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Foreword

The studies presented in this book provide an essential perspective for the con-
temporary evaluation of governmental regulation and industrial deployment of
transgenic trees. The first transgenic tree was a poplar hybrid, modified by the
introduction of a gene conferring resistance to the herbicide glyphosate, only three
years after the first expression of foreign genes in plant cells (tobacco) and before
the development of the first transgenic soybeans or maize. Over the past 30 years,
crop varieties created using gene splicing have been widely adopted increasing at a
rate of 3 % per year since 1996. By 2014, the global acreage of transgenic maize
and soybeans reached 181 million hectares. Gene splicing has been a more limited
success with consumers than with agrobusiness. A substantial number of consumers
are hostile to genetically modified (GM) crops, and nongovernmental organizations
such as Greenpeace have opposed deployment of GM crops, worldwide.

GM technology should have substantial benefits for forest trees, potentially
greater than for agricultural crops. Genetic improvement of forest trees by breeding
is limited by the long generation times and by the space required to maintain large
populations of forest trees. Generation times from seed to seed can vary from a few
years to decades. GM technology has the potential to produce large genetic effects
based on the introduction of small numbers of genes in a single step through an
asexual process. In contrast, selection for quantitative variation may require several
generations. The pace of tree improvement through traditional breeding, for
example, for loblolly pine in the southern US, is such that four generations of
selection has required about half a century.

Accelerated tree improvement by GM technology could produce more wood on
less land, improve quality, increase resistance to pests and pathogens, and increase
stress tolerance in the face of climate change, a major challenge to biodiversity. GM
technology has potential for long-term environmental benefits. An example of a
potential long-term environmental benefit is the engineering of resistance to blight
in the American chestnut. Chestnut was a highly valued and beneficial forest tree
species both to human communities and to the Appalachian ecosystem in the
mid-Atlantic forests of North America. American chestnut is moribund and will
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become extinct if it is not rescued by genetic development of resistance. Hundreds
of forest tree species around the world are currently threatened by epidemics of
pests and pathogens. Some of the epidemics are associated with climate change
either because of reduced stress on the pests or increased stress on the hosts.

It might have been expected that application of gene splicing to tree species
would be rapid and enthusiastic. What actually happened was that deployment of
transgenic trees has been quite limited and has lagged far behind the major com-
mercial agricultural crops. Deployment of transgenic trees has been highly
restricted in Europe and limited to a few test plantations in the USA. The most
extensive transgenic tree plantings have been in China where hundreds of hectares
of transgenic poplars are growing. Why has the deployment of transgenic crops
been so widespread while transgenic trees have lagged so far behind?

This volume describes many of the reasons for the delayed application of
transgenic trees, based in part on the lack of technology development, but primarily
on the barriers of government regulation and the public opposition to GM plants
and trees. Technology development has been a significant factor. Many of the
methods developed for crop plants, particularly those of Agrobacterium-based
transformation can be and have been applied to many tree species, where cell and
tissue culture methods had been adequately developed. The development of culture
and regeneration technology has been a greater barrier than the method of gene
transfer.

As a research tool, transgenic technology has been used extensively for genetic
analysis of forest trees. Major successes have been achieved for specific gene
expression, for control of flowering, and particularly for the modification of
metabolic pathways. Some large-scale mutation screens have been established
using transposon tagging, and new genes affecting a spectrum of phenotypes have
been identified. Important new methods of genome editing can create homozygotes
for an introduced mutation in a single generation, and such genetic drive technology
may be able to spread a mutation through a tree population to counteract attacks by
pests and pathogens. Climate change is likely to increase the number of cases where
intervention using GM technology may be needed. GM trees may be able to prevent
the loss of entire species and the loss of a dominant tree species may threaten an
entire ecosystem.

The process of gene splicing is closely related to the genetic changes that occur
naturally in trees through insertional transposition and mobile DNA elements. The
process of gene splicing should not be the basis for regulation of a crop or a tree, it
should be the nature of the modified plant itself. Based on this principle, it should
be possible to create a regulatory system that provides a realistic evaluation of costs,
risks, and benefits. Much work needs to be done to rationalize the regulatory
process to bring restrictions and benefits into a more consistent and logical
framework. A “regulatory trigger” of gene splicing technology is still widely used,
even though the safety of the gene splicing process per se, has been unequivocally
established. Gene splicing technology has been tested in thousands of laboratory
experiments, deployed over hundreds of millions of hectares, and fed to millions of
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animals, without a single valid example of harmful effects. The regulatory burden of
unnecessary regulation has cost society on the order of a trillion of euros/dollars.

Deployment of exotic species and interspecies or even intergeneric hybrids of
forest trees are considered safe, while the directed introduction of a highly defined
and precisely controlled specific gene is still considered a substantial health or
environmental hazard. In spite of these limitations, a GM loblolly pine has recently
been classified by the USDA as “unregulated”, paving the way for deployment,
while a transgenic Eucalyptus has been approved in Brazil shortly after a major tree
nursery containing transgenic trees was destroyed by anti-GM vandalism.

There is a great need for long-term efforts for public involvement and education.
The general public cares deeply about forest trees. However, there is limited
understanding of the dynamic nature of tree genomes and the mechanisms of
genetic changes that have occurred in our trees and forests in recent times. The
application of GM technology to solving problems of our forests is just beginning
and the future of these applications should be important and exciting. A major
impact of this book will be that it advances a rational basis for the path forward.

Ronald Sederoff
Department of Forestry and Environmental Resources

North Carolina State University Raleigh
NC, USA
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Preface

Since the first report on transgenic tobacco published in 1983, a large but diverse
and fragmented body of knowledge on the environmental interactions and safety of
transgenic plants and in particular trees has been acquired over the past more than
30 years. The main objective of the EU-COST Action FP0905 (Biosafety of forest
transgenic trees: improving the scientific basis for safe tree development and
implementation of EU policy directives) has been to evaluate and substantiate
scientific data relevant to the biosafety of Genetically Modified Trees (GMT).
Therefore, the idea of this book arises from the need to report the outcome of the
scientific discussion and synthesis from the four years of activity of this COST
Action.

COST—Cooperation in the field of Scientific and Technical Research—is one
of the longest running European instruments supporting cooperation among sci-
entists and researchers across Europe. COST is also the first and widest European
intergovernmental network for coordination of nationally funded research activities.
Therefore, this EU instrument has permitted the establishment of an unique plat-
form on biosafety of GMTs like this COST Action is.

The Action started on April 12, 2010 and ended on April 11, 2014. In total, 27
COST countries (Austria, Belgium, Bosnia and Herzegovina, Bulgaria, Croatia,
Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Israel,
Italy, Latvia, Netherlands, Norway, Poland, Portugal, Romania, Serbia, Slovak
Republic, Slovenia, Spain, Sweden, The Former Yugoslav Republic of Macedonia,
and United Kingdom) and seven NON-COST countries (Albania, Australia,
Canada, China, New Zealand, South Africa, USA) have participated in the Action.

To reach its objectives, the Action work plan organized into four Working
Groups (WGs) focuses on: (i) the biological characterization of GMTs aiming to
evaluate existing knowledge, including the experience from expert scientists
actively working in the field of forest GMTs (WG 1), (ii) the assessment of possible
environmental impacts and monitoring of GMTs in the whole production chain
from plantation to final products (WG 2), (iii) the socio-economic implications and
public acceptance and concerns of potential use of GM forest trees and R&D
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investments in the framework of Cost–Benefit Analysis (WG 3), and (iv) increasing
public awareness and understanding of GM tree plantations by providing sci-
ence based information through management of the www.cost-action-fp0905.eu
dynamic website (WG 4).

This book is subdivided into four sections each representing a WG, and the
authors of the chapters are experts of the COST Action as well as colleagues in the
field of GMT, all researchers and scientists with proven international reputation in
the fields of tree biotechnology, risk assessment, monitoring, socio-economic, and
dissemination.

The scientific outputs of this Action can be useful to bodies performing envi-
ronmental risk assessment of GM plants (at European and local level but also at the
worldwide level) and to authorities involved in risk management (e.g., commercial
release authorization). Therefore, several end users will be interested in the content
of this book, including public bodies (e.g., non-governmental organizations
(NGOs) as well as organizations at regional and municipal levels) responsible for
policy regulation at the scientific, ethic, and environmental levels, and private
industries (e.g., paper, timber).

In particular, target groups are:

• Research organizations working with transgenic organisms and in related fields,
such as ecology, biochemistry, physiology, economy, society, and policy

• Relevant national ministries responsible for GM plants
• European regional authorities (via relevant regional networks like AREPO—

Association des Région Européenne des Produits d’Origine, GMO-free
European Regions Network, CRPM—Conférence des Régions Périphériques
Maritimes d’Europe, AER—Assembly of European Regions)

• European Commission services (particularly DG AGRI and DG ENV)
• GMO panel of the European Food Safety Authority (EFSA)
• Members of the European COEXNET initiative.

In summary, this book can be useful to public/private organizations as well as to
research private and public bodies and universities worldwide since the status of
GMT research and policy is reported at the world level.

Cristina Vettori
Matthias Fladung
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Introduction

Cristina Vettori and Matthias Fladung

Abstract In the last 25 years, various genetically modified forest trees (GMTs)
with modified or novel characteristics have been produced. Economic and eco-
logical benefits like reduction of product costs and less pressure on native forests
are expected but also risks like unintended spread of GMTs and pleiotropic effects
of transferred genes are speculated by the opponents. This book summarizes a
4-years lasting COST Action on the biosafety of GMTs and focuses on the fol-
lowing four key aspects: (a) biological characterization of GMTs aiming to evaluate
existing knowledge including the experience from expert scientists in the field of
forest GMTs, (b) evaluation of the environmental impacts of the GMTs already
developed, (c) assessments of the efficiency of existing transgene containment
strategies, and (d) conduction of socio-economic and cost/benefit analyses in
relation to the use of GMTs in plantations. This book combines multidisciplinary
knowledge generated with transgenic lines of forest trees (such as, Populus spp.,
Pinus spp., Eucalyptus spp., Betula spp., Castanea spp., Picea spp., etc.) as well as
extensive expertises in correlated topics. Moreover, considering the increase of
public awareness on the use of GM forest plantations and environmental protection,
the final part of the book focuses on communication about GMTs through sci-
ence based information management of the http://www.cost-action-fp0905.eu
dynamic website. This book aims to present useful information for the scientific
community that is interested or engaged in socio-economic implications and bio-
safety issues of GMTs, but also to provide scientifically based support for decision
processes of policy-makers and regulators.

Forests are important for numerous aspects of human health and the environment.
For humans, forests play a significant role by provision of many economic, leisure
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and spiritual benefits. Trees convert the energy of the sun into woody biomass and
release oxygen through the process of photosynthesis. At the same time, forests are
highly important as sinks for CO2, thus moderating climate change. There is a
growing worldwide demand for wood and biomass to provide fuels, chemicals and
industrial products. Current wood fibre usage is about 3 billion m3 per annum, and
50 % of the wood required is supplied by forest plantations that comprise only 7 %
of the world forest area (Hirsch 2015). For 2050, a need of about 10 billion m3 per
annum is predicted, exceeding the productivity of natural forests and also “classi-
cal” forest plantations. Biotechnologies provide new tools to help increase the
productivity of forest plantations to the required levels (e.g. Klocko et al. 2013).

Biotechnology can meet the demands and needs of society by reducing pressure
for harvest of forests that are important for support of biodiversity and other
ecosystem services. Like any technology and human intervention made by man, it
must be applied prudently, following principles of ecosystem stewardship (Institute
of Forest Biotechnology 2011). It will be a great challenge to increase productivity
of forest plantations while at the same time ensuring sustainable practices. One of
the greatest challenges to the human race today is to secure the material, food and
energy supplies for our children and grandchildren while keeping the planet viable.

For transgenic plants in general, environmental impact assessment policies have
been developed and regulated at both the European and international levels. Risk
characterization is described in detail by the European Food Safety Authority
(EFSA; http://www.efsa.europa.eu/) in its guidance document on GM plants.
The EFSA provides independent scientific advice on the safety of GMOs (Directive
2001/18/EC: deliberate release into the environment of GMOs; Recommendation
EC/553/2003: coexistence), and on genetically modified food and feed (Regulation
EC/1829/2003). In particular, the EFSA GMO Panel carries out risk assessments to
evaluate the safety of a given GMO by reviewing scientific data and information.

At the international level, several documents are available from the US
Department of Agriculture (APHIS guidance documents, field database offield trials
for more than 40 woody species), the Canadian Food Inspections Agency and other
organizations. Relevant documents and research reports have been produced by
OECD in the field of the environmental and food/feed safety. A Biosafety Clearing
House database has also been created to facilitate international coordination. The
recommendations of the Cartagena protocol on biosafety, part of the international
Convention on Biological Diversity, can be considered in risk assessments.

A number of genetically modified trees (GMTs) have been developed in the past
25 years (see chapter by Häggman et al. in this book). In many countries, including
the USA, France, Belgium, Germany and many others, field trials with transgenic
poplar (Populus spp.) have been conducted to study the behaviour and growth of
GMTs (Walter et al. 2010, and see chapters by Pilate et al. and Strauss et al. in this
book). These GMTs carry novel or modified traits such as herbicide and insect
resistance, modified lignin and cellulose for pulp and energy production, heavy
metal accumulation for phytoremediation, and fast-growing varieties for biomass
production (Walter et al. 2010; Robischon 2006; Busov et al. 2005). New trans-
formation technologies have been developed for forest trees (see chapter by
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Alburquerque et al. in this book) to help overcome the common recalcitrance to
transformation/regeneration by woody plants. China initiated commercial planta-
tions of insect resistant varieties more than a decade ago (Ewald et al. 2006).
A genetically modified Eucalyptus with yield enhancement characteristics has been
recently approved for commercialization in Brazil (Ulian and Abrahão 2015).

Because of the long life cycles of trees and their particular significance in many
terrestrial ecosystems, concerns of potential impacts of GMTs have been raised,
leading to attempts to ban GMTs (Strauss et al. 2009). These alleged impacts
include damage to wild ecosystems by uncontrolled spread of transgenes via ver-
tical or horizontal transfer, as well as pleiotropic and unintended effects of the
transgenes on target and non-target species. International groups of scientists, in
publications (e.g. Walter et al. 2010) and by direct participation in Convention on
Biological Diversity conferences (e.g., Strauss et al. 2009), have examined and
rebutted the many reckless and disproportionate claims.

Nonetheless, to further understand and improve the biosafety of GMTs, research
on biosafety has been initiated in a number of European countries (e.g. Germany,
Finland, France, Spain, etc.) and non-European countries (Häggman et al. 2014;
Fladung and Hoenicka 2012; El-Kassaby and Prado 2010). This research included
the potential release and fate of GMT pollen, the development of containment
strategies, the integration of the transgene and its inheritance, and the relationship
between the genomic position of the transgene and genomic as well as expression
stability (e.g. Ahuja and Fladung 2014; Fladung et al. 2013; Brunner et al. 2007;
Valenzuela et al. 2006; Hoenicka and Fladung 2006a; Strauss et al. 2004; Pilate
et al. 2002). Other studies focused on the possibility of pleiotropic, often unde-
sirable alterations in plant metabolism and physiology due to the recombination
events in the transgenic host plant genome (for discussion on this point see the
chapter by Biricolti et al. in this book), effects on composition and activities in the
soil microbial community and the fate of the transgene and proteins in soil (e.g.
Pasonen et al. 2005; Kaldorf et al. 2002, and see chapters by Gallardo et al. and
Robischon in this book).

