different isoforms, encoded by 
small multigene families. Such isoforms show different tissue and 
developmental expression patterns and respond differently to 
environmental stimuli (McCaskill and Croteau 1998). Recent results in 
mint (Turner and Croteau 2004; Croteau et al. 2005) demonstrated that 
synthesis of menthol and other monoterpenes is not only 
compartimentalized at the tissue/cellular level, being confined to the 
glandular cap cells of secretory stage peltate glandular trichomes of the 
aerial part of the plant, but also at the subcellular level. In fact, different 
biosynthetic enzymes were immunolocalized in four cellular 
compartments, i.e. plastids (leucoplasts), endoplasmic reticulum, 
mitochondria, and cytoplasm (Fig. 16.2).
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of peppermint. Universal C5 isoprenoid precursors IPP (isopenthenyl diphosphate) and 
DMAPP (dimethylallyl diphosphate) are produced in the plastid (leucoplast) through the 
GAP-pyruvate pathway. Subsequent enzymatic steps are localized in the plastid, the ER 
(endoplasmic reticulum), the mitochondrion, and the cytosol. Intermediates move between 
compartments and the end-product is secreted extracellularly in the subcuticular oil storage 
cavity. GPPS = geranyl diphosphate synthase; LS = (-)-limonene synthase; L3OH = (-)-
limonene hydroxylase; IPD = (-)-trans-isopiperitenol dehydrogenase; IPR = (-)-
isopiperitenone reductase; IPI = (+)-cis-isopulegone isomerase; PR = (+)-pulegone 
reductase; MR = (-)-menthone reductase. All enzymes are encoded by nuclear genes. Based 
on Croteau et al. (2005).

Results on enzyme localization were supported by those of transcripts 
and by the presence of specific signals in the correspondent gene 
sequences. Similarly, enzymes involved in subsequent steps of the 
biosynthesis of the diterpene taxol showed different subcellular 
localization (De Jong et al. 2006). A developmental regulated biosynthesis 
is also known for the tetraterpenes carotenoids, which is controlled by 
distinct regulatory mechanisms in chromoplasts of fruits and flowers and 
chloroplasts of green tissues (Hirschberg 2001). 

other secondary metabolite classes. The nicotine alkaloid in tobacco as 
well tropane alkaloids in other species are synthesized in roots and 
translocated to the aerial part for accumulation and storage (De Luca and 
St Pierre 2000; De Luca and Laflamme 2001; Yazaki 2006). Cells of 
different zones of the root, e.g. those of the pericycle and of the 
endodermis and outer cortex, harbour different enzymes and are 

A. belladonna and other species (De Luca and St Pierre 2000; De Luca and 

Fig. 16.2. Subcellular organization of (-)-menthol biosynthesis in the secretory gland cells 

Examples of various levels of organization patterns are also known for 

thesis of scopolamine (S-adenosyl-L-methionine-dependent putrescine-N-

specifically involved in different steps of tropane alkaloid biosynthesis in 

Laflamme 2001). The first enzyme of the pathway leading to the syn-
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methyltransferase) was localized in the perycicle (Suzuki et al.. 1999). Its 
presence in this tissue was linked to the unloading of the aminoacids 
ornithine and arginine, precursors of putrescine, from the vascular tissue 
into the pericycle (De Luca and St Pierre 2000). 

The synthesis of the monoterpenoid indol-alkaloid vindoline (a 
precursor of the anticancer vinblastine) in C. roseus was stimulated by 
light and relied on the differential expression of several enzymes not only 
in various cell types, belonging to the internal phloem parenchyma of the 
young aerial organs, to the epidermis of developing leaves, and to leaf 
laticifers and idioblasts, but also in different subcellular compartments, 
such as the endoplasmic reticulum, the vacuole, the chloroplast, and the 
cytoplasm (McKnight et al. 1991; St Pierre and De Luca 1995; St Pierre et 
al. 1998; St Pierre et al. 1999; De Luca and St Pierre 2000; Irmler et al. 
2000; Burlat et al. 2004; Kutchan 2005; Murata and De Luca 2005). 
Multiple cell types were also involved in the biosynthesis of various 
benzylisoquinoline-derived alkaloids in P. somniferum (opium poppy) 
(Weid et al. 2004; Kutchan 2005). For instance, some early enzymes for 
morphine biosynthesis were localized in phloem parenchyma cells of 
capsule and stem, whereas the late codeinone reductase in laticifers, where 
morphine accumulates. At the subcellular level, the biosynthesis of the 
lysine-derived quinolizidine alkaloids in lupins and other legumes occurs 
within the mesophyll chloroplasts of leaves, but further modifications, 
such as acylations, happen in the cytosol and the mitochondria, where the 
acyl donor is probably present. The final accumulation of end-products, 
however, is believed to occur in vacuoles of the epidermis cells of the leaf, 
where they can exert their defensive role (Suzuki et al. 1996; De Luca and 
St Pierre 2000). Indeed, the vacuole is the accumulation site of several 
toxic products, such as berberine in C. japonica and Berberis wilsoniae, 

nicotine in Nicotiana spp., and others in various species (De Luca and St 
Pierre 2000; Hashimoto and Yamada 2003; Otani et al. 2005; Yazaki 
2006).