In principle, three main technological issues need to be considered in GMT
development and regulatory assessment: (i) the establishment of efficient contain-
ment strategies to avoid possible vertical and horizontal gene transfer, when these
raise significant ecological or social problems, (ii) the analysis of the transgene
insertion behaviour, including number and orientation of copies, and the presence
of vector backbone sequences to help ensure predictable and reproducible trait
expression and (iii) selective inclusion of new “omics”-technologies when they are
needed to study cellular effects following the expression of novel gene(s).

Containment strategies have already been proposed, including the establishment
of male and/or female sterility aand inhibition of vegetative propagation (Brunner
et al. 2007; Strauss et al. 2004; Hoenicka and Fladung 2006b). It has been shown
that the integration site of the transgene affects the stability of the expression, which
is partly due to methylation and silencing events. In addition, depending on the
molecular layout of the integration locus as well as possible alternative splicing of
the foreign gene, the production of “variants” of the intended protein is theoretically
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possible. In this context, the targeted integration into known genomic positions
appears to be a valuable approach (Fladung et al. 2013; Li et al. 2009). The new
mutagenesis technologies, particularly CRISPR/Cas-systems, now makes gene
targeting efficient in plants (Gaj et al. 2013) though it is yet to be used commercially
in GMTs. A major activist concern about GM technology is that the expression of
novel gene(s) may cause alterations in cell homeostasis, which could be considered
in environmental risk assessments. However, all information available regarding
transcriptomics, proteomics and metabolomics (“omics”) of genetically modified
plants indicate that unintended effects are considerably less than for conventional
breeding (Ricroch 2013; Gao et al. 2013) and could not be detected to be caused by
the transformation methods (Metzdorff et al. 2006).

A large body of knowledge on environmental effects and biosafety issues of
(GMTs) has been collected in many countries over the past 25 years. Therefore, it
was important to compile this scattered information to build up a European
knowledge platform. This was the idea behind the 4-year EU-COST Action FP0905
project—Biosafety of forest transgenic trees: improving the scientific basis for safe
tree development and implementation of EU policy directives. A main objective of
this ACTION was to evaluate and substantiate the scientific knowledge relevant for
GM forest tree biosafety, which is important for future EU policy and regulation of
GM forest trees. This is particularly important because the majority of the
well-documented knowledge present in public accessible websites and regulations
are mostly related to crops. In respect to risk assessment of GM trees, forest trees
differ in a number of important characteristics (i.e. complex ecosystem, longevity,
etc.) from annual agricultural crops. The goal was to collect the scattered infor-
mation on transgenic forest trees and make it available for those organizations (as
EFSA) and institutions (as state department or Ministries of the Environment, etc.)
that have to evaluate and regulate any introduction of transgenic tree to the market.

Yet, we are not aware of network collaborations on GMTs, similar to this COST
Action, under consideration in the EU Framework Programme or in other European
organizations, such as EUREKA, ESF, etc. A COST Action on this subject is
therefore relevant, and innovative, especially in the context of the existing debate in
the EU on the cultivation and commercialization of GM-plants, as the 2912th
European Council on Environment showed with the adoption of EU Council
Conclusions on GMOs.

This ACTION was aimed both at EU economic/societal needs and scientific/
technological advance. From an economical perspective, this ACTION allowed
information exchanges to improve European knowledge about the importance of
forestry and forest trees productions in different countries and constraint factors in
this sector. This is highly important to improve R&D efforts on biotech development
in trees. From a societal perspective, this ACTION has explored and identified the
real and perceived importance/utility of forests and plantations in different Europe
societies, with a strong accent on how some types of GMTs could either ameliorate
or impair forest sustainability from a citizen’s perspective. Thus is very important to
understand the kind of policies needed to meet the concerns of society, which are
highly diverse among and within Europe countries.
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Summarizing the results from experience with GMTs in this book is expected to
help policy-makers and regulators to respond to public concerns in a serious and
responsible way, particularly concerning socio-economic implications and biosafety
issues of transgenic tree plantations.

This book is divided into four sections and summarizes the activities of the four
working groups of the COST Action FP0905. The different sections are intercon-
nected and the chapters report the state of knowledge on GMT research, risk
assessment, biosafety and social perception. The book aims to present useful
information for the scientific community that is interested or engaged in
socio-economic implications and biosafety issues of GMTs, but also to provide
scientifically based support for decisions of policy-makers and regulators.

Part I of the book addresses the topic of genetic engineering and transformation
technologies and how these can be useful to improve important productive char-
acteristics of forest trees for specific purposes. The global experience with GMT field
trials is presented, and a database that gathers the current knowledge on field trials
and greenhouse experiments with transgenic trees in EU and non-EU countries is
provided (Part IV). The database is freely available to the scientific community and
Europe organizations at the website of the COST Action FP0905 (http://www.cost-
action-fp0905.eu/). The different chapters of this section give a factual overview of
the status of GMTs in European and non-European countries in order to provide
sound scientific data for risk assessment, as is further addressed in Part II.

Part II focuses on environmental impact assessment and monitoring of GMTs.
It includes environmental impacts of the GMTs already developed and guidance on
their risk assessment and monitoring. This information will help regulators and
politicians to understand the kind of policies needed to meet the concerns of EU
citizens in relation to the possible use of known types of GMTs.

Part III is strictly related to environmental and socio-economic indicators that
may be included in cost–benefit analyses. It includes data collected in different EU
countries, and a survey to explore public attitude towards adoption of transgenic
forest trees. The cross-country results of the surveys are expected to provide policy
support to the European Commission with regard to public acceptance of transgenic
forest trees and the associated conflicts among citizen values (e.g. economic effi-
ciency vs. perceived natural integrity). One of the main problems discussed is how
to transfer knowledge to citizens in an objective and unbiased, but understandable
manner.

Part IV is focused solely on communication about GMTs. Two chapters
describe the knowledge needed to communicate effectively in the field of agri-food
biotechnology and the experience of this COST Action in this regard for GMTs.
The advantages of using thoughtful, audience-appropriate communication tools to
explain technical, socio-economic and environmental aspects of GMTs to the
general public cannot be over-emphasized.

We thank all the COST Action FP0905 participants and collaborators for their
active engagement in this ACTION, providing data for some of its analysis, and
taking part in education events. It provides a foundation to guide further research,
policy development and regulatory decisions.
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Part I
Biological Characterization of Genetically

Modified Trees (GMTs)



Genetic Engineering Contribution
to Forest Tree Breeding Efforts

Hely Häggman, Suvi Sutela and Matthias Fladung

Abstract Forests have multiple roles, including traditional timber and fibre pro-
duction, to sequestering global carbon emissions, preserving water systems and
providing ecosystem services and shelter for a variety of plant and animal species.
Genetically engineered (GE) forest trees can play a significant role in highly pro-
ductive plantation culture for commercial products, where they would be beneficial
for specific purposes. We review the knowledge of transformation technologies,
and compare the role of GE technology in forest tree breeding to traditional tree
breeding approaches. The role of genetic engineering in the climate change context
is also covered. Finally, we speculate on the importance of tree genomics for future
forestry, genetic engineering and forest tree breeding.

1 Introduction

Looking back at the history of mankind, domestication of the most important crop
species has played an enormous role. Around 12,000 years ago, ancient people
began a plant-breeding programme by transforming a number of wild plant species
into domesticated crops by means of selective breeding. These crops also included
the most highly productive crops, rice, wheat and maize, on which human survival
is still dependent today (Doebley et al. 2006; Meyer and Purugganan 2013). Food
grain production reached 1 billion tons in 1960 and it took almost 10,000 years, but
to reach the additional 1 billion tons produced in the year 2000, it took only
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40 years. The recent increase in productivity was due to Dr. Norman Borlaug the
‘Father of the Green Revolution’ and recipient of the Nobel Peace Prize in 1970,
and his many partners. In the Green Revolution, the genetically improved crop
varieties were combined with the application of improved agronomic practices. The
Green Revolution boosted crop yields especially in developing nations by intro-
ducing semi-dwarf genotypes of wheat and rice capable of responding to fertil-
ization without lodging. However, population growth, increased standards of living,
ongoing soil degradation and increasing costs of chemical fertilizer will make the
second Green Revolution a priority for plant biology in the twenty-first century
(Khush 2001).

Today, the global cultivation area of genetically engineered (GE) crops is
already 175.2 million ha, which is 3 % (i.e. 5 million ha) more than in 2012, in 27
countries by 18 million farmers. Biotech (GE) crops, the fastest adopted crop
technology, are considered to deliver substantial socioeconomic and environmental
benefits (Clive 2013; Klümper and Qaim 2014). In the future, global growth of
biotech crop hectares may be more modest due to the already high rate of adoption
in all the principal crops in mature markets in both developing and industrial
countries (Clive 2013); however, a much greater diversity of genes and traits is
expected to be used.

Concerning forest trees and taking into account their specific biological prop-
erties such as the long generation interval/breeding cycles and lengthy juvenile
period compared to crop species, it is obvious that breeding programmes are today
only ongoing with commercially important species. Generally, forest tree domes-
tication and breeding programmes mostly started at the earliest in the last half
century and are, therefore, still in its infancy (reviewed by Campbell et al. 2003).
Thus, the application of biotechnology/GE technology to forest trees offers a great
potential to hasten the pace of tree improvement for desirable end uses. However,
the challenges involved in predicted population growth and climate change
including weather extremes (Nellemann et al. 2009) may increase the need for new
cultivation areas and/or more effective food production. This means also increased
pressure to accelerate forest tree domestication in a sustainable way to fulfil the
future needs of wood, biomass and other bio-based products.

In this context, the traditional genetic improvement protocols, due to the long
breeding cycles, alone may be too slow to achieve rapid domestication of forest trees.
In these cases, both the lessons from the almost 25-year history of genetic engi-
neering of forest trees combined with the experience on conventional breeding
programmes as well as the information available and applications depending on the
genetic and genomic knowledge, could speed up tree domestication. The
cost-effectiveness, as well as the regulatory approval of the technology/end-products
by the authorities, and last but not least, public acceptance is vital for the practice, as
for the adoption of the technologies. However, even if the economic reasons favour
the use of GE trees in plantation/production forests, it is also good to remember that
the technology can be utilized also for conservation purposes of the species
threatened with extinction (e.g. chestnut in USA or European elms).
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In this chapter, the possibilities of GE tree exploitation are discussed in relation
to the tree breeding efforts. This is done at the time when the European Council
made an important step by reaching political agreement on 12 June 2014 towards
allowing Member States to restrict or ban GMO cultivation in their territory and
when simultaneously there are commercial cultivations of Populus species in China
(Ewald et al. 2006; Hu et al. 2014) and ongoing efforts for deregulation of GE forest
trees in South and North America. Transgenic trees are on the way from lab
research to trait oriented uses in the next 25 years.

2 Tree Breeding from Its Infancy Towards Future
Innovations

The breeding process for forest trees differs fundamentally from that of annual
crops (Fladung 2008; Flachowsky et al. 2009). The reason simply lies in the special
characteristics of trees, as these are predominantly out-crossing and have extensive
vegetative phases as well as a high, individual age. Unlike crop plants, which have
a high degree of domestication and often no wild relatives in Europe, many “bred”
varieties of tree species are comparatively still with “wild plants” that are charac-
terized by a high genetic diversity.

The breeding process of an agricultural crop is pure cross-breeding, i.e. after an
initial cross between a wild plant (carrying e.g. a resistance gene) with an elite line
(deficient in the resistance gene), repeated back-crosses and field testing ensures the
presence of the resistance gene together with the accumulation of the genomic
background of the elite line. On the contrary, in trees, the establishment of a second
or third filial generation is practically excluded due to the long generation times of
most forest tree species. In consequence, the concept of selective breeding has been
coined in forest tree breeding. This means the inspection and selection of natural
occurring forest trees (termed as elite or plus trees), followed either by simply
collection of seeds and using them for the establishment of seed orchards (Langner
1957/58) or by an initial cross between elite or plus trees and evaluation of a hybrid
F1 progeny in terms of forestry-relevant features, e.g. straight stem or vigour
growth (hybrid selection; von Lochow 1929; Wolf 2003).

The forest tree breeding efforts were initiated between 1920 and the 1940s in
many European countries including Finland, Germany, Norway, Portugal and
Sweden. Since then, most of the European countries have had breeding pro-
grammes for a variety of hard- and softwood species, in which the general aim has
been the improvement of traits considered economically or ecologically important
(White et al. 2007; Mullin and Lee 2013; Pâques 2013). For instance in Germany,
selective breeding of forest trees has a long tradition (Langner 1957/58; Wolf 2003).
Examples are the breeding of fast growing hybrid poplar clones, micro-vegetative
propagation of wild cherry clones, and selection of phenotypically superior hybrid
trees in sessile oak, pine, alder or larch. However, many of the European tree
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breeding programmes have already been suspended (Mullin and Lee 2013; Pâques
2013). Globally, the present breeding programmes include the following forest tree
species: Douglas-fir (Pseudotsuga menziesii), Eucalyptus species, loblolly pine
(Pinus taeda), Monterey pine (Pinus radiata), Norway spruce (Picea abies),
Populus species, and Scots pine (Pinus sylvestris).

As reviewed by Neale and Kremer (2011) research in forest tree genomics
lagged behind that of model and agricultural species. The ongoing next-generation
sequencing efforts with several forest tree species is proceeding fast but the draft
genomes of tree species still represent only 6 of the more than 100 plant families
containing tree species, and thus, the possibilities for comparative genomic and
genomic selection approaches are still limited (Neale et al. 2013). Before utilization
in tree breeding or conservation or restoration purposes the reference genomes
should be functionally annotated with omics approaches and preferably mapped
with high density. This, together with feasible genotyping platforms would
potentially in future enable marker-assisted selection (MAS) and genomic selection
in forest tree species (Nieminen et al. 2012; Isik 2014; Zhang et al. 2014).

3 Genetic Transformation Technologies

Genetically modified organisms (GMOs) are officially defined in the EU legislation
as organisms in which the genetic material (DNA) has been altered in a way that
does not occur naturally by mating and/or natural recombination (Plan and Van den
Eede 2010). In the Organisation for Economic Cooperation and Development
(OECD), genetic modification is defining an organism whose genetic material has
been altered by whatsoever method including, e.g. traditional methods such as
selection breeding.

The first scientific peer-reviewed paper on GE forest tree was published by
Fillatti et al. (1987). They introduced AroA gene coding 5-enol-puryvate
3-phosphate and conferred herbicide resistance via Agrobacterium tumefaciens-
mediated gene transfer to Populus hybrid (Populus alba × grandidentata). In the
early days, the efforts were focused on the development of transformation tech-
nologies rather than trait-oriented transformation. Back in the days and actually still
today, Agrobacterium (A. tumefaciens and A. rhizogenes) species-mediated gene
transfer (Chilton et al. 1977; Schell et al. 1979; Zambryski et al. 1983; Bevan 1984;
Wood et al. 2001) is the most common transformation technology. Biolistic
transformation (particle/microprojectile bombardment) (Sanford 1988, 1990), in
contrast to Agrobacterium-mediated transformation, is a physical process based on
the delivery of DNA coated gold particles into the plant cells. Moreover, during the
years, also other genetic transformation technologies were developed/used, such as
electrophoretic transfection (Ahokas 1989; Vik et al. 2001) and microinjection
(Miki et al. 1989). In addition, DNA delivery to plant protoplasts was performed by
electrophoresis and in some cases also via liposomes (as reviewed by Dan and Ow
2011). Furthermore, there are several so-called combination technologies where
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particle bombardment or silicon carbide whiskers (Nagatani et al. 1997) were used
prior to Agrobacterium transformation to wound plant tissue/cells to improve the
transformation efficiency. Similarly, Trick and Finer (1997) used sonication before
Agrobacterium-mediated transformation. Nevertheless, in spite of several possi-
bilities, the most common transformation technologies within forest tree species are
biolistic transformation and Agrobacterium-mediated transformation. For instance,
Trontin et al. (2007) list in their review 30 Pinus species, including the important
forest and plantation species P. pinaster in Europe, P. radiata in New Zealand,
Australia and South America as well as P. taeda and P. strobus in North America,
which have been targets of extensive research to improve the transformation
methods. In the case of 17 pine species, foreign gene transfer and stable expression
have been achieved either by co-cultivation with disarmed A. tumefaciens strains
and/or biolistic transformation (Trontin et al. 2007).

The viral vectors have also been an advantageous alternative to the transgenic
systems for the expression of foreign proteins in plants. There are two basic types of
viral systems that have been developed for production of immunogenic peptides
and proteins in plants, namely (a) epitope presentation where the sites of insertion
are chosen so that the peptide is displayed on the surface of the virus particles and
(b) polypeptide expression systems (Cañizares et al. 2005 and references therein).
Plant viral vectors delivered by Agrobacterium are the bases of several manufac-
turing processes that are currently in use for producing a wide range of proteins for
multiple applications, including vaccine antigens, antibodies, protein nanoparticles
such as virus-like particles (VLPs), and other protein and protein-RNA scaffolds,
but they are also important tools in research. Among the most often used viral
backbones are those of the RNA viruses tobacco mosaic virus (TMV), potato virus
X (PVX) and cowpea mosaic virus (CPMV), and the DNA geminivirus bean yellow
dwarf virus (Gleba et al. 2014).

Virus-induced gene silencing (VIGS) is a transient RNAi-mediated gene
silencing approach that facilitates rapid gene function assessment without the
requirement of generating stable transgenes (Burch-Smith et al. 2004). Zhu et al.
(2010) utilized Nicotiana benthamiana a well-proven platform for VIGS when
studying plant cell wall formation. Sasaki et al. (2011) presented an effective VIGS
system in apple, pear and Japanese pear using Apple latent spherical virus (ALSV)
vectors. This was the first time when VIGS vectors were reported for Rosaceae fruit
trees. Inoculation of ALSV vectors carrying a partial sequence of endogenous genes
from apple [ribulose-1,5-bisphosphate carboxylase small subunit (rbcS), alpha
subunit of chloroplast chaperonin (CPN60a), elongation factor 1 alpha (EF-1a), or
actin] to the cotyledons of seeds by a particle bombardment induced highly uniform
knock-down phenotypes of each gene from 2 to 3 weeks after inoculation.

In addition to transformation technologies, also a lot of experience has been
gained concerning gene constructs used in transformation. Generally, the gene
constructs include the gene of interest, promoter sequences (constitutive, inducible
or synthetic, Venter 2007) guiding the expression or down-regulation of the target
gene and selectable marker gene, which in most of the cases is nptII (neomycin
phosphotransferase II) providing resistance to kanamycin antibiotics or for instance
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bar, which encodes for phosphinothricin acetyltransferase and which allow the
selection of transgenic cells. With regard to the safety use of antibiotics in gene
constructs EFSA (European Food Safety Authority) expressed already in 2004 and
further confirmed in 2009, there is no rationale for inhibiting or restricting the use of
category I antibiotic genes including nptII either for field experimentation or for
placing on the market. Concerning the traits (genes of interest) in the research areas,
multiple traits and species have been used during the 25 years, but looking at the
existing field trials the traits could be grouped as recently presented by Häggman
et al. (2013, 2014) marker genes, disease and insect resistance, abiotic stress tol-
erance, growth and wood properties and biosafety-related issues.

The new technologies to come such as zinc finger nucleases (ZFN), transcription
activator-like effector nuclease (TALEN), LAGLIDADG homing endonuclease
(LHE) (Curtin et al. 2012) or CRISPR-Cas systems where gRNA-directed Cas9
nuclease can induce indel mutations or specific sequence replacement or insertion
(Sander and Joung 2014). The CRISPR-Cas systems can edit, regulate or target
genomes with very specific outcomes. These new technologies may also cause very
small changes in the genomes. Changes up to 20 bp are not considered as genetic
modification as these changes cannot be distinguished from conventional mutage-
nesis or natural mutations (Cao et al. 2011). Therefore, it is at present under
discussion whether or not these small changes will be regulated under the European
gene technology directives. The result of this discussion will certainly guide the
future technology choices in plant including tree breeding.

4 Genetic Engineering Can Accelerate Tree Breeding

The juvenility period of most of the forest trees are long, which also means long
breeding cycles (White et al. 2007), usually >15 years for gymnosperms and for
angiosperm species 7 or more years. Traditional tree breeding has principally
focused on improving economically and ecologically important traits, including
early stem growth and stem form, pathogen and disease resistance, adaptation and
more recently wood properties (as reviewed by Häggman et al. 2013). These traits
also show complex patterns of inheritance. The increase in genetic gain achieved by
breeding cycle may also mean that applications for vegetative propagation are
needed at the state of field testing. During the years, also MAS and discovery and
use of quantitative trait loci (QTL) in breeding (as reviewed by Isik 2014) have
been substantial and this has been done to reduce the long breeding cycles.
However, MAS has not been successful in forest trees which generally lies in the
fact that the QTLs discovered in experimental populations explain only a small
percent of phenotypic variation and also the genotype by environment interactions
make the MAS application more complicated (Isik 2014). The situation might,
however, change together with the available high throughput genotyping platforms
providing numerous markers to be utilized in high-density genetic maps.
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By means of genetic engineering, the characteristics of forest trees could be
improved faster by using “transgenesis” approaches. The tree characteristics of
interested, including enhanced abiotic/biotic resistance, increased biomass pro-
duction or modified/altered wood, could be achieved by altering the expression of
specific (endogenous) gene/s or by introducing novel traits to trees. Another pos-
sibility could be reducing the vegetative period of trees from a few years down to
one year, allowing breeding activities in a similar manner as in annual crop species.
The shortening of the juvenile phase can be achieved by transgenesis with the
transfer of “early flowering” genes leading to precocious flowering (Flachowsky
et al. 2009) as described in detail in Sect. 4.2.

Besides being slow, traditional tree breeding can cause notable changes in the
tree genome. In contrast, the mutagenesis based, genetic engineering technologies
under development affect very moderately the genome organization—it may be that
the changes are only present in a few bases. The new methodologies (ZFN,
TALEN, LHE, CRISPR-Cas) hold promise that the genetic engineering of forest
trees can be more precise in the near future in comparison to the biolistic and
Agrobacterium-mediated transformation methods. However, the almost 25-year
history of GE forest trees produced with these “old-school” transformation methods
has proved that after the initial greenhouse characterization of GE forest trees, the
foreign gene/s have stable expression under natural conditions causing no/minor
unintended effects to the environment/other organisms (Häggman et al. 2013,
2014). Yet, we are lacking data on the performance of GE forest trees under
long-term field trials crossing the border of juvenility and maturity.

We have a long experience on the genetic and phenotypic characteristics of the
main forest tree species in conventional breeding programmes. The accumulation of
genome sequence data is premise for better genetic maps needed for MAS.
However, high-density genetic maps are not yet available and it will take time
before they are for all the forest tree species involved in breeding programmes. The
tree domestication can be speeded up bymeans of genetic engineering but the
realization by genetic engineering requires public acceptance.

4.1 Genetic Engineering Versus Natural Genetic Variation

Natural genetic variation is the driving force of the evolution of all living indi-
viduals. Each spontaneously occurred mutation is checked for its value for the
fitness and survival of each living individual. This is the principle of Darwin’s
theory of selection and evolution. Along with the rapid development of new
methods for genome sequencing, numerous genomes of different individuals
already have been or will be totally sequenced and uncountable genetic variations
are being or will be detected. Such genetic differences can be classified in different
sections, small ones, i.e. single nucleotide variations (called single nucleotide
polymorphisms = SNPs) including insertion/deletions (“Indels”) of up to 20 bp,
rearrangement of intragenomic sequences or transposition events, or uptake of
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foreign DNA (Arber 2010). Genetic variations can in consequence be beneficial or
disadvantageous for living organisms, depending on the present and future envi-
ronmental factors. When transmitted to the progeny, according to Darwin’s theory,
in the long-term end survival of the fittest will value the “best” genetic variation.
Genetic variations can also be independent of environmental factors, e.g. when such
variations inhibit necessary life processes or are even lethal in extreme cases (Arber
2010).

Molecular mechanisms behind genetic variations are manifold. Single nucleotide
variations can occur spontaneously as in textbooks given at 10−6 frequency.
However, the frequency of this type of mutation can be increased by induced
mutagenesis by applying chemical mutagens or UV- or gamma-irradiation. Single
nucleotide variations, however, can also be induced by the molecular machinery in
each living cell, e.g. DNA replication mechanism. The larger genetic variations, i.e.
DNA rearrangements or transposition events, can be triggered through homologous
or site-specific recombination and mobile genetic elements (transposons, retro-
transposons), respectively. Uptake of DNA is known as natural horizontal gene
transfer or along with modern biotechnological methods such as genetic
engineering.

Genetic variations up to 20 bp can occur when living cells are underlying all the
mechanisms leading to small genetic variations as described above (Cao et al.
2011), thus these changes cannot be distinguished from genetic variations induced
by genetic engineering (Arber 2010). Nevertheless, the larger genetic variations
such as recombination and transposition leading to natural, spontaneous generation
of genetic variants can also be observed along with genetic engineering. No dif-
ferences in the amounts of nucleotides, but also in the molecular mechanisms are
obvious, thus there is no scientific reason to assume that genetic engineering bears
particular conjectural evolutionary risks (Arber 2010).

With transgenesis, the goal is to alter the expression of specific gene/s or to
introduce novel trait to organisms in which case the introduced gene/genes are
possibly absent from the genome of the recipient. If the introduced gene originates
from a close, sexually compatible relative of the recipient or from the same species
and the gene (or flanking regions) have not been modified, but include the T-DNA
borders of Agrobacterium, term cisgenesis is applicable. Similarly, intragenesis
refers to utilization of gene retrieved from a close relative or the same species of
recipient organism but in this case, the gene is modified, that is, the recombinant
version of the original gene. In contrast to transgenesis, intragenesis could, in
theory, rise in plants naturally. Hence, EFSA (2012) concluded that the hazards
associated to cisgenesis are the same as in conventionally bred plants. Thus, forest
trees could be modified with constructs not dissimilar to the genetic content of the
species; however, at present, the limited gene delivery methods usable for forest
tree species hinder the accuracy of the approaches as the integration of constructs to
the genome is random in biolistic and Agrobacterium-mediated transformation
(Ahuja and Fladung 2014).
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4.2 The Use of Early Flowering Genes to Accelerate Tree
Breeding

The main factor hindering effective breeding in forest trees is the prolonged veg-
etative phase, variable lasting in some tree species until 40 years (e.g. Fagus
sylvatica L.) (Meilan 1997). The use of a transgenic early flowering plant can
accelerate the breeding of forest trees significantly (Flachowsky et al. 2009). The
initial step in the breeding process is based on the cross of a transgenic early
flowering plus tree with a tree carrying an interesting gene (“gene-of-interest”), e.g.
for disease resistance. In the progeny of this initial cross, the early-flowering gene
and the “gene-of-interest” will segregate following the Mendelian rules. By
employing molecular marker, both genes can be detected in each plant in the
progeny. The plants carrying the two genes will be submitted to back-crosses to
increase the genomic background of the plus tree. In the next generation, again
molecular marker can be used to select progeny plants carrying both genes. This
cycle can be repeated several times. At the end, the early-flowering gene will be
out-crossed, resulting in a disease-resistant plus tree that is not transgenic
(Flachowsky et al. 2009). In this way, new, permanently improved tree varieties can
be created in a reasonable time frame, which are also free of any “foreign” DNA
sequences.

Very early, the idea came up to employ early flowering trees, either natural or
transgenic ones, to accelerate tree breeding (Häggman et al. 1996; Meilan 1997;
Fladung et al. 2000; Fladung 2008; Flachowsky et al. 2009). Most genes involved
in regulation of flowering have been discovered in Arabidopsis (Theissen et al.
2000; Liu et al. 2009). Some of these genes have been tested for early flowering,
mainly in poplar (Rottmann et al. 2000; Hoenicka et al. 2006; Hsu et al. 2006;
Böhlenius et al. 2006; Hoenicka et al. 2012a), but also in apple (Wada et al. 2002;
Flachowsky et al. 2007; Tränkner et al. 2011) and birch (Elo et al. 2001, 2007).

The first report on successful application of a flowering-inducing gene from
Arabidopsis was the constitutive expression of the meristem identification gene
LEAFY in Populus (Weigel and Nilsson 1995). The Arabidopsis gene under the
control of the 35S promoter but also the poplar native gene reduces flowering time
in poplars very effectively (Weigel and Nilsson 1995; Rottman et al. 2000).
However, this early system had some disadvantages because of the dwarf pheno-
type of transgenic plants and the formation of single flowers instead of catkins
(Hoenicka et al. 2006; Hoenicka et al. 2012b). Later, a very effective
early-flowering system based on the FLOWERING LOCUS T (FT) could be
developed (Zhang et al. 2010), however, also with some disadvantages, e.g. not
inducible in tissue culture or in very young greenhouse-grown plants. An
improvement of the system could be achieved by combining the FT with the
SUPPRESSOR OF CONSTANS (SOC) gene (Fladung and Hoenicka, unpublished
results).

The expression of the 35S::BpMADS4 gene construct caused an acceleration of
flowering time in birch, tobacco and apple (Elo et al. 2001; Flachowsky et al. 2007),
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but not in poplar (Hoenicka et al. 2008). Similarly, genes inducing early flowering
in Arabidopsis including FLOWERING PROMOTING FACTOR 1 (FPF1) and
FUL showed no effect on flowering time in poplar (Hoenicka et al. 2008, 2012a).
Induced early flowering was achieved using the genes located on the Ri plasmid of
Agrobacterium rhizogenes in tobacco (rolD, Mauro et al. 1996) and poplar (rolC,
Fladung et al. 2003). Unfortunately, constitutive rolD expression in transgenic
poplars did not lead to precocious flowering.

5 Towards Trait-Oriented Approach

Today, there is a lot of information from genetic transformation technology and
gene constructs both at the laboratory level and at greenhouse, the focus being on
basic studies and biosafety issues. The European Commission has spent between
1982 and 2010 over 300 million € to study the biosafety of GMOs (EUR 24473
2010) and altogether 50 research projects were funded between 2001 and 2010 the
specific focus of the projects being in biosafety issues. The main conclusion which
was drawn from the efforts of more than 130 research projects, covering a period of
more than 25 years of research, and involving more than 500 independent research
groups, is that biotechnology, and in particular GMOs, are not per se, more risky
than conventional plant breeding technologies (EUR 24473 2010).