An additional mechanism for “channeling” secondary metabolite 
production in plant cells was demonstrated with some phenylpropanoid 
biosynthetic enzymes (Kutchan 2005). Using advanced technologies, such 
as FRET (Fluorescence Resonance Energy Transfer), a non-invasive 
procedure for monitoring protein-protein interactions in vivo, and others, it 
was demonstrated the interaction and the (co)localization of two PAL 
isoforms with cytochrome P-450-dependent monoxigenase C4H, enzymes 
consecutively involved in the synthesis of coumaric acid starting from L-
phenylalanine, in the endoplasmic reticulum and cytosol of tobacco cells 
(Achnine et al. 2004). Similarly, the interaction of chalcone synthase 
(CHS), chalcone isomerase (CHI) and dihydroflavonol 4-reductase (DFR) 
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was demonstrated not only in vitro, but also in vivo, particularly in specific 
subcellular compartments (i.e. the rough ER and vacuoles) of flavonoid 
synthesizing root cells (Burbulis and Winkel-Shirley 1999; Saslowsky and 
Winkel-Shirley 2001). 

As discussed above, many secondary metabolite biosynthetic pathways 
show a cellular and/or a subcellular compartmentalization in different plant 
tissues and cell locales. This raises the question how intermediates and 
end-products move in a coordinated fashion from one tissue, cell, or 
subcellular compartment to another, and opens the way for additional 
engineering possibilities in transgenic cells. 

An intercellular active transport mechanism based on specific ATP-
binding cassettes (ABC) transporters was demonstrated in berberine 
producing C. japonica and Thalictrum minus cells (Yazaki et al. 2001; 
Sakai et al. 2002; Shitan et al. 2003; Terasaka et al. 2003a; Terasaka et al. 
2003b). In Berberis, the terminal step of berberine biosynthesis occurs in 
vesicles that derive from ER and lately fuse with the central vacuole (Bock 
et al. 2002). Differences in transport mechanism with former species were 
attributed to the fact that while in Berberis berberine is produced and 
accumulates within the same cell, in Coptis and Thalictrum  the production 
and accumulation sites are distinct (Yazaki 2005, 2006). In heterologous 
species, berberine can also be transported by a H+-antiport mechanism 
(Yazaki 2005). An involvement of an ABC transporter has been identified 
in the leaves of Nicotiana plumbaginifolia in relation to the excretion of 
the diterpene sclareol onto the leaf surface (Jasinski et al. 2001), but it has 
been also hypothesized for nicotine in tobacco and for morphine 
intermediates in poppy (Yazaki 2005, 2006). 

At the subcellular level, the vacuolar transport of berberine in C.

japonica is dependent on a H+-antiporter (Otani et al. 2005; Yazaki 2006). 
Similarly, it was suggested that a H+-gradient-dependent transporter might 
have a role in vacuolar transport of anthocyanins in A. thaliana and tomato 
(Debeaujon et al. 2001; Mathews et al. 2003). On the other hand, an ABC 
transporter was found in maize tonoplast, being it required for anthocyanin 
accumulation in the vacuole (Goodman et al. 2004; Yazaki 2005). 
Interestingly, the same molecule, i.e. the barley flavonoid saponarin was 
imported in the vacuole via a H+ antiporter in the homologous species, but 
through an ABC transporter in the heterologous species Arabidopsis

(Frangne et al. 2002; Yazaki 2005). As previously mentioned, 
monoterpenoid production in mint proceeds from the plastids, to the 
endoplasmic reticulum, to the mitochondria, and finally to the cytoplasm, 
from where end-products are secreted to the subcuticolar cavity of the oil 
glands (Turner and Croteau 2004; Croteau et al. 2005). Simple diffusion of 
intermediates, somehow facilitated by their aqueous solubility and/or a 
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concentration gradient, seems the most likely mechanism in such 
intracellular transport, although some type of terpenoid carrier protein, a 
mitochondrial membrane pump, transient contacts between organelle 
membranes might help in some cases (Croteau et al. 2005). An ATP 
binding cassette transporter, however, has been hypothesized for active 
transport of end-products through the plasma membrane, because the final 
extracellular secretion is directional and selective for some monoterpene 
types.