Moreover, we have considerable experience on approved confined field trials
from the United States (500 field trials), China (78), Brazil (68), Canada (45), EU
(44) Japan (9) and New Zealand (5) according to Häggman et al. (2013). The
following forest tree species have been approved for the trials: the hardwood
species being Betula pendula, Castanea dentata, Eucalyptus spp., Liquidambar
styraciflua, Populus spp., Robinia pseudoacacia, Paulownia and Ulmus americana
as well as the following coniferous species Larix spp. P. abies, Picea glauca, Picea
mariana, Pinus spp. P. radiata, P. sylvestris (reviewed by Häggman et al. 2013).

Genome resources are developing fast in forest trees but the completed and
ongoing genome-sequencing projects in forest trees are today still limited to around
25 species representing mostly members of 4 families, i.e. Pinaceae, Salicacae,
Myrtaceae and Fagaceae (Neale et al. 2013) including species that have also been
used in genetic transformation approaches. Comparative genomics tools may also
be helpful in planning the genetic transformation approach and/or by comparing the
GE tree functioning with the non-transgenic counterparts.

All the cumulative information on laboratory and greenhouse experiments as
well as field trials and increasing amount of genome resources will support genetic
engineering approaches to move from laboratory research to trait-oriented appli-
cations during the next 25 years. It will also influence and fasten the tree breeding
efforts. However, also the general challenges of the society (population increase,
food scarcity, deforestation and forest degradation, climate change) may emphasize
the need for high yield fast growing GE production forests as one solution, but also
the conservation of the species threatened with extinction such as chestnut in USA
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(or the elms in Europe) might be good candidates for transgenic approach. Thus, the
next steps will be to consider deregulation of forest trees in specific cases and from
the legislation point of view—in all cases anyhow the changes in the forest tree
genome will be minor compared to the traditional breeding or hybridization.

6 The Global Climate Change and Need for Wood

The sufficient production of wood without disturbing primary forests will be one of
the most important issues for the near future. During the last 100 years, an increase
in the CO2 concentration in the atmosphere from 290 to 400 ppm has been recorded
in middle Europe. During the same period, Europe’s average temperature increased
by 0.95 °C and the global average sea site level has risen by 10–20 cm. These are
strong indicators for the present ongoing climate change worldwide.

Besides increase in temperature and CO2 concentration, other predicted conse-
quences are an increase in the number of storms and other extremes as well as
changes in precipitation patterns. For Europe, the expected consequences of the
predicted climate change are dramatic. The melting of alpine glaciers and per-
mafrost will lead to increased risks of flooding in central and northern Europe.
Growth zones are shifting north, loss of important habitats such as wetlands and
tundra will be the result (e.g. IPCC 2007).

6.1 Wood Production Should Be Ensured

The long-term goal for world forestry, under the scenario of climate change, is to
ensure a sufficient wood production. This applies both for timber production in
forests but also in plantations. However, the above described situations of increased
number of storms, floods and droughts, heat waves and rising CO2 concentrations
towards 600 and 1000 ppm but also the spread of tropical diseases and parasites are
severe threats for world forestry. Questions raised and to be answered are which
tree species cope with climate change, which do not, and do native forest tree
populations have a sufficient genetic variability to adapt to climate change? Is the
existing natural adaptability of forests sufficient, since climate change is expected to
take place very quickly? Or, is a forest conversion needed in a way that native tree
species would partly be substituted with drought-tolerant exotic tree species? For
the use of trees in plantation forestry, the question arises whether forest tree
breeding is “fast” enough to meet a fast progressing climate change?

Wood production must be ensured without disturbing primary forests. Of course,
stop of climate change by avoiding or reducing causing factors should have emi-
nence. However, simply due to social responsibility and due to the possibility that
climate change inexorably progresses, measures have to be taken to ensure survival
of the world’s forests in future, also in the sense of an adequately secured wood

Genetic Engineering Contribution to Forest Tree … 21



production. Such measures should consider all kinds of approaches to accelerate
tree breeding, and could also include the use of GE trees. From today’s perspective,
no possibility can be excluded per se to assure stable forests for an
ecological-driven forestry and sustainable wood production.

A large number of foreign tree species from northern America and Asia have
been introduced to European countries (Hoenicka and Fladung 2006). As many of
the exotic species are naturally hybridizing with European tree species, they have
been successfully included in classical tree breeding programmes (Wolf 2003).
Unfortunately, due to the predicted changing climatic conditions, the appearance of
new biotic pests is expected in a relatively short time span. To accelerate tree
breeding, in the last 25 years, biotechnological techniques already widely in use for
annual crops have been adopted to various tree species, e.g. tissue culture, trans-
formation (gene technology) and genome analysis (Taylor 2002; Wullschleger et al.
2002).

6.2 How GE Trees Can Help

The use of GE technology offers a unique opportunity to specifically improve
desired traits of plants in a very sophisticated manner. Breeding objectives of tree
species as well as acceleration of the tree breeding process to ensure reliable wood
production also in future, in particular in regard to the predicted climate change,
have been discussed some years ago in combination with domestication of poplar,
and multiple targets were formulated (Bradshaw and Strauss 2001; Fladung 2008;
Flachowsky et al. 2009). As the first important objective, maintenance and opti-
mization of wood yield has to be considered. This goal could be achieved by
increasing the fixation rate of atmospheric CO2, enhancing the deposition of carbon
in the stem or by diversion of photoassimilates into wood formation.

6.3 Efforts to Make Transgenic Trees Safer

6.3.1 Induction of Flower Sterility

To avoid uncontrolled spread of the mutated gene(s) within or outside the gene pool
of the improved tree species should be avoided. Here, different molecular
approaches have been developed to achieve gene containment in transgenic crops
including trees, such as male and/or female sterility, and selection of non-GM
plants by using recombination systems. The incorporation of sterility genes into
transgenic lines of trees has been proposed early as a strategy to reduce or even
avoid gene flow of transgenes into non-transgenic relatives (Brunner et al. 1998).
However, evaluation of success concerning sterility in transgenic forest trees is
difficult due to the long vegetative periods (Hoenicka et al. 2006). Strategies to
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shorten reproductive phases in forest trees by using flowering-induction genes have
been developed (Weigel and Nilsson 1995; Rottmann et al. 2000; Hoenicka et al.
2006; Zhang et al. 2010), and their usefulness to study fertility/sterility of flowers
has been summarized in Hoenicka et al. (2012b).

Publications dealing with sterility induction in forest trees are still very rare
(Meilan et al. 2001; Skinner et al. 2003; Hoenicka et al. 2006; Lemmetyinen et al.
2004; Wei et al. 2007). In most cases, sterility constructs successfully used in crops
were simply tested in trees. As disadvantage, the heterologous floral-specific pro-
moters often revealed “leaky” expression resulting in activity of cytotoxic gene in
non-target, vegetative tissues, leading sometimes to a lower performance of trans-
genic plants (Meilan et al. 2001; Skinner et al. 2003; Lemmetyinen et al. 2004).

In an early study by Hoenicka et al. (2006), early flowering 35S::LEAFY poplar
lines were used for evaluation of two different sterility constructs, TA29::Barnase
and C-GPDHC::Vst1, allowing evaluation of the sterility strategies only 2 years
after transformation. It could be shown that CGPDHC::Vst1 promoted sterility in
poplar (Hoenicka et al. 2006). A similar sterility system based on the STILBENE
SYNTHASE (STS) gene under control of the gymnosperm promoter PrMALE1 led
to reduced pollen number and very low pollen germination in tobacco (Höfig et al.
2001). In poplar, pollen development was disturbed in 68 % of catkins (Hoenicka
et al. 2012b).

6.3.2 Selection of Non-GM Trees

To overcome the random integration of foreign gene(s) related to biolistic and
Agrobacterium-mediated transformation (Kumar and Fladung 2001, 2003),
site-specific recombination systems can be used (Kumar and Fladung 2001; Ow
2002). For the first time, Fladung et al. (2005) indicated the usefulness of two
recombination systems in the tree species Populus. The idea of gene targeting is
based on the action of the site-specific recombinase catalyzing an intragenomic
mobilization of the randomly inserted gene(s) into a desired, previously charac-
terized recipient locus (Fladung and Becker 2010).

An example of such successful cassette exchange has been provided by Fladung
et al. (2010) by using a two-constructs approach. The first construct contained the
FLP gene controlled by a heat-inducible promoter as well as a marker gene under
control of the 35S promoter, while the second carried a promoterless second marker
gene. Poplar plants were double transformed with the two constructs, and following
heat induction of FLP, the promoterless second marker gene became active by
exactly replacing the FLP gene/first marker gene and getting under control of the 35S
promoter (Fladung et al. 2010). In the long-term, however, direct targeting of the
new gene to a defined position is sought that should allow one to produce transgenic
trees in which the incoming gene can be expressed in a predictable pattern.

The same system can be applied to remove the herbicide or antibiotic marker
genes or even to select non-GM plants (Endo et al. 2002). A combination of two
site-specific recombination systems in one gene cassette has been successfully
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applied to remove the foreign genes from the pollen genome by having them still
expressed in the plant body (Hoenicka et al. unpublished results). Here, the first
recombination system was under the regulation of a heat inducible promoter, while
the second recombinase was promoterless. A flower-specific promoter was also
present but without a subsequent gene. Activation of the first recombination system
led to in vivo assembling of the flower-specific second recombinase system. In
consequence, when the transgenic tree starts to flower, the second recombinase
becomes active and removes all transgenic sequences from the pollen genome.

Another possibility to reposition transgenes in the genome is based on trans-
poson action (Cotsaftis et al. 2002). The functionality of transposons was first
shown by Fladung and Ahuja (1997) and Kumar and Fladung (2003). Later,
mobility of transposons across chromosomal barriers was confirmed by Fladung
(2011) and Fladung and Polak (2012). A relocated transposon-borne transgene is
free from unwanted T-DNA sequences and may be less prone to gene silencing than
at the original integration site. Such a method could be useful for quickly generating
large populations of T-DNA site-free transgenic plants.

7 Concluding Remarks

The predicted increase in population size together with accelerated climate change
including weather extremes, droughts, floods, etc., will also increase the need for
food production. This will definitely also affect the forests of the world. Tree
breeding efforts have so far been quite slow and, generally, forest trees can still be
considered as undomesticated compared to crop plants. For crop plants, all of the
most important species are already genetically engineered and include transgenes
providing insect or herbicide resistance or both. In mature markets the adoption rate
of some GE crops is also high (>80 %).

Concerning forest trees, there is also a need to improve growth, increase resis-
tance to biotic and abiotic stresses, and other traits such as wood properties or
chemical composition. The latter might serve the future bioeconomy-oriented
society. To reach all these goals, also non-transgenic alternatives and new breeding
technologies should be critically considered and compared to GE technology,
keeping in mind the importance to hasten the breeding efforts. Today, we already
have a lot of information about GE technology and it is an everyday research work
in molecular biology laboratories. In the case of forest tree species, we have a long
experience on GE forest trees at laboratory, greenhouse and field trial level and
therefore a lot of information has been gathered during the last 25 years. Quite
recently, also other so-called mutagenesis-based methods have been
developed/under development and also information on tree genome sequences is
cumulating fast. All these may provide interesting breeding possibilities for the
future, which could include utilization of both new breeding approaches (pheno-
type–genotype correlation, MAS) and transgenesis. Transgenic trees are on the way
from lab research to trait-oriented uses in the next 25 years.
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Abstract Application of transgenic techniques to trees has emerged as a powerful
tool for their genetic improvement. However, for some recalcitrant or transforma-
tion time-consuming species transgenic research should be strengthened and further
efforts will be necessary to improve regeneration and transformation efficiencies.
This review focuses on the recent advances and techniques for genetic manipulation
that can be applied to obtain transgenic trees with enhanced biosafety. After
selection of transformed plants, marker genes presence becomes useless and
undesirable. For generation of marker-free transgenic plants or resolving complex
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transgene integration structures, several methodologies based on site-specific
recombination have been developed. Precise homologous recombination-mediated
integration of a DNA sequence of interest at a particular site within a genome is the
ultimate tool for genetic engineering. Genome editing allows a much more precise
manipulation of tree genomes. Expression of multiple transgenes is often required
for engineering metabolic pathways. Recent progress has made powerful techniques
available and gene stacking can be achieved in trees by two methodologies:
co-transformation and serial transformation. The application of technologies based
on small RNAs allowing silencing target genes (RNA interference, artificial
microRNAs, and artificial trans-acting siRNAs) is of particular interest to produce
directed down-regulation of target genes in tree species. Mixing of genetic materials
between species that cannot hybridize by natural means is one of the major criti-
cisms to transgenic crops. Cisgenesis and intragenesis were developed as alterna-
tives to transgenesis.

1 Introduction

Adventitious organogenesis and embryogenesis are the bottleneck for the devel-
opment of efficient and genotype-independent transformation of trees. They are
usually very sensitive processes, strongly affected by small changes. Meristem
transformation may eliminate the need for regeneration during the production of
transgenic trees, allowing genetic manipulation of different cultivars or even spe-
cies. However, meristems are organized tissues which make almost impossible to
obtain uniformly transformed plants from them. Nevertheless, meristem transfor-
mation has been used in seed propagated species to produce chimerical plants
where the germ lines may be transformed and, hence, uniformly transformed plants
would be produced in the segregating progeny (Gambley et al. 1993; Sautter et al.
1995). This approach is not possible with vegetatively propagated species, partic-
ularly woody plants with long generation cycles.

The future of genetic transformation as a tool for the breeding of trees requires
the development of genotype-independent procedures based on the transformation
of meristematic cells with high regeneration potential and/or the use of
regeneration-promoting genes (Petri and Burgos 2005).

Unless new regeneration technologies or transformation systems that do not
require regeneration are developed, the technologies described in this review will be
difficult to apply to tree crops or their implementation will be too difficult to make
the effort worth. However, much research is underway and technologies described
here may be part of the breeding tools in tree research.
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2 Marker Gene Elimination

2.1 Site-Specific Recombination (SSR)

The use of selectable genes for screening transformed cells is a traditional approach
to produce transgenic plants (Hare and Chua 2002). Most commonly used select-
able marker genes are those conferring resistance to antibiotics or herbicides; the
products of these genes permit growth of transformed plants or cells on selective
medium. Expression of other selectable genes in transgenic plants may give a
metabolic advantage to transgenic plants, accelerating their growth and differenti-
ation. Reporter genes, such as gusA (uidA) of β-glucuronidase or gfp of green
fluorescent protein, permit a visual screening of transformed plant cells. However,
after selection of transformed plants, the presence of marker genes in their genomes
becomes useless and even highly undesirable. Controversial social apprehensions of
genetically modified (GM) plants are their potential impacts on both food safety and
environment. Selection of GM plants using antibiotic-resistant marker genes has
raised concerns particularly regarding risks associated with horizontal gene transfer
from plants to bacteria in soil, or from plant products consumed as food to intestinal
microorganisms, which could possibly result in reduced effectiveness of antimi-
crobial therapy. Therefore, the use of resistant marker genes for selection has been
the subject of many scientific papers and opinions. The major trend coming out of
these papers is that there is no scientific evidence to date suggesting that either
antibiotic-resistant genes currently used in GM plants have been harmful for human
or animal health or have significantly contributed to the problem of clinical
antibiotic resistance (Breyer et al. 2014). Nevertheless, the removal of these genes
from plants is sought after not only to alleviate the above-mentioned concerns but
also to address technical problems such as stacking genes of interest in vegetatively
propagated species, where segregation of the marker gene is not possible by
crossings, or to avoid problems of gene silencing associated with gene homology
and also when cisgenic plants are the final objective. Several methodologies have
been developed for the production of marker-free transgenic plants.

Site-specific recombinases are highly specialized enzymes that promote DNA
rearrangements between specific target sites (Grindley et al. 2006). In nature, these
enzymes control and coordinate a number of diverse eukaryotic and prokaryotic
functions including the integration and excision of viral genomes, the activation of
developmentally relevant genes, and the transposition of mobile genetic elements.
Most known site-specific recombinases exhibit distinct and strict sequence speci-
ficities, an evolutionary result of the tightly regulated role that DNA re-organization
plays in key biological pathways. For generation of marker-free plants, several
systems of site-specific recombination, which were previously established in studies
with bacteria and fungi, are used.

New Transformation Technologies for Trees 33



2.2 Types and Modes of Action

The recombinase super family can be split into two fundamental groups, the tyr-
osine and serine recombinases. This division is based on the active amino acid (Tyr
or Ser) within the catalytic domain of the enzymes in each family. The first and best
characterized group has members that include the Cre-lox (Dale and Ow 1991),
FLP-FRT (Kilby et al. 1995), and R-RS (Onouchi et al. 1991) systems where Cre,
FLP, and R are bidirectional tyrosine recombinases and lox, FRT, and RS are the
respective DNA recognition sites. These systems are the most commonly used in
plant biotechnology (Puchta 2003). Because of the identical nature of the recog-
nition sites the recombination reaction is fully reversible, although intra-molecular
recombination (excision) is highly favored over inter-molecular reactions
(integration).

The unidirectional tyrosine subfamily has nonidentical recognition sites typically
known as attB (attachment site bacteria) and attP (attachment site phage) and
performs irreversible recombination: HK022 (Gottfried et al. 2005).

The serine recombinase family also has two different members with the division
being based on size of the enzyme. The small serine subfamily contains small serine
recombinases (b, cd, CinH, and ParA), with their respective DNA recognition sites
(six, res, RS2, and MRS) (Wang et al. 2011). While recombination mediated by
these small serine recombinases uses identical recognition sites, only
intra-molecular excision events are observed. An excision event mediated by the
small serine recombinases is considered irreversible. The large serine subfamily is
represented by phiC31, TP901-1, R4, and Bxb1 (Wang et al. 2011). These enzymes
act on two recognition sites that differ in sequence, typically known as recognition
sites attB and attP, to yield hybrid product sites known as attL and attR. Excision,
inversion, or integration reactions can occur, but because the recognition site
sequences of attB and attP are changed to attL and attR, the reverse reaction cannot
occur.

Site-specific recombination was among the first methods applied to create
transgenic plants without retention of a selectable marker transgene (Dale and Ow
1991). Removal of the selectable marker also allows reuse of the same selection
regime for subsequent rounds of gene transfer.

The most used strategy consists on cloning the trait gene(s), the marker gene, the
recombinase, and its recognition sites into a single construct with the recombinase
gene under the control of a constitutive or an inducible promoter. The selection
gene is placed in a cassette flanked by directly oriented recognition sites, while the
trait gene is inserted outside of the region flanked by recognition sites. When
recombinase expression is under a constitutive promoter, the excision of the cas-
sette occurs spontaneously. The use of a MAT (multi-auto-transformation) vector,
pEXMGFP1, in the genetic transformation of Carrizo citrange and Pineapple sweet
orange was studied by Ballester et al. (2007). This vector contains the
R recombinase gene under CaMV 35S constitutive promoter and the ipt as
selectable reporter gene. Results indicated that the IPT phenotype was clearly
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distinguishable in sweet orange but not in citrange. After site-specific recombina-
tion and excision of the DNA fragment between RS sites, marker gene was suc-
cessfully removed from 65 % of the sweet orange transformants, giving rise to fully
normal ipt-marker-free transgenic plants. However, spontaneous excision of marker
genes gave way to many cases of chimerism and incorrect excision. Transformation
with the MAT vector pEXMGFP1 was also attempted in the apricot cultivar
‘Helena’ (López-Noguera et al. 2009) demonstrating that MAT vectors may be used
to eliminate marker genes from transformed apricot plants. In addition, this work
evidenced that the regeneration-promoting genes, such as ipt, may improve trans-
formation of difficult-to-transform species.

If recombinase gene is driven by an inducible promoter after transformation, the
putative transgenic plants are induced to initiate the expression of a recombinase.
The heat shock promoter HSP81-1 controlled the expression of the Cre recombi-
nase and marker-free transgenic plants were generated in maize (Zhang et al. 2003),
tobacco (Liu et al. 2005), and potato (Cuellar et al. 2006). The flp recombinase gene
driven by the soybean Gmhsp17.5-E heat shock-induced promoter was used to
establish a transformation protocol for the apple cultivar ‘PinS’ based on
site-specific elimination of the nptII marker gene after selection of transgenic apple
plants (Herzog et al. 2012).

Likewise, chemical-regulated promoters have been used in site-specific DNA
removal systems. Excision of both the R and the ipt genes was regulated by placing
R recombinase under control of the maize GST-II-27 promoter, which is induced by
the herbicide antidote ‘Safener,’ using a MAT vector system in Populus
(Matsunaga et al. 2002). Ballester et al. (2008) reported the production of
marker-free transgenic citrus plants with this MAT system, and perfect excision was
predominant in Carrizo citrange and sweet orange transformants.

In the binary plasmid pX6-GFP (Zuo et al. 2001), the expression of the Cre
recombinase is controlled by the ß-estradiol-inducible XVE transactivator. Upon
induction by the estrogen, sequences encoding the selectable marker (nptII gene),
Cre, and XVE sandwiched by two LoxP sites are excised from the construct,
leading to activation of the downstream green fluorescent protein (gfp) reporter
gene, which represents the possible gene of interest in this experimental construct.
This system was originally used in Arabidopsis (Zuo et al. 2001) and after was also
utilized for generating marker-free plants in food crops like rice (Sreekala et al.
2005) and tomato (Zhang et al. 2006). Recently, this chemical-inducible Cre-LoxP
system has been used for marker gene elimination in apricot cv. ‘Helena’ (Petri
et al. 2012). The DNA site-specific recombination in different transgenic lines was
precise and tightly controlled by the inducer ß-estradiol. Expression of the gfp gene
was only detected when 3 µM ß-estradiol was added to the medium at an average
frequency of 11.3 %, based on GFP expression.

Other chemically inducible recombinase system reported by Schaart et al. (2004)
was applied to obtain marker-free strawberry plants. After Agrobacterium-mediated
transformation regeneration took place on a kanamycin selective medium. The
recombinase R was then chemically activated by addition of dexamethasone to the
medium and, after excision, recombinants were selected on a negative selection
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medium containing 5-fluorocytosine. Apple lines of the cultivar ‘Gala’ carrying the
scab resistance gene HcrVf2 were produced adopting this method (Vanblaere et al.
2011).

If chemicals or heat shock treatments are required for recombinase activation,
marker gene deletion may be limited to certain plant species and/or may present
complications for the transformation process due to premature recombinase
expression (Li et al. 2007).

An alternative approach is the use of a developmentally inducible promoter to
activate recombinase expression only within specific organs or tissues during
development. Some germline-specific promoters have been used for recombinase
expression in soybean (Li et al. 2007) and in model plants (Kopertekh et al. 2010).
Chong-Pérez et al. (2013) developed a system to excise the selectable marker and
the cre recombinase genes from transgenic banana cv. ‘Grande Naine’ using the
embryo-specific REG-2 promoter, which confers Cre functionality in the late stage
of development of somatic embryos. This system allowed obtaining completely
marker-free banana plants with an efficiency of 41.7 %.

Another strategy is to provide transient expression of the recombinase trans-
forming cells directly with a recombinase expression cassette (Srivastava and Ow
2001). The recombinase is transiently expressed in cells and should not stably be
integrated into the genome of the host cell. However, 40 % of host cells underwent
recombinase-mediated excision when genomic integration of the recombinase gene
occurred (Srivastava and Ow 2001). There are two main expression vectors
specifically designed for transient Cre expression: one utilizes A. tumefaciens
transformation proteins (Kopertekh and Schiemann 2005) and the other is a cre-
virus vector (Jia et al. 2006). This approach is mainly applicable to vegetatively
propagated species.

2.3 Resolution of Transgene Concatomers

Recombinases’ ability has been used to resolve complex transgene integration
structures to single-copy units. The technique was originally demonstrated in wheat
by Srivastava et al. (1999). Four multi-copy transgenic lines were resolved to single
copy by Cre-mediated excision. At least one recognition site within the transgene
structure is required. The complexed DNA or tandem arrays are removed by
recombinase-mediated excision due to the presence of the multiple recognition sites
in direct orientation. Excision will continue until a single recognition site is left.
Fragmented T-DNA could be located outside the outer most recognition site but this
possibility should be detectable with appropriate molecular characterization.
Single-copy transgene structures are generally the most desirable due to their
consistent expression pattern, stability within the genome, heritability, low inci-
dence of silencing, and simplicity of structural characterization (Day et al. 2000).
This procedure has the advantage of reducing the total number of transgenic plants
required in order to find a properly expressing single-copy line.
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2.4 SSR Combined with Conditional Genes

There is a demand for new markers for both research and commercial crop pro-
ductions. Alternatives are being pursued and a new marker gene, dao1, encoding D-
amino acid oxidase (DAAO, EC 1.4.3.3) has the potential to provide one interesting
option. It can be used for either positive or negative selection, depending on the
substrate. Selection is based on differences in the toxicity of different D-amino acids
and their metabolites to plants.

The low capacity for D-amino acid metabolism in plants has major consequences
for the way plants respond to D-amino acids. On the other hand, some D-amino acids,
like D-valine and D-isoleucine, have minor effects on plant growth. DAAO catalyzes
the oxidative deamination of a range of D-amino acids. Thus, D-alanine and D-serine
are toxic to plants, but are metabolized by DAAO into nontoxic products, whereas D-
isoleucine and D-valine have low toxicity, but are metabolized by DAAO into the toxic
keto acids 3-methyl-2-oxopentanoate and 3-methyl-2-oxobutanoate, respectively.
Hence, both positive and negative selections are possible with the same marker gene.
This marker gene has been successfully introduced in Arabidopsis thaliana, allowing
selection immediately after germination of seeds (Erikson et al. 2004).

Integrating existing techniques such as inducible site-specific recombinase sys-
tems (Hare and Chua 2002) with the dao1 gene may have the advantage that both
its insertion and loss can be screened, by positive and negative selections,
respectively.

An innovative construct (pX6-DAO1), combining the chemical-inducible
Cre-LoxP system and the conditional selectable marker gene dao1, was designed
to obtain marker-free transgenic tobacco plants (García-Almodovar et al. 2014).

3 Targeted Genome Modification Using Site-Directed
Nucleases

Conventional plant breeding, which since the 1950s includes mutagenesis tech-
niques, has been tremendously successful in securing plant production and
increasing food quality for human population over history. However, it has some
limitations, in particular to create new variability. Indeed, conventional mutagenesis
requires extensive screens on large populations, and its random nature limits its use
to obtain gene knockouts. In the last 15 years, these techniques have been com-
plemented by transgenesis, which has proven to be a very useful tool for plant
breeding by offering the possibility to introduce or modify defined characters in a
single step. However, transgenesis also has its limitations, which include the ran-
dom insertion of the transgene in the genome and the time-consuming and
expensive safety analyses that are mandatory prior to commercialization. Insertion
of DNA sequences at a defined genomic locus by homologous recombination,
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called gene targeting (GT), remains hardly feasible in higher plants where the
efficiency of homologous recombination is very low (0.01–0.1 % targeted events
per transformed plant (Hanin and Paszkowski 2003). One way to enhance
HR-dependent gene targeting is to induce genomic DNA double-strand breaks
(DSBs) at the target locus (Wehrkamp-Richter et al. 2009).

In the last few years, different site-directed nucleases (SDNs) allowing the
introduction DSBs at precise locations in the genome have been developed. They
provide a very innovative way of engineering the genome by gene-targeted mod-
ifications allowing gene disruption, gene correction, and gene addition (Fig. 1).

These different applications are usually referred to as SDN-1 (targeted random
mutation), SDN-2 (targeted gene modification), and SDN-3 (targeted transgene
insertion) (Podevin et al. 2013). NHEJ-mediated (Nonhomologous end joining)
repair of nuclease-induced DSBs leads to the introduction of small insertions or
deletions at the targeted site, resulting in the knockout of gene function via fra-
meshift mutations. By co-delivering a SDN with a donor plasmid bearing
locus-specific homology sequences, a donor DNA can be efficiently integrated at
the target locus by homologous recombination (HR). This method can be used to
insert single or multiple transgenes into endogenous loci or to replace endogenous
loci by superior variants (knock-in). The use of several SDNs targeting different
loci at the same time can also induce deletions of large chromosomal segments
(allowing deletion of tandem repeated genes), large chromosomal inversions (Lee
et al. 2012), and translocations (Brunet et al. 2009).

Fig. 1 Different site-directed nuclease (SDN) techniques (SDN-1, 2, and 3). Induced
double-strand breaks by the nuclease. The repair can take place via nonhomologous end joining
(NHEJ) or homologous recombination (HR). SDN-1 can result in targeted random mutation by
NHEJ. In SDN-2, a homologous donor DNA is used to induce targeted gene modification by HR.
In SDN-3 a transgene is integrated in the plant genome via HR
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3.1 Description of SDNs

Four classes of SDNs have been developed for precise modifications of genomes:
meganucleases (Stoddard 2011), zinc finger nucleases (ZFNs) (Carroll 2011), TALE
nucleases (Bogdanove and Voytas 2011), and more recently the CRISPR/Cas sys-
tem (Jinek et al. 2012).

3.1.1 Meganucleases

Meganucleases are natural rare-cutting endodeoxyribonucleases called homing
endonucleases. They cleave long recognition sites (from 12 to 40 bp, typically
20–30 bp) which make them highly specific (Stoddard 2011). They are encoded by
mobile introns and inteins (sequences coding for protein segments edited after
translation) from a variety of organisms such as bacteria, yeast, algae, and some plant
organelles. These nucleases are classified into five families of which the
LAGLIDADG family is the largest and best characterized one. Within this family, the
most widely used proteins are I-SceI (discovered in the mitochondria of baker’s yeast
Saccharomyces cerevisiae), I-CreI (from the chloroplasts of the green alga
Chlamydomonas reinhardtii), and I-DmoI (from the archaebacterium Desulfurococcus
mobilis) (Hafez and Hausner 2012).

The DNA-binding domain of the meganucleases, which encompasses the cat-
alytic domain, is composed of two components located on either side of the DNA
cleavage catalytic site (Stoddard 2011). For this reason, meganucleases are either
homodimers (like I-CreI) or monomers with an internal symmetry (like I-Scel).

Because the natural variability of the meganucleases is not sufficient to cleave at
any given site in a genome, different methodologies have been developed for the
production of re-engineered endonucleases that are capable of recognizing DNA
sequences found at loci of interest (Pâques and Duchateau 2007). However, as the
DNA-binding domain overlaps with the catalytic domain, the modification of the
DNA-binding specificity without altering the catalytic activity of the protein is
challenging.