Results discussed in this section not only indicate some interesting areas 
for future research, but also highlight some novel possibilities for 
metabolic engineering of secondary metabolite production in higher plants. 
The manipulation of genes encoding enzymes controlling critical 
biosynthetic steps is clearly important. However, based on recent results, it 
might be possible and probably necessary also to improve, through genetic 
engineering, the efficiency of long distance and cell to cell transport of 
metabolite intermediates and end-products, their extracellular secretion, 
and intracellular organelle to organelle movement (Hashimoto and 
Yamada 2003). The use of tissue specific promoters for developmentally 
regulated transgene expression, as well as the adoption of specific signals 
to address enzymes in the correct subcellular compartments are necessary 
in many cases.

Further, especially for the plastidial pathways, novel transformation 
procedures, such as the transformation of the plastome, might be used 
instead of the conventional nuclear transformation. In comparison with the 
latter, transgene expression in the plastidial genome shows some 
advantages, in this context mainly related to the expression level 
achievable and the possibility to express multiple genes in operons (Bock 
and Khan 2004). As far as the engineering of secondary metabolic 
pathways is concerned, plastidial transformation has been used so far in a 
few cases in tomato and tobacco: with bacterial, fungal and plant derived 
genes involved in carotenoid biosynthesis (Bock and Khan 2004), with the 
bacterial gene ubiC for p-hydroxybenzoic acid synthesis (Viitanen et al. 
2004), and with a PAL (phenylalanine ammonia lyase) gene from Arabi-
dopsis (C. Stettner, personal  communication http://www.icongenetics.de). 
Other metabolic engineering applications were mainly related to the ma-
nipulation of the primary metabolism as well as to the production of re-
combinant proteins (Bock and Khan 2004). 
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6. Uncovering pleiotropic effects and avoiding failure in 
metabolic engineering of plant secondary metabolites 

An increasing wealth of information is revealing that secondary 
metabolites are not solely involved in plant’s defence mechanisms, but 
rather can also demarcate cellular and developmental differentiation. 
Therefore, to infer that secondary metabolites are not essential for the 
growth and development of a plant is an over-simplification that might 
underestimate eventual detrimental pleiotropic effects triggered by 
engineering secondary metabolites. Moreover, pleiotropic effects can rise 
because secondary metabolism forms a large interconnected network. 
Changes in the flux in one branch might lead to unexpected changes in 
other parts of the network.

Given the complexity and diversity of regulatory networks of secondary 
metabolism, it is impossible to make a generalization on how to introduce 
a novel high-flux pathway into a plant species without undesired effects. 
To avoid unexpected pleiotropic effects due to modifying one or few genes 
of a specific metabolic pathway, these interconnections have to be 
uncovered in advance, through accurate untargeted metabolic profiling 
beyond the strict boundaries of the pathway that is subjected to 
engineering (Trethewey 2004). Unexpected pleiotropic effects of 
modifying the expression of single or multiple genes in a plant are also 
revealed by microarray or proteomics analysis of the genetic modified 
plants. Integration of metabolomic and genomic tools have to be seen also 
as a tool to discover new key biosynthetic genes that can be engineered to 
enhance the production of bioactive natural compounds. Pleiotropic effects 
affecting plant growth and development may be less restrictive when 
engineering plant cells or hairy roots for scaling-up massive production of 
bioactive secondary metabolites by bio-fermentation. 

mechanisms by which plants naturally face this problem by transport and 
storage in a safe cell type (e.g. glandular cells of Lamiacae species) or 
other subcellular compartment (chloroplasts, vacuoles) or by secretion in 
the apoplast. For successful metabolic engineering of secondary 
metabolites in medicinal plants, tissue specificity and proper developmental 
regulation as well as proper subcellular localization of the desired product 
has to be taken into consideration. It follows that a judicial choice of the 
promoters, such cell or tissue-specific promoters, or contemporary over-
expression of genes encoding intracellular transporters (as discussed in § 
5) might be useful strategies.
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Another way of optimising and increasing efficacy of metabolic 
engineering strategy comes from the recent discover that enzymes of 
complex metabolic pathways may be present in the cell in arrays of 
consecutive, physically associated enzymes assembled on membranes or 
other physical structures, to form multienzyme complexes, called 
metabolon (Winkel 2004; Jorgensen et al. 2005). Metabolon formation has 
to be seen as an evolutionary endogenous mechanism of plant cells to 
ensure efficient transformation of a common precursor into the end-
product of a specific biosynthetic pathway by several different means. 
Firstly, catalytic efficiency is improved by bringing cooperating active 
enzymes into close proximity and, thereby, accelerating the time of 
synthesis of intermediates and reducing dilution of intermediates, which 
are both kinetic constraints of metabolite biosynthesis. At the same time, 
co-localization of multiple biosynthetic enzymes in a macromolecular 
complex secures a rapid conversion of potential labile/toxic intermediates 
into stable and not toxic molecules and, ultimately, prevents their secretion 
and probable degradation. Finally, metabolon formation might coordinate 
metabolic cross-talk by controlling either enzymes operating in different 
pathways or by a selection of intermediates shared between different 
metabolic pathways. It follows that gained knowledge on the molecular 
control of the metabolon formation and channeling of plant secondary 
metabolites will dramatically increase the potential of targeted metabolic 
engineering and enable the effective production of valuable 
phytopharmaceuticals.