3.1.2 ZFNs

ZFNs are artificial endonucleases consisting of a synthetic Cys2-His2 DNA-binding
zinc finger domain fused to a nuclease which is generally the non-specific catalytic
domain of the type IIS restriction enzyme FokI from Flavobacterium okeanokoites
(Carroll 2011). Zinc fingers are protein motifs stabilized by a Zn molecule. The
C2–H2 zinc finger domain is among the most common types of DNA-binding
motifs found in eukaryotes and they are present in many transcription factors. Each
zinc finger recognizes specifically 3 bp. By combining several zinc fingers (3–6)
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with known recognition sites, one can create binding domains specific of a given
sequence in the genome (modular assembly) (Maeder et al. 2008).

The FokI enzyme must dimerize in order to cleave DNA; therefore, a pair of
ZFNs is required to target non-palindromic DNA sites. The two ZFNs hybridize on
both sides of the target on opposite DNA strands. Their respective FokI monomers
dimerize and cleave the DNA between the two binding domains in a 5–6 bp spacer.

FokI is the most widely used nuclease but other catalytic domains are available
for genome editing. Some of them, like the ones derived from the GIY-YIG homing
endonucleases, are monomeric. They require the design of only one ZFN to target a
given sequence but their use still remains anecdotic (Kleinstiver et al. 2012).

Several engineering approaches have been developed to create custom ZFNs by
modular assembly of characterized ZF modules (Maeder et al. 2008; Urnov et al.
2010; Tovkach et al. 2009). ZFNs are delicate to design since their affinity to the target
does not depend only on the association of fingers matching triplets of nucleotides.
Incompatibilities at the finger–finger inter-face, called context-dependent effects, often
modify the DNA-binding specificity (Ramirez et al. 2008). Significant progress has
been achieved, thanks to new methodologies, like the Context-dependent Assembly
(CoDA), taking into account context-dependent effects between adjacent fingers
(Sander et al. 2011).

3.1.3 TALENs

TALENs are chimeric nucleases whose DNA-binding domain is derived from
transcription activator-like effectors (TALE), a family of proteins used in the
infection process of plant pathogens from the Xanthomonas genus. The TAL
effectors are transcription factors injected by the bacteria into the host plant cells via
a type III secretion system. They activate the expression of specific plant genes
involved in pathogenesis. About 100 TAL effectors have been identified so far, the
first one being the avirulence factor AvrBs3 (Bogdanove et al. 2010; Boch and
Bonas 2010).

TALEs are composed of a series of tandem repeats (12–27) (17.5 for ArBs3).
Each repeat contains 33–35 amino acids (+1 truncated repeat of 20 amino acids) all
identical except for two, in positions 12 and 13, called the repeat variable diresidue
(RVD). Each repeat is specific of one DNA base pair, the specificity resulting from
the two RVDs. The TALE binds specifically to a given DNA region whose
sequence is determined by the RVDs of the successive repeats. Although some
RVDs can be specific of more than one base pair, a simple code of recognition with
RVD modules having sufficient affinity for each of the four base pairs could be
identified. Engineering of specific DNA-binding domains is done by combining
repeats containing RVDs corresponding to the target sequence (Moscou and
Bogdanove 2009; Boch et al. 2009). TALE repeats seem to be less subjected to
context effects than zinc fingers (Christian et al. 2010). This, and the simplicity of
the recognition code, makes the customization of specific DNA-binding domains by
modular assembly simpler for TALEs than for ZFNs.
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TALENs consist of an engineered TALE fused to the catalytic domain of FokI.
As for ZFNs, dimerization of the FokI domain is required and a pair of TALENs
has to be designed to cleave the desired target sequence. Each half target site is
14–20 bp long, with a spacer of 12–19 bp. To help with the design of TALENs,
different softwares are accessible online like the TAL Effector Nucleotide Targeter
2.0 tool (https://tale-nt.cac.cornell.edu/). Different protocols have been developed
for the assembly of TALE modules, such as the GoldenGate® (Cermak et al. 2011),
the FLASH™ (Reyon et al. 2012), and other variant technologies of modular
cloning (Li et al. 2011).

In addition to the creation of DSBs, TALEs can also be used to regulate the
expression of genes by being fused to transcriptional activator or repressor factors
instead of a nuclease domain (Zhang et al. 2013b) or for epigenome editing by
being fused to epigenetic modifiers (De Lange et al. 2014).

3.1.4 CRISPR/Cas System

The CRISPR/Cas system (clustered regularly interspaced short palindromic repeats /
CRISPR-associated protein) is a type II prokaryotic adaptive immune system that a
number of bacteria use to defend themselves from invading viral and plasmid DNAs
(Sorek et al. 2013). In the cell, the invasive DNA is cut into 20 bp fragments that are
integrated as spacers between the short palindromic repeats of the CRISPR locus of
the bacterial chromosome. If the same invasion occurs again, the CRISPR region is
transcribed and cut into small interference CRISPR RNAs (crRNAs) that are pro-
cessed and fused to trans-activating RNAs (tracrRNAs). Each crRNA/tracrRNA
complex associates to a Cas protein that is guided to the foreign DNA homologous to
the 20 bp crRNA. The Cas protein contains two independent nuclease domains that
can cleave each strand of DNA: the HNH nuclease domain cleaves the comple-
mentary DNA strand, whereas the RuvC-like domain cleaves the noncomplementary
strand. As a result, a blunt cut is introduced in the target DNA just upstream of a
protospacer adjacent motif (PAM) composed of a few nucleotides. This system was
adapted for genome editing by associating to the Cas a chimerical single-guide RNA
(sgRNA) containing a 20 bp sequence homologous to the target, fused to a synthetic
tracRNA (Jinek et al. 2012). The most widely used Cas protein is Cas9 derived from
Streptococcus pyogenes. Its PAM sequence is NGG, which enables gene targeting
on any gene. Cas9 was codon-optimized for use on eukaryotic organisms (Mali et al.
2013).

The Cas9 gene and the sgRNA are transferred together into the host cell for a
functional RNA-guided gene disruption. Simultaneous transformation with one
Cas9 gene and multiple sgRNA genes is possible to target multiple genes (Wang
et al. 2013) and even to set up loss-of-function genetic screens (Wang et al. 2014).
The system can also be used to modify the expression (repression or activation) of a
target gene using a mutated Cas9 and dCAS9, fused to effector domains with
distinct regulatory functions (Gilbert et al. 2013).
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3.1.5 Nickase Versions of the SDNs

In higher plants and animals, SDN-induced DSBs are repaired via NHEJ mecha-
nisms more than by HR. To favor the HR pathway and help gene targeting,
meganucleases (Katz et al. 2014; Davis and Maizels 2011; McConnell Smith et al.
2009), ZFNs (Sanders et al. 2009; Ramirez et al. 2012), and the CRISPR/Cas9
systems (Cong et al. 2013) can be turned into nickases that make only single-strand
breaks (SSBs), by inactivating one of the nuclease catalytic domains. However, the
drawback to the use of nickases is that their absolute frequency of cleavage is
significantly lower than the SDNs making DSBs.

3.1.6 Off-Target Activity of the SDNs

Sequence specificity of SDNs is not absolute and cleavage can occur at sites similar
to but different from the target site (Boissel et al. 2014; Cong et al. 2013; Fu et al.
2013; Hsu et al. 2013; Mussolino and Cathomen 2011; Mussolino et al. 2011;
Pattanayak et al. 2011). Off-target activity can vary from one SDN type to another
and can also vary from one target site to another (Pauwels et al. 2014). Whereas for
applications to model organism specificity of the targetable nucleases is not a big
issue, it is paramount for applications to human gene therapy or to modified plants
for food and feed uses, although in the latter, backcrossing and selection of the
desired modifications should help eliminate the undesired off-target mutations. For
this reason different approaches have been followed in order to increase SDNs’
specificity.

DNA cleavage specificity of ZFNs has been increased by modifying the
cleavage domain to require the formation of Fok1 heterodimers (Doyon et al.
2011); these modified Fok1 can be used also as the cleavage domain of TALENs.
More specifically, for TALENs, broad specificity profiling resulted in engineered
nucleases with decreased off-target cleavage (Guilinger et al. 2014a) and tools for
the genome-wide prediction of TALEN off targets have been developed facilitating
the choice of TALENs in order to minimize the risk of off-target mutagenesis (Grau
et al. 2013). In the CRISPR-CAS system, truncated gRNAs, with shorter regions of
target complementarity <20 nucleotides in length, can decrease undesired muta-
genesis at some off-target sites by 5000-fold or more without sacrificing on-target
genome-editing efficiencies (Fu et al. 2014). Recently, it has been shown that the
association of two modified CAS9 monomers (fusion of catalytically inactive Cas9
and FokI nuclease) permits a 140-fold increase in specificity compared to a
wild-type CAS9 (Tsai et al. 2014; Guilinger et al. 2014b). The field of SDNs
improvement is very active and new generations of SDNs with higher specificity
can be expected in the next years.
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3.2 Use of SDNs in Plants

The ability of SDNs to produce DSBs and generate targeted mutagenesis and gene
targeting in plants has been tested either through transient expression assays such as
protoplasts transformation, calli bombardment, and agroinfiltration, or through the
production of stable transformants by Agrobacterium-mediated transformation.
Error-prone NHEJ-mediated repair of the SDNs-induced DSBs enabled the pro-
duction of plants with targeted mutations. HR-mediated repair of the SDNs-induced
DSBs triggered either sequences recombination allowing reconstitution of genes
at the target locus (single-strand annealing assays), or integration of cassettes
presenting homology with the target.

When stably transformed, mutated plants can either be heterozygous/monoallelic
(one mutated allele at the target locus), biallelic (two different mutated alleles at the
target locus), homozygous (two identical mutated alleles at the target locus), or
chimeric. When regenerated from tissue culture, stably transformed plants will be
homogenous for the targeted mutation(s) only if they are regenerated from a unique
meristematic cell and if the targeted mutation(s) were completed in this first cell. By
floral dip, depending on the level and timing of expression, the editing can occur
during the fertilization stage but can also continue after the division of the fertilized
egg generating multiple mutated alleles. Stably transformed T1 plants are then
chimeric and only some of the T2 plants bearing germline-transmitted mutations
will be homogenous. In this case, screening of heritable mutations is done in T2 or
later generations. The use of germline-specific promoters to drive nucleases
expression could help reducing the number of somatic mutations in the future (Feng
et al. 2014).

3.2.1 NHEJ-Mediated Repair of SDNs-Induced DSBs in Plants

Natural and engineered versions of meganucleases have successfully been used in
plants to induce targeted mutations via error-prone NHEJ-mediated repair at syn-
thetic and endogenous sites. Tobacco plants containing a marker gene carrying a
synthetic I-SceI site between the promoter and the coding region were transformed
via Agrobacterium infiltration with I-SceI. DSB at the target site triggered loss of
function of the marker (Salomon and Puchta 1998). Other transgenic tobacco plants
bearing synthetic I-SceI or I-CeuI sites were transformed with I-SceI or I-CeuI and a
donor T-DNA with no homology to the target but bearing a selection marker
containing an I-SceI or a I-CeuI site. Indel mutations and NHEJ-dependant inte-
gration of the intact or digested donor T-DNA were detected at the DSB site
(Chilton and Que 2003; Tzfira et al. 2003). In maize, I-Sce1 was used to target a
synthetic I-SceI site in embryos (Yang et al. 2009). Short deletions were observed
in about 1 % of analyzed F1 plants and were transmitted to the progeny.
Re-engineered I-CreI nucleases were used to target the endogenous liguleless1
(LG1) gene promoter (Gao et al. 2010) and the endogenous MS26 fertility gene
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(Djukanovic et al. 2013) by Agrobacterium-mediated transformation of maize
immature embryos. Small deletions (2–220 bp) and/or insertions were detected at
the target site in 3 and 5.8 % of the T0 plants, respectively.

ZFNs have successfully been applied to trigger NHEJ-induced targeted muta-
genesis in Arabidopsis (Qi et al. 2013; Lloyd et al. 2005; de Pater et al. 2009;
Even-Faitelson et al. 2011; Osakabe et al. 2010; Zhang et al. 2010), tobacco
(Maeder et al. 2008; Tovkach et al. 2009; Townsend et al. 2009; Marton et al.
2010), petunia (Marton et al. 2010), and soybean (Curtin et al. 2011). ZFNs were
delivered for stable integration or transient expression either by floral dipping (Qi
et al. 2013; Lloyd et al. 2005; de Pater et al. 2009; Even-Faitelson et al. 2011;
Osakabe et al. 2010; Zhang et al. 2010), crossing between plants (Petolino et al.
2010), protoplasts electroporation (Maeder et al. 2008; Townsend et al. 2009),
hairy-root transformation (Curtin et al. 2011), or infection with a tobacco rattle
RNA virus (TRV) (Marton et al. 2010). The promoters controlling the ZFN genes
were either constitutive, inducible (estrogen, heat shock) (Zhang et al. 2010;
Osakabe et al. 2010), or tissue-specific (like the egg apparatus-specific enhancer
(EASE)-driving protein expression in the egg cell to ensure mutations in the
germline) (Even-Faitelson et al. 2011). The efficiency of ZFNs was demonstrated
by inducing mutations resulting in frame shifts or deletions restoring or inactivating
protein expression in reporter genes such as the GUS gene (Tovkach et al. 2009;
Petolino et al. 2010; Even-Faitelson et al. 2011). ZFNs were also used to induce
mutations in endogenous genes like the ABI4 gene in Arabidopsis which led to the
production of ABA and glucose insensitive mutants (Osakabe et al. 2010) and the
acetolactate synthase genes (ALS, SuRA, and SuRB) in tobacco resulting in
mutants resistant to the imidazolinone and sulphonylurea herbicides (Maeder et al.
2008; Townsend et al. 2009). ZFN-based mutagenesis also provided an efficient
way of making mutations in duplicate genes in Arabidopsis (Qi et al. 2013) and
soybean (Curtin et al. 2011) inducing independent mutations in tandemly arrayed
genes but also deletions of chromosomal fragments ranging from 4.5 to 55.3 kb
(efficiency *1 %) reaching even 9 Mb (efficiency *0.1 %). Globally,
ZFNs-induced mutations were deletions of 1–200 bp and insertions of 1–14 bp that
were, when tested, efficiently transmitted to the progeny. Considering all species,
the frequency of mutations at the target sites ranged from 1 to 35 % (with *20 %
biallelic mutations).