7. Conclusions and perspectives 

Despite the extensive work in the last few years, plant secondary 
metabolism remains still poorly characterized. Because metabolism is 
coordinated at many levels, the analysis of all regulatory levels is a 
prerequisite for comprehensive network analysis. Genetic maps of 
biosynthetic pathways are still far to be completed and very few regulatory 
genes of these pathways have been described and characterized, mainly in 
medicinal plants.

Technologies for gene discovery and plant transformation in medicinal 
plants are developing in advance to the understanding of the factors that 
control flux into specific routes of secondary metabolism. Knowledge of 
these factors is important to move from empirical to predictive metabolic 
engineering and is crucial to help bypass the low yield of various 
secondary metabolites in plants or cell cultures. However, it is becoming 
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increasingly clear that integrated analysis will be necessary in order to 
maximize understanding of metabolic networks. To date in plants this has 
only been attempted for few metabolic pathways or sub-networks. It is 
likely that the extension of such modular approaches will allow the 
identification of common regulatory motifs and enhance our understanding 

As new genes for crucial enzymatic reaction are identified, proof-of 
concept may be obtained by preliminary testing the effect of their 
expression in E. coli (Willits et al. 2004) or other simple organisms. 
Another powerful tool towards predictive metabolic engineering is the 
rapid testing of pathway function of cloned genes, with unknown functions 
or for which kinetic parameters are unknown, by using functional chips, 
onto which mRNA-enzyme-fusion protein are immobilized (Jung and 
Stephanopoulos 2004).

Though integrative analysis in plants, based on correlations between 
genes, proteins and metabolites, is at the beginning, it remains likely that 
further advances in the development of network biology in the near future 
will give a tremendous impulse to successful application of metabolic 
engineering in medicinal and crop plants. 
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Potential market for bio-based products in the 
context of European greenhouse gas reduction 
strategies
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1. Introduction 

In the European Union, it is estimated that 50% of the primary energy sup-
plied by different renewable energy sectors comes from wood (EurOb-
server 2003). The wood energy sector is based on sustainable use of Euro-
pean forests and to a certain extent recovered wood, forest industrial by-
products (e.g. bark and sawdust) and wood from plantations: energy from 
agriculture, i.e. agricultural residues, e.g. straw, also contributes to the EU 
energy supply (European Commission 1997). 

According to the White Paper for renewable sources COM(97) 599
(European Commission 1997), the European Union is required to double 
the amount of renewable energy in the European primary energy supply 
from 6% in 1997 to 12% by 2010. The majority of the additional renew-
able energy needed to achieve the set target could come from biomass, 
which means that, additionally, 26 Mtoe (1 EJ) of biomass could be used 
for energy (Parikka 2005a). A possible alternative for covering future de-
mand for renewable energy is increased utilisation of wood from planta-
tions, energy crops, recovered wood, forest and agricultural residues and 
by-products from the wood-processing industry. At present, the utilisation 
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of these materials, mainly forest residues, is low compared with the esti-
mated potential (Parikka 2005a & 2005b). 

The future development of renewable sources of energy within the EU 
also depends on the environmental impacts and different technical and 
non-technical barriers (Madlener et al 2005; Parikka 2005a). 

One important aspect in the appraisal of these resources is the assess-
ment of potential, which forms a part in the setting of targets and limits for 
practical utilisation (Parikka 2002 & 2004). Another important aspect is 
public opinion – how to improve the acceptability of renewable resources. 
There are several other factors to take into account, e.g. noise, visual intru-
sion, environmental concerns and even other non-technical obstacles 
(Madlener et al 2005). 

In the Kyoto process, the European Union declared the intention to re-
duce greenhouse gas emissions (CO2, CH4, N2O etc.) by 8% by the year 
2010, with reference to the 1990 emission levels (European Commission 
2006). Biomass, and especially woody biomass, could substitute fossil fu-
els, e.g. in electricity and heat supply; thereby, contributing substantially to 
the reduction of greenhouse gas emissions (GHG), principally CO2 from 
fossil fuel combustion (Karlopoulos and Tsikardini 2004). 