NHEJ-mediated targeted mutagenesis induced by TALENs has been described
in both dicotyledon and monocotyledon plant species including Arabidopsis
(Christian et al. 2013; Cermak et al. 2011), tobacco (Zhang et al. 2013a; Mahfouz
et al. 2011), rice (Chen et al. 2014; Shan et al. 2013a; Li et al. 2012), maize (Liang
et al. 2014), Brachypodium (Shan et al. 2013a), and barley (Wendt et al. 2013).
Transient or stable expressions of the TALENs were obtained via Agrobacterium
leaf infiltration (Mahfouz et al. 2011), Agrobacterium transformation of embryonic
cells (Chen et al. 2014; Shan et al. 2013a; Li et al. 2012), Agrobacterium trans-
formation of immature embryos (Wendt et al. 2013), protoplasts PEG transfor-
mation (Liang et al. 2014; Zhang et al. 2013a; Cermak et al. 2011), and floral dip
(Christian et al. 2013). A pair of TALENs was designed to induce NHEJ-mediated
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mutagenesis in an exogenous GUS reporter gene activated by the frameshift
resulting from the targeted mutation in tobacco (Mahfouz et al. 2011). Otherwise,
TALENs were mainly used to target endogenous genes such as the ADH1, TT4,
MAPKKK1, DSK2B, and NATA2 genes in Arabidopsis (Christian et al. 2013;
Cermak et al. 2011); the BRI1, DEP1, BADH2, CKX, SD1, and SWEET14 genes
in rice (Chen et al. 2014; Shan et al. 2013a; Li et al. 2012); the PDS, IPK1A, IPK,
and MRP4 genes in maize (Liang et al. 2014); the ABA1, CKX2, SMC6, SPL,
SBP, COI1, RHT, and HTA1 genes in Brachypodium (Shan et al. 2013a); and the
PAPhy_a gene in barley (Wendt et al. 2013). Only the targeting of the
sucrose-efflux transporter gene OsSWEET14 had an agronomic application: indeed,
mutating the effector-binding element (EBE) located in the promoter region of this
gene, which is the natural binding site of the TAL effector AvrXa7 of
Xanthomonas, led to an increased resistance to bacterial blight in rice (Li et al.
2012). Additionally, TALENs enabled the targeting of tandemly duplicated genes,
triggering either mutations at the target sites, like for the duplicate acetolactate
synthase (ALS) genes (SurA and SurB) in tobacco (Zhang et al. 2013a), or large
deletions, like in the GLL22 gene cluster where TALENs targeting the same
sequence in two tandemly duplicated genes induced a 4.4 kb deletion in
Arabidopsis (Christian et al. 2013). Globally, TALENs-induced mutations were
mainly deletions of 1–55 bp, with a few insertions ranging from 3 to 9 bp and some
nucleotide substitutions that were, when tested, transmitted to the progeny.
Mosaicism was observed in T0 plants (Wendt et al. 2013). All species considered,
the frequency of mutations at the target sites ranged from 2 to 100 % in individual
transgenic plant lines expressing the TALENs (with 3.4–22.2 % biallelic
mutations).

Up to now, the CRISPR/Cas9 system has been applied for the induction of
NHEJ-mediated targeted mutagenesis in Arabidopsis, tobacco, sorghum, rice,
wheat, and maize (Feng et al. 2013, 2014; Liang et al. 2014; Xie and Yang 2013;
Shan et al. 2013b; Nekrasov et al. 2013; Miao et al. 2013; Li et al. 2013; Jiang et al.
2013; Belhaj et al. 2013). Mutations were generated in endogenous loci including
the BRI1, JAZ1, GAI, CHLI, TT4, PDS3, and FLS2 genes in Arabidopsis (Li et al.
2013; Feng et al. 2013); the promoter of the bacterial blight susceptibility genes
SWEET14 and SWEET11, as well as the PDS, BADH2, Os02g23823, MPK2,
CAO1, LAZY1, ROC5, SPP, and YSA genes in rice (Feng et al. 2013; Miao et al.
2013; Shan et al. 2013b; Jiang et al. 2013); the PDS, IPK1A, IPK, and MRP4 genes
in maize (Liang et al. 2014); the PDS in N. benthamiana (Li et al. 2013; Nekrasov
et al. 2013); and the TaMLO gene in wheat (Shan et al. 2013b). Deletions of 1–20 bp
(with some rare cases of deletions >100 bp) and/or insertions of 1–3 bp with rare
single-nucleotide substitutions were detected in 2–91 % of the transformants, with as
much as 13–50 % biallelic mutations. One sgRNA targeting a sequence common to
2 genes from the RACK1 family in Arabidopsis triggered mutations in both target
genes with a similar mutagenesis frequency (2.5–2.7 %) (Li et al. 2013).

In the NbPDS and AtPDS3 genes, larger deletions (up to 76 and 48 bp,
respectively) were produced using two sgRNAs targeting two sites (distant of 50
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and 24 bp, respectively) in the same target gene (Li et al. 2013; Belhaj et al. 2013).
No mutation was observed in Arabidopsis when using the ratio gRNA:Cas9 = 1:19
(instead of the ratio 1:1) (Li et al. 2013). Many experiments generated whole plants
carrying mutations at the targeted loci, but very few studied their transmission to the
progeny. In one report on Arabidopsis, the proportion of plants bearing mutations
was 71.2 % at T1, 58.3 % at T2, and 79.4 % at T3 generations, and a Mendelian
segregation of monoallelic and biallelic mutations was observed in the T2 and T3
plants (Feng et al. 2014). The efficiency of CRISPR/Cas9 system and TALENs was
compared by transient expression on two endogenous genes in rice: the frequency
of mutations for the first gene (Os02g23823) was lower with CRISPR/Cas9
(26.0 %) than with TALENs (36.5 %), whereas those of the second gene
(OsBADH2) was higher with Crispr (26.5 %) than with TALENs (8.0 %) (Shan
et al. 2013a, b).

3.2.2 HR-Mediated Repair of Nuclease-Induced DSB in Plants

HR-mediated repair of meganucleases-induced DSBs has been initially demon-
strated in plants through reporter gene-based assays. Nicotiana plumbaginifolia
protoplasts co-transfected with a plasmid carrying a synthetic I-Scel gene and GUS
recombination substrates carrying an I-Scel-site showed extrachromosomal recom-
bination (Puchta et al. 1993, 1996). Nicotiana tabacum transformants bearing a codA
gene flanked by two overlapping halves of a GUS gene separated by two I-SceI sites
were transformed with I-SceI by Agrobacterium infiltration of seedlings. In the
resulting plantlets, the elimination of the codA gene and the restoration of a func-
tional GUS gene by HR (and not by NHEJ that would have led to a non-functional
GUS gene) showed that if genomic DSBs are induced in close proximity to
homologous repeats, they can be repaired in up to one-third of cases by HR in
tobacco (Siebert and Puchta 2002). HR-mediated repair of meganucleases-induced
DSBs can also enable gene targeting of cassettes bearing homology to the target.
I-SceI was for example used to introduce a 35S promoter in a Bar cassette allowing
the expression of this reporter gene in maize. DNA integration occurred very
accurately at the DSB site and in 30–40 % of the recovered events, no random
insertions were observed whether the DNA was delivered by Agrobacterium or
particle bombardment (D’Halluin et al. 2008). Meganucleases-induced gene tar-
geting was also successfully performed for stacking in cotton using a I-CreI
re-engineered for specific cleavage of an endogenous target sequence adjacent to a
transgenic insect control locus. By bombardment of embryogenic calli, two herbi-
cide tolerance genes (hppd, epsps) were inserted next to a pre-existing Bt locus.
Targeted insertion events were recovered at a frequency of about 2 % of the inde-
pendently transformed embryogenic callus lines. All trait genes were inherited as a
single genetic unit (D’Halluin and Ruiter 2013).

With ZFNs, HR-mediated repair of DSBs was demonstrated with and without
donor DNA bearing or not homology to synthetic or endogenous targets. Without
donor DNA, intra-chromosomal reconstitution of a disabled reporter gene was
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obtained in tobacco with ZFNs inducing a DSB between two redundant fragments
of a GFP gene (Cai et al. 2009). A donor DNA without homology to the target was
used to trigger the ZFN-induced insertion of an herbicide tolerance gene at the
endogenous locus IPK1 in maize (Shukla et al. 2009). A donor DNA with
homology to the target was used to enable ZFNs-induced targeted insertion at
artificial loci in Arabidopsis (de Pater et al. 2009), tobacco (Wright et al. 2005; Cai
et al. 2009), and maize (Ainley et al. 2013), and at endogenous loci in Arabidopsis
(PPO and ADH1) (de Pater et al. 2009; Qi et al. 2013) and in tobacco (endo-
chitinase) (Cai et al. 2009). In tobacco, when using a donor DNA to restore a
defective GUS reporter gene, HR occurred in more than 10 % of the transformed
protoplasts and approximately 20 % of the GUS reporter genes were repaired only
by HR, whereas 80 % had associated DNA insertions or deletions consistent with
repair by both HR and NHEJ (Wright et al. 2005). In Arabidopsis, ZFNs allowed
gene targeting with a frequency of 1–3.1 ‰ (de Pater et al. 2009; Qi et al. 2013) in
wild-type plants, and 3–16 times more in mutant backgrounds impacted in
NHEJ-dependant DNA repair pathways (Qi et al. 2013). ZFNs were successfully
used for gene stacking in maize (Ainley et al. 2013): immature embryos already
containing the herbicide resistance PAT transgene flanked with a TLP (Trait
Landing Pad) were bombarded with a donor DNA containing a second herbicide
resistance gene, aad1, flanked by sequences homologous to the TLP. Five percents
of the embryo-derived transgenic events integrated the aad1 transgene precisely at
the TLP and both herbicide resistance traits cosegregated in subsequent generations.

HR-mediated repair of DSBs induced by TALENs was reported in tobacco and
rice through single-strand annealing assays in which TALENs’ cleavage enables the
reconstitution of reporter genes such as YFP and LacZ (Zhang et al. 2013a; Li et al.
2014a). HR-mediated gene targeting using TALENs and a donor DNA has only
been reported in tobacco. Calli derived from protoplasts transformed with TALENs
targeting the ALS genes and a 322 bp donor molecule differing by 6 bp from the
ALS coding sequences showed targeted gene replacement with a frequency of 4 %
(Zhang et al. 2013a).

HR-mediated repair of DSBs induced by the CRISPR/Cas9 system was
demonstrated through single-strand annealing assays in which cleavage enables the
reconstitution of artificial reporter genes, such as YFP in Arabidopsis (Feng et al.
2013), GFP in Arabidopsis and tobacco (Jiang et al. 2013), DsRED2 in sorghum
(Jiang et al. 2013), and GUS in rice and Arabidopsis (Miao et al. 2013; Feng et al.
2014). HR-mediated gene targeting of a donor DNA using the CRISPR/Cas9
system has only been reported by transient expression in N. benthamiana proto-
plasts. A DNA donor containing a 533 bp left homology arm and a 114 bp right
homology arm to the NbPDS locus was incorporated in the target locus with a
frequency of 10.7 %, and simultaneously, NHEJ-mediated targeted mutagenesis at
the NbPDS locus was detected with a frequency of 14.2 % (Li et al. 2013).

In addition to the activities listed above, SDNs are presently being used by plant
breeding companies to accelerate the introduction of new traits in crops such as
maize, oilseed rape, or tomato (Lusser et al. 2012).
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3.3 SDNs and the Regulatory Framework

SDNs are promising tools for plant breeding. Research laboratories are improving
their design and methods for delivery and plant breeding companies have started to
use them to develop a new generation of plants with improved traits. However,
uncertainty remains over the legal status of plants generated with this technology.
Indeed, in the last few years, there has been an open debate at the international level
on whether or not these plants should be regulated similarly to GMPs. This is a
highly relevant decision, as it will heavily impact on the costs and the public
acceptance of these products, in particular in the EU.

The use of SDNs to introduce randommutations at a specific site (SDN-1) results in
changes of one of few nucleotides, which are undistinguishable from those obtained
by conventional mutagenesis. For this reason, and in the absence of any foreign DNA
in the final product, several authors have proposed to consider these plants as non-GM
(Hartung and Schiemann 2013; Lusser andDavies 2013; Pauwels et al. 2014; Podevin
et al. 2013). On the contrary, as SDN-3 uses SDNs for targeted introduction of
transgenes, there is little doubt that the plants obtained should be considered asGMPs.
In addition to the public debate in scientific journals, several national and international
risk assessment and regulatory bodies have published statements and opinion papers.
In the USA, the Department of Agriculture has informed crop companies that plants
obtained by SDN-1, as well as those where transgenes coding for SDNs have been
removed, will not be regulated, while those obtained by SDN-2 and SDN-3 will be
analyzed case-by-case (Waltz 2012). In the EU National Competent Authorities such
as the German ZKBS and COGEM from the Netherlands (Podevin et al. 2013) and
ACRE from the UK (https://www.gov.uk/government/publications/genetically-
modified-organisms-new-plant-growing-methods) have published statements in
favor or a non-regulated status of SDN-1 products when no transgene is present,
while, in linewith theOpinion of the European FoodSafetyAuthority, plants obtained
by SDN-3 techniques should be considered as GMPs although the targeted nature of
the technique may allow for an alleviated risk assessment in some cases (EFSA Panel
on GMO 2012). This is also in line with the opinion expressed by the European
Academies Advisory Council (EASAC) “Planting the future: opportunities and
challenges for using crop genetic improvement technologies for sustainable agri-
culture” (EASACpolicy report 21 June 2013, ISBN: 978-3-8047-3181-3), which also
expresses the urgency for this legal framework clarification that “would give strong,
immediate support to the competitiveness of the EU plant breeding sector which, thus
far, has been responsible for a significant proportion of the worldwide research on
NewBreeding Techniques.” In summary, there is a clear consent on the importance of
clarifying the legal status of these techniques and, while the consensus has not been
reached yet, there is a general agreement in that the different uses of SDNs should be
regulated differently, and that while SDN-3 will probably be considered a particular
type of GMP, most SDN-1 approaches should be treated similar to conventional
mutagenesis.
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3.4 SDN Strategy in Trees

The targeted introduction of mutations or modifications utilizing SDNs and particu-
larly transcription activator-like effector nucleases (TALENs) and the CRISPR/Cas
system is currently revolutionizing reverse genetic approaches in numerous model
organisms. The usefulness of these strategies for genome modification has been
demonstrated for the model plant Arabidopsis but also for crops, like wheat, maize,
rice, barley, sorghum, or soybean, and is used now in breeding programs (Podevin
et al. 2013). At the moment there is no published examples of the use of SDN
strategies in trees, although there are many traits interesting for the fruit tree and/or
paper/wood industry that could potentially be modified by SDNs, including virus or
insects resistances, herbicide tolerance, reduced antinutrients/allergenics, improved
nutrients/vitamins, slowed spoilage/senescence, improved biomass conversion, steril-
ity (GMO containment), or male sterility (hybrids production). However, it must be
noticed that the biology of most of the trees used as crops (i.e., very long life cycle
compared to other crops and obligate vegetative propagation) in most cases imposes
some additional constraints to the routine use of these new techniques. First, if clas-
sical transformation strategies are used, like Agrobacterium-mediated transformation
or direct gene transfer using the gene gun, the difficulty or impossibility to go through
a seed step will increase the risk of chimerism of the modification (i.e., targeted
mutation or modification of a gene or targeted integration of a transgene). This will not
necessarily impede the obtainment of the desired trait but could pose a problem for the
definition of the new variety. Second, when stable transformation with the transgene
bearing the expression unit of the SDN is needed, the impossibility to go through a
seed step will also prevent the segregation of this transgene in the final product.
However, it must be noticed that removal of transgenes has been demonstrated in trees
using site-specific recombination systems (Fladung and Becker 2010) and could be an
alternative for the SDN strategies. One solution to circumvent these limitations would
be the transient transformation of protoplasts. Protoplasts transformation is used in
routine for assessing SDN nuclease activity (Shan et al. 2013b; Liang et al. 2014;
Jiang et al. 2013; Cermak et al. 2011; Chen et al. 2014) and has been used successfully
for inheritable modification of genes in crops like tobacco (Zhang et al. 2013a).
Transient transformation and regeneration from protoplasts is not routine but feasible
in trees (Le Roux and Staden 1991; Park and Son 1992; Guo et al. 2012; Kanwar et al.
2003) and the next step now will be to test whether the existing protocols can be easily
transferred to different tree species for gene modification via SDN strategies. The use
of protoplast transient transformation in tree would eliminate the risk of chimerism and
in the case of the SDN1 and SDN2 strategies could facilitate the classification of the
modified plants as non-GMO as no stable integration of the transgene is needed.
Therefore, although there are still some technical difficulties that need to be solved,
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SDNs may become a particularly promising alternative to other techniques for
introducing new variability, like tilling for example, that require large mutant col-
lections and the elimination of undesired mutations by backcrossing, which are par-
ticularly difficult for long life cycle organisms like trees.