The fast growing market for wood fuel and other renewables in Europe 
in recent years has already raised questions concerning their influence on 
the environment. Some of these resources are already physically available 
in the form of recovered wood, residues from agriculture and forestry, as 
well as from related industries (Parikka 2005a). Established over the past 
10 years, the bioenergy trade is now a viable alternative for countries and 
regions lacking resources, and a business opportunity for countries with an 
oversupply (Alakangas et al 2002). 

2. Existing European strategies for green house gas 
reduction

The following short summary presents the existing European strategies for 
green house gas reduction. 
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Renewable energy in the EU  

Directive 2003/30/ Promotion of the use of biofuels or other
renewable fuels for transport. 

Directive 2003/96/ Directive on energy taxation. 
Directive 2004/8/ Promotion on co-generation

(combined heat and power). 
SEC(2004) 547 Communication from the Commission to the 

Council and the European parliament: The share 
of renewable energy in the EU. A Commission 
Report in accordance with the Article 3 of Direc-
tive 2001/77/EC proposals for concrete actions. 

COM (2004) 366 A Commission staff working document: The 
share of renewable energy in the EU country
profiles. An overview of renewable energy 
sources in the enlarged European Union. 

European Commission
Memo (2004) 

Renewable energy to take off in Europe ? - 2004 - 
Overview and scenario for the future. 

EU climate strategy and emis-
sion rights trading 
ECCP – programme I The first European Climate Change Programme 

(ECCP) was launched by the Commission in 
2000.

ECCP – programme II The second European Climate Change  
Programme (ECCP) was launched by the
Commission in 2005. 

COM(2000) 87 Green Paper on greenhouse gas emissions trading 
within the European Union. 

Directive 2003/87 Emissions trading - National allocation plans. 
Kyoto Agreement The EU and its Member States ratified the Kyoto 

Protocol in late May 2002. 

Source: Eurolex (2005); European Commission (2006).

Table 17.1. Existing European strategies for green house gas reduction strategies. 

88/349/ Council Recommendation of 9 June 1988 on
developing the exploitation of renewable energy 
sources in the Community. 

COM(97) 599 Communication from the Commission - Energy 
for the future: renewable sources of energy - 
White Paper for a Community strategy and action 
plan.

COM(2000) 769 Green Paper - Towards a European strategy for 
the security of energy supply. 

Directive 2001/77/ Promotion of electricity produced from renewable 
energy sources in the internal electricity market. 

Directive 2002/91/ Energy performance in buildings. 
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3. Use of biomass fuels in Europe 

In the late 80’s, few statistics on renewable energy, either at the EU level 
or in the member states, existed. The Council recommendation of 1988 
88/349/EEC (Eurostat 2004) stipulated that the member states, in collabo-
ration with the Eurostat should establish a statistical system for Renewable 
Energy Sources (RES) (Eurostat 2006). 

The use of renewable energy sources in the EU (25) are presented in  
Table 17.2. The total gross inland energy consumption in 2003 was 72 124 
PJ in 2003. The share of all renewables was 6%, about 4 329 PJ, and the 
share of biomass and biofuels was 3,9%, about 2 880 PJ (Eurostat 2006). 

Table 17.2. Gross inland energy consumption in the EU(25). 

All categories PJ %
- Natural gas 17 086 23,0
- Oil 27 038 38,0
- Coal 13 163 18,0
- Nuclear 10 517 15,0
- Renewables 4 229 6,0

Total 72 134 100,0

Renewables
- Wind 159 3,7
- Solar 26 0,6
- Hydro 1 045 24,1
- Geothermal 221 5,1
- Biomass and biofuels 2 880 66,5

Total 4 229 100,0

Source: (Eurostat 2006) 

The share of wood in the EU (25) energy supply (wood as fuel in 
households and wood as fuel in industry and power plants) is about 50% of 
all renewables, about 2 000 PJ (Thrän and Kaltschmitt 2002). 
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4. Potential of biomass fuels in Europe

The total biomass energy potential in Europe is about 9 EJ/a (Kaltschmitt 
1999; Kaltschmitt and Neubarth 2000; Thrän and Kaltschmitt 2002). The 
total practically available annual biomass quantity in Europe is approxi-
mately 5.2 EJ (Table 17.3): this figure is based on statistics from 20 Euro-
pean countries (Vesterinen and Alakangas 2001). The share of available 
woody biomass for fuel is about 4 EJ per year (e.g. forest industry by-
products, forest and logging residues, firewood, recovered wood, etc.). A 
comparison between the available potential with the current use on Euro-
pean level, indicates approximately 32% of existing biomass energy poten-
tial is used (Kaltschmitt 1999; Thrän and Kaltschmitt 2002; Eurostat 
2006).

Table 17.3. Biomass for energy resources in Europe, PJ per year. 

PJ/a Forest 
residues

Solid
ind. by-
products

Ind.
black

liquors

Firewood Wood 
wastes

Densified
wood
fuels

Other
biomass

fuels

Peat Total 

Austria 150. 0 50.0 0.0 40.0 18.0 3.0 9.0 0.0 270.0
Belgium 7.0 13.0 8.0 0.0 3.0 0.0 0.0 0.0 31.0
Denmark 11.0 5.0 0.0 3.0 0.0 4.0 46.0 0.0 69.0
Finland 96.0 47.0 135.0 49.0 0.0 1.0 11.0 165.0 504.0
France 38.0 42.0 0.0 258.0 111.0 0.3 412.0 0.0 861.3
Germany 142.0 40.0 0.0 0.0 81.0 0.0 511.0 0.0 774.0
Greece 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ireland 3.0 7.0 0.0 3.0 1.0 0.0 0.0 40.0 54.0
Italy 0.0 36.0 0.0 83.0 24.0 0.0 0.0 0.0 143.0
Netherlands 4.0 3.0 0.0 0.0 45.0 1.0 24.0 0.0 77.0
Portugal 68.0 27.0 22.0 0.0 0.0 0.0 0.0 0.0 117.0
Spain 59.0 87.0 23.0 12.0 52.0 0.0 386.0 0.0 619.0
1Sweden 238.0 46.4 125.0 27.0 27.0 18.0 22.0 13.0 516.4
UK 16.0 12.0 0.0 27.0 175.0 0.0 70.0 0.0 300.0
Estonia 30.0 0.0 0.0 0.0 0.0 0.0 19.2 30.0 79.2
Latvia 8.0 12.0 0.0 32.0 0.0 1.0 0.0 15.0 68.0
Poland 101.0 68.0 16.0 26.0 40.0 0.0 205.0 122.0 578.0
Romania 0.0 23.0 3.0 58.0 0.4 0.0 0.1 0.0 84.5
Slovakia 6.0 0.1 5.0 3.0 3.0 0.1 13.0 0.0 30.2
Slovenia 2.0 7.0 0.0 8.0 0.1 0.0 0.0 0.0 17.1

Total 979 526 337 629 581 28 1 728 385 5 193
Source:Vesterinen and Alakangas (2001).
The figure for Sweden has been updated. The new total figure for Sweden is 

516 PJ per year (Lönner et al 1998; Parikka 2003). 

1
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The wood energy potential is especially important in countries where 
forests cover a considerable part of the total land area, e.g. the Nordic 
countries (Europe). By-products from forest industry, such as bark and 
sawdust in sawmills and bark in pulp mills, are currently the largest com-
mercially used biomass source (Kaltschmitt and Neubart 2000; Parikka 
2002 & 2004). 

The types of the more important wood energy resources differ. In 
Finland and Sweden it is either wood or wood residues harvested during or 
after harvesting of industrial round wood or by-products from forest indus-
try; whereas, e.g. in Germany approximately two-thirds of the estimated 
resources is straw. These differences are partly caused by the different 
means of estimating the resources, but the main reason is the land use 
(Vesterinen and Alakangas 2001). 

The group “Other biomass resources”, which includes biomass types 
such as short rotation coppice (e.g. Willow), energy grass (e.g. Reed ca-
nary grass) and straw, is especially dominant in France, Germany, Spain 
and Poland. In these countries, the other biomass resources means mainly 
straw (Vesterinen and Alakangas 2001). 

Availability of wood residues (wood residues including bark, sawdust, 
wood chips etc.) at European level varies rather little and the quantity is 
dependant on industrial use of round wood. A major part of wood residues 
are used for industrial purposes: bark is used for energy purposes and an 
increasing quantity of sawdust is used for production of densified biofuels, 
i.e. pellets and briquettes, raw wood chips are mostly used for pulp 
(Parikka 2002; FAO 2004a). Statistics, e.g. from FAO (2004a) indicate in-
creased production of split firewood at European level. 

The industrial round wood sector is particularly important, typically 
having a large impact on wood fuel prices (as does pulp and paper, and 
some other industries). Round wood (i.e. timber, veneer, pulp wood, etc.) 
is used as industrial raw material and as construction material. However, of 
the total round wood quantity about 40% of the total quantity is primary or 
secondary process residues, suitable only for energy production, e.g. for 
the production of densified biofuels (FAO 2004b). 
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5. Potential market for biomass fuels in Europe 

5.1 Markets for biomass in Europe 

Biomass is typically a crop grown and used in the local society. Bulky ma-
terial and high transport costs have kept it local up to modern time. 

Trade between countries and regions is an effective way to distribute 
specialities among companies and organisations in a more specialised 
world. Trade usually increase rationalisation in the forest sector and liber-
alisation strongly supports this development. Problem could be that areas 
like the forestry sector internationally is not very well developed to meet 
this movement and discussions are going on a global scale how to meet 
this (Hillring 2006). 

International statistics is not covering this trade in biofuel completely. 
Efforts to summarise global trade and the trade patterns have been done by 
different authors (NUTEK 1993; Hillring and Trossero 2006). 

Within the European union, trade of industrial biofuels occurred some 
decade ago: early trade paths of olive stones from southern (Spain) and re-
covered wood from central Europe (Germany) were to Swedish district 
heating plants (Alakangas et al 2002). Later, trade from countries in the 
Baltic area increased (Latvia, Estonia Poland, Russia) both for regular 
round wood destined for the forest products industry in the Nordic coun-
tries and for low quality timber and residues for energy companies in Swe-
den, Denmark, Germany and the Netherlands. 

The driving force behind the biofuel trade in Europe is based on efforts 
to reach the limitations in emissions dictated by the Kyoto protocol and 
other international agreements. Higher international energy prices are an-
other important factor. The situation differs among the regions in Europe. 
Some areas such as the Nordic countries are rich in forest resources and 
have a large demand for biofuels. Other countries such as Russia have 
even greater forest resources but virtually no demand for biofuels. In cen-
tral Europe, some countries are rich in forests (such as France) but biomass 
from the agricultural sector dominates. The most extreme example is the 
Netherlands, with a dense population and an extensive agriculture sector, 
the majority of the biofuel supply needs to be imported, even though it is 
expected to grow in the future. 

5.2 European trade patterns 

Solid biofuels such as wood residues, pellets and wood chips are traded 
within Europe and reached a level of almost 50 PJ per year in 1999 
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(Vesterinen and Alakangas 2000). Biofuel trade between European coun-
tries is a growing interest, because international trade can provide fuels at 
lower prices. In several cases, the national biomass market is  underdevel-
oped for organised international trade; however, projects may benefit 
countries with unexploited biomass resources where fuels are available on 
an international market. Although there may be (even notable) cross-
border trade of e.g. domestic firewood between neighbouring countries, 
this trade is more or less occasional and beyond official statistics (AFB- 
Net 2000). In some countries (e.g. Portugal), the statistics reveal traded 
biomass amounts, but as the source/destination countries are unknown, 
these flows cannot be included in the total figure. However, in some cases 
the trading countries are known, but the traded biomass types are not 
(AFB-Net 2000). 

The largest volumes of biofuel are traded from the Baltic countries   
(Estonia, Latvia, and Lithuania) to the Nordic countries (especially Swe-
den and Denmark, but also Finland). Some volumes are also traded from 
Finland to other Nordic countries, and between neighbouring countries in 
Central Europe, especially the Netherlands, Germany, Austria, Slovenia 
and Italy. The traded biofuels include densified wood fuels (pellets and 
briquettes) and industrial by-products (sawdust, wood chips), and recov-
ered wood in Central Europe. The annual production of wood pellets in 
Europe is estimated to be about 12-13 million tonnes. There is also inter-
continental trade of biofuels. Sweden imports biofuels from Canada, and 
Italy imports firewood from Northern Africa. In addition, Germany exports 
firewood to the Middle and Far East (AFB-Net 2000). 

Scandinavian biofuel markets have increased and national energy poli-
cies have contributed strongly to this trend (Vesterinen and Alakangas 
2000). Taxes on energy with a clear environmental profile were introduced 
during the early 1990s in Scandinavian countries. Fossil fuels for heat pro-
duction are heavily taxed, whereas biofuels are untaxed. In electricity pro-
duction, all fuels are untaxed, and consumers pay the tax. In Finland and 
Sweden, investment support promoted growth capacities and contributed 
to biofuel demand.

A new project, EUBIONET II (2006) is underway, and covers the Euro-
pean trade of biofuels. No results are currently available yet, but prelimi-
nary studies from Sweden indicate that trade has doubled compared with 
5-6 years ago. There has been a change in the mix of biofuels imported to 
Sweden, with a significant increase in wood pellets, tall oil and ethanol.
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5.3 Fuel prices

Energy prices in general have increased over the past 30 years, especially 
during the past 3 to 4 years, which also provides more incentive for alter-

creased substantially in 2004-2005 due to several factors such as increased 
global demand, limited capacity for oil refineries, political violence in key 
production areas e.g. the Middle East, and natural catastrophes e.g. in the 
Southern United States. Levels over 60 USD per barrel were reached at 
some periods. This development on the oil market forced prices on all en-
ergy to increase, which created new energy solutions and provided an op-
portunity for alternatives such as wood fuel to be competitive (NUTEK 
1993).
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Fig. 17.1. Nominal and real prices of light crude oil, 1970-2004, Source: STEM 
(2005b) Periodical. 

which have led to well established international wood fuels prices (Hillring 
2006). There is of course a range of prices set by the market situation, pro-
duction cost and cost of competing fuels. By-products traded at 3-4 €/GJ, 
wood chips around 3.5-4.5 €/GJ and wood pellets around 5-6 €/GJ. Swed-
ish market prices (2005) for wood fuels to heating plants vary between 3.4 
€/GJ for by-products and 6.2 €/GJ for wood pellets (Hillring 2006). A survey

native energy sources such as wood for energy (Figure 17.1). Oil prices in-

result of increased trade on wood fuels between European countries and 
Table 17.4 provides examples of European wood fuels prices, which are the 
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of the prices of different fuels was undertaken in 1999 (Vesterinen and 
Alakangas 2000; AFB-Net 2000). Since then, oil prices have risen signifi-
cantly, which has also influenced wood fuel prices.

Fuel Country
Minimum, €/GJ 

Country
Maximum, €/GJ 

Average
€/GJ

Forest residues Germany 1.02 Italy 8.33 3.42
By-products, forest 
products industry

Romania 0.58 Poland 9.07 2.38

Firewood Slovakia 1.01 UK 14.00 5.26
Wood waste Ireland -4.00 Poland 3.31 0.97
Refined wood fuels Latvia 3.24 Germany 18.22 8.37
Other biomass Slovakia 0.83 Poland 12.00 4.68
Peat Finland& Latvia 2.10 Ireland 3.75 2.83
Heavy fuel oil Slovakia 1.40 Ireland 12.00 6.74
Light Fuel oil Slovakia 3.10 Denmark 14.30 6.74
Natural gas Slovakia 1.10 Italy 16.21 5.80
Coal Poland 1.19 Germany 12.78 4.53

Source: Vesterinen and Alakangas (2000); AFB-Net (2000).

6. Conclusion and discussion 

Biomass has the potential to substitute for the use of fossil fuels in Europe; 
however, the exploitation of this potential is only advisable if there are 
promising economic and/or environmental effects.

A transition process is now taking place and many conditions are chang-
ing, including policy level decision-making, forestry practices, agricultural 
policy and the forest industry. In addition, the international biofuel trade 
will be an important factor in the future: the global benefit of displacing 
fossil fuel with modern biofuel use is obvious, as life cycle analyses indi-
cate that biofuel supply systems are neutral in terms of emissions CO2 to 
the atmosphere.

According to the White Paper, the overall aim is to double the share of 
renewable energy from 6% to 12% of the total energy consumption in the 
EU by 2010: a major part of this renewable energy could come from bio-
mass. This means that an additional 1 EJ of biomass per year could be used 
for energy in the European Union. A possible alternative is to cover the fu-
ture demand for renewable energy by increased utilisation of wood from 
plantations, energy crops, forest and agricultural residues, and by-products 
from the wood-processing industry. 

Table 17.4. Minimum, maximum and average fuel prices (including taxes) in the 
18 selected European countries (1999).
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In the Kyoto summit, the European Union pledged its intention to re-
duce greenhouse gas emissions (CO2, CH4, N2O etc) by 8% by the year 
2010, compared to the 1990 emission levels. Biomass, and especially 
woody biomass, could be used to substitute fossil fuels, e.g., in electricity 
generation and heat supply. Biomass will therefore substantially contribute 
to the reduction of Greenhouse Gas (GHG) emissions, mainly CO2, from 
fossil fuel combustion. 

Practical experience and research has shown that locally sustainable bio-
fuel systems can be operated across Europe. All impacts are manageable 
with straightforward measures that are generally an extension of, e.g. good 
conventional forestry and agricultural practice. Another way of doing this 
is to issue recommendations for the removal of residues, e.g. logging resi-
dues, with the purpose of minimizing the risks for long-term adverse ef-
fects on soil fertility and the environment. 

The biofuel trade is a viable alternative for countries without their own 
resources and for countries with an oversupply. The international biofuel 
market prices are established in Europe, however volumes are still limited. 
In the future, both the use and the trade of biofuels is expected to increase, 
in Europe, the self supply, high fossil energy and electricity prices and in-
ternational environmental agreements are the main driving forces for the 
development of this industry. 

The share of wood in the EU(25) energy supply (wood as fuel in house-
holds and wood as fuel in industry and power plants) is about 50% of all 
renewables, about 2,0 EJ. This means that the share of wood in the EU(25) 
energy system is about 2.8% The corresponding share of biomass and bio-
fuels is about 3.9% and about 6.0%for all renewables.

It was found that the potential of different biomass fuels in Europe is 
about 9 EJ per year (the current use is about 2,9 EJ per year), meaning that 
about 32% of the total resources are currently in use. The annual biomass 
fuel quantity practically available in Europe is about 5.2 EJ per year.
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