4 Gene Stacking

Engineering metabolic pathways in plants often requires simultaneous expression of
several genes. Expression of multiple transgenes has been challenging with tradi-
tional transgenic approaches but recent progress has made powerful techniques
available.

The traditional approach of introducing more than one transgene involves the
stacking of expression cassettes in the transformation vector. Each cassette consists
of its own promoter, the coding region of the transgene-of-interest and a terminator.
The cassettes are usually arranged in tandem and in the same transcriptional ori-
entation, which may trigger transgene silencing (Hamilton and Baulcombe 1999;
Stam et al. 1997; Waterhouse et al. 1998). This transgene stacking approach is only
suitable for a small number of genes, because the need to build large vectors poses a
natural limit to the number of transgenes that can be introduced simultaneously.
Three different strategies are used to overcome this limitation: (1) co-transformation
with two or more transformation vectors, (2) serial transformation in which sets of
transgenes are introduced by successive transformation experiments, or (3) combi-
nation of sets of transgenes initially inserted into different plants by sexual crosses.

In trees, which are vegetatively propagated and with generation times of several
years, the last methodology is not useful and stacking has to be achieved by one of
the first two.

4.1 Co-transformation

Co-transformation can be achieved with direct DNA transfer methods (e.g., particle
gun-mediated transformation, DNA microinjection, or polyethylene glycol-assisted
protoplast transformation) or with Agrobacterium-mediated transformation. In this
last case, two plasmids in one or two bacterial strains, or two different T-DNAs in
just one vector and one strain (Rukavtsova et al. 2013).

Combinatorial transformation (Zhu et al. 2008) is a special case of
co-transformation. It takes advantage of the regular integration of multiple copies of
plasmid DNA into the nuclear genome, and the usual co-integration of these copies
into a single chromosomal locus (Agrawal et al. 2005). In combinatorial transformation
all plasmids required for the introduction of the desired trait (e.g., a novel metabolic
pathway requiring the concerted expression of many enzymes) are mixed together with
an additional plasmid harboring a selectable marker gene. The mix is loaded onto the
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gun particles and, due to the very high number of plasmid molecules coating each
particle, bombardment typically introduces copies of many or all of the vectors present
in the mix. Following antibiotic selection of transgenic lines, plants are regenerated and
can be analyzed by phenotypic screening for the accumulation of the desired
metabolite (Zhu et al. 2008). There is no theoretical limit to the number of transgene
cassettes that can be co-transformed. A disadvantage of the method is the lack of
control over the structure of the transgenic locus.

4.2 Serial Transformation

Serial transformation is performed by stacking additional transgenes in an already
transgenic plant line. It is more time consuming than co-transformation since needs
to be done in successive transformation experiments and has the additional draw-
back of requiring new selectable marker gene for each transformation round.
Alternatively, selectable marker genes can be removed by site-specific recombi-
nation (See “Marker-gene elimination” in this chapter) and the same gene can be
used in successive transformation rounds but this represents an additional step in
the process.

5 Potential for Genetic Manipulation of Forest Trees
Through Short Non-translated RNA-Based
Technologies

Elucidation of gene function remains a major challenge in forest tree biotechnology
mainly because large mutant collections are not yet available. Since the discovery
of the activity of short non-translated RNA molecules in the genetic fine-tuning
regulation mechanisms in eukaryotes, new technologies using small RNA (sRNA)
have been developed to suppress/downregulate gene expression. In addition, since
RNA transgenes are dominant suppressors, these methods are of substantial interest
in forest trees breeding programs for which long intervals are required to obtain
homozygotes through sexual reproduction.

5.1 Small RNAs (SRNAs)

sRNAs are *18–25-nucleotide-long molecules produced from double-stranded
RNA (dsRNA) precursors by the action of Dicer-like (DCL) RNase-III classes of
enzymes (reviewed by Bologna and Voinnet 2014). Amongst the large number of
different sRNA categories being still elucidated (Ghosh and Mallick 2012), the two
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main classes are the short interfering RNAs (siRNAs) and the microRNAs
(miRNAs), which differ in the biosynthesis of their precursors. The precursors of
siRNAs are fully complementary dsRNAs arising either from viral replication,
transposon, or transgene, and result from the activity of an RNA-dependent RNA
polymerase (RDR). The precursors of miRNAs are nuclear gene-derived transcript
produced by RNA polymerase II which form imperfect dsRNAs (pri-miRNAs)
(Voinnet 2009). Pri-miRNAs are cleaved by DCL producing successively a miRNA
hairpin (hp) precursor (pre-miRNA) and a mature miRNA/miRNA* duplex
(Jones-Rhoades et al. 2006).

One strand of the siRNA or miRNA duplex is recruited by an Argonaute
(AGO) nuclease family protein, the catalytic core of protein RNA-induced silencing
complex (RISC), which will then recognize mRNAs complementary to the mature
sRNA and either lead to translational repression or to the slicing of the mRNA in the
region corresponding to the middle of the sRNA. These silencing mechanisms
are mainly at the origin of post-transcriptional gene silencing (mRNA
cleavage/destabilization or translational inhibition). However, siRNAs are also
involved in transcriptional silencing by inducing methylation of DNA homologous
sequences (Lippman and Martienssen 2004).

Several technologies based on sRNAs allowing the silencing of target genes
have been developed for plants, including RNA interference (RNAi), artificial
miRNAs (amiRNAs), and artificial trans-acting siRNAs (atasiRNAs) (Fig. 2). Since
there are no available genome-wide mutant collections for forest trees, the appli-
cation of these methods is of particular interest to produce directed down-regulation
of target genes.

5.2 RNAi

Reverse genetics through RNAi approaches, based on the production of siRNAs
targeting candidate genes, have been largely used for plant biotechnology and have
enhanced the ability to manipulate gene expression. The RNAi methods that have
been developed include the virus-induced gene silencing (VIGS) and the hpRNAi.
VIGS consists in the use of an RNA virus, found as dsRNA during its replication
and processed by DCL into siRNAs, in which the sequence of a target gene is added
and is then introduced in plants (Waterhouse and Helliwell 2003). hpRNAi con-
structs contain two DNA sequences (100–800 bp long) placed in inverted orien-
tation and connected by a linker (Chuang and Meyerowitz 2000; Wesley et al.
2001). hpRNAi constructs produce dsRNAs which are processed by DCL, leading
to the production of siRNAs which will drive silencing of the target gene (Fig. 2a).
However, since a heterogeneous population of siRNAs is produced, it may affect
other genes than those targeted. In addition, secondary siRNAs may be coming
from the target mRNA sequence and affect non-desired genes (Molesini et al.
2012).
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Fig. 2 Schematic illustration of different sRNA-based technologies. a RNAi. Hairpin (hp)RNAi
constructs contain two DNA sequences (100–800 bp) placed in inverted orientation and connected
by a linker. The transcript deriving from hpRNAi constructs will produce a dsRNA that will be
cleaved by DCL into siRNA duplexes. These siRNAs, recruited by AGO within the RISC
complex, will be processed as single-strand siRNA and will guide the recognition of homologous
mRNA sequences that will be sliced. Following the degradation of the mRNA, secondary siRNAs
can be produced by the activity of RDR and be different than those generated by the hpRNAi
constructs. b amiRNA. To produce an amiRNA targeting a particular gene, sequences
corresponding to amiRNA and amiRNA* are cloned in a natural pre-miRNA backbone in place
of endogenous miRNA and miRNA* sequences. This precursor will be processed by DCL into an
amiRNA/amiRNA* duplex and mediate target mRNA recognition through AGO recruitment.
c atasiRNA. Constructs for the atasiRNA technology contain cassettes for producing both a
pre-miRNA (such as the Arabidopsis miR173, miR390, or an amiRNA) and a TAS transcript,
which have a binding site for that (a)miRNA and a sequence corresponding to target gene(s). The
processed (a)miRNA (see b) will bind to the TAS transcript. After conversion into dsRNA by
RDR, DCL4 will slice the transcript into phased 21 nt siRNAs. The siRNAs produced have the
capability to target other genes in trans
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5.3 Artificial MicroRNAs (amiRNAs)

The modification of a miRNA sequence within its precursor was shown to not alter
the biogenesis of this miRNA if the hp-loop structure is not affected (Zeng et al.
2002). The amiRNA precursors are thus modified endogenous pre-miRNAs in
which the miRNA and miRNA* are replaced with sequences homologous to any
target gene (Ossowski et al. 2008). The amiRNA will be processed as a native
miRNA and will direct AGO to downregulate the target gene(s) (Fig. 2b). The
potential of this technique is high as it may lead to the degradation of single target
but also of multiple targets if the miRNA is designed against conserved sequences
within a target gene family (Alvarez et al. 2006).

The design of amiRNAs involves the identification of an amiRNA sequence
complementary to the target gene, with optimal specificity and efficiency.
Specificity for particular or multiple genes can be checked by scanning the genome
sequence of the studied plant species and unwanted potential targets can be avoided
from the design (Schwab et al. 2006). The efficiency can be optimized by selecting
amiRNA with a low hybridization energy (<−30 kcal/mol) to the desired target.
Web application resources such as the Web MicroRNA Designer (WMD) (wmd3.
weigelworld.org) have been developed to support the design of plant amiRNAs
(Schwab et al. 2006). WMD3 allows the identification of amiRNAs for several
forest tree species including, Eucalyptus globulus, E. gunnii, Fraxinus excelsior,
Ginkgo biloba, Juglans hindsii × J. regia, Liriodendrum tulipifera, Picea abies,
Pinus sp., Quercus sp., Populus sp., and Pseudotsuga menziesii. The designed
amiRNA/amiRNA* sequences are then incorporated in place of the naturally
occurring miRNA/miRNA* through guided mutagenesis, overlapping PCR or by
cloning of double-strand DNA oligonucleotides (Schwab et al. 2006; Carbonell
et al. 2014). Different pre-miRNAs coming from various plants species have been
used (reviewed by Pérez-Quintero and López 2010; Li et al. 2014b) and it has been
demonstrated that precursors from one species can be effective in other ones
(Alvarez et al. 2006). After integration in plant transformation vector and trans-
genesis, the mRNA cleavage at the amiRNA site can be demonstrated by
RACE-PCR. amiRNA-based technology is considered to be more controlled than
hpRNAi since the pre-miRNA will produce theoretically only one effective sRNA
with a known sequence.

Recently, Hauser et al. (2013) reported the generation of a genome-wide scale
library of 22,000 amiRNAs targeting over 18,000 Arabidopsis genes. To evaluate
the efficiency of amiRNA in vivo, Li et al. (2014b) reported and epitope-tagged
protein (etp)-based amiRNA method, which consists to co-express target genes
encoding etp and amiRNA candidates in plant protoplasts and to measure the
accumulation of the tagged proteins. The development of such tools is potentially of
great interest for the characterization of genes with unknown function and would be
highly valuable if developed for forest tree species.

Several reports demonstrating the specificity and the efficiency of
amiRNA-mediated gene silencing have been done mainly for eudicots, monocots,
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mosses, and algae model species (reviewed by Pérez-Quintero and López 2010;
Sablok et al. 2011; Liu and Chen 2010). Regarding forest tree species, amiRNAs
have been reported to be effective in Populus. For instance, Du et al. (2009) inte-
grated, into the Arabidopsis pre-miR164b, an amiRNA sequence targeting the class-I
KNOX homeobox ARBORKNOX2 (ARK2) gene in P. tremula × P. alba. They
obtained transgenic poplars with *10–20 % residual ARK2 expression and evi-
denced a role for this gene in the regulation of secondary growth, affecting the
differentiation of cambial daughter cells and lignified cell types. Shi et al. (2010)
generated transgenic P. trichocarpa expressing an amiRNA targeting two subsets of
genes encoding phenylalanine ammonia lyase (PAL), using the Ptr-miR408 precur-
sor. These subset transcripts, 80 % identical at and around the binding region of the
amiRNA, were found to be specifically down-regulated in respective transgenic
plants, with an efficiency up to 60 % for the first subset (including PAL2, 4, and 5)
and up to 23 % for the second subset (including PAL1 and 3). A significant
up-regulation of PAL transcripts of the second subset was measured in transgenic
plants down-regulated for the first subset, evidencing a differential regulation amongst
the different members of the gene family. No phenotype was described.

5.4 Artificial Trans-Acting SiRNAs (AtasiRNAs)

Trans-acting siRNAs (tasiRNAs) are a type of siRNA involved in post-
transcriptional gene silencing whose processing and activity involve both siRNA
and miRNAs machineries (reviewed by Bologna and Voinnet 2014). tasiRNAs are
initiated from cleavage of tasiRNA-producing (TAS) loci by a specific miRNA,
such as the miR173 (Arabidopsis), miR828, and miR390 (in both Arabidopsis and
poplar) (Klevebring et al. 2009; Zhang 2014). After miRNA cleavage, the mRNA
strand is made dsRNA by RDR and processed by DCL into several phased 21 nt
siRNAs, which will target genes different to that from which they originate (in
trans). Until now, 8 TAS loci (TAS1a-c, TAS2, TAS3a-c, and TAS4) have been
identified in plants (reviewed by Bologna and Voinnet 2014). In Arabidopsis,
tasiRNAs mediate the regulation of large gene families such as the pentatri-
copeptide repeat proteins (TAS1 and TAS2), several auxin response transcription
factors (TAS3), and MYB transcription factors (TAS4) (reviewed by Yoshikawa
2013). Since the presence of only one target site for the miRNA is necessary for
tasiRNA production (Montgomery et al. 2008), successful silencing of target genes
has been obtained either by replacing the siRNA region in the TAS gene
(Gutiérrez-Nava et al. 2008) or by a fusion of gene fragments to an upstream
miR173 target site (De Felippes et al. 2012). By co-expression of the miRNA, these
last authors showed that this technology can be applied in other species such as
Nicotiana benthamania. Recently, Carbonell et al. (2014) provided a protocol to
perform high throughput generation of atasiRNA constructs. This mixed technol-
ogy, integrating both amiRNA and siRNA strategies, is very powerful as a single
TAS locus can be engineered to generate tasiRNAs targeting either different parts
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within a particular gene or different genes within a genome (Fig. 2c). The atasiRNA
technology may be applied to specific traits of forest trees such as lignin biosyn-
thesis pathway where one or simultaneous branches can be targeted.

5.5 Stability of Down-Regulation

Considering the perennial growth of trees, the stability of new traits during their
long life span is a main concern. Although reports on efficiency and stability of
gene suppression in forest trees are still limited, several studies aiming at evaluating
such stability have been performed. For instance, Pilate et al. (2002) demonstrated
that the down-regulation of cinnamyl alcohol dehydrogenase (CAD) or
caffeate/5-hydroxy-ferulate O-methyltransferase (COMT) encoding genes in
transgenic poplar through antisense gene suppression was stable over four years. Li
et al. (2008) investigated the stability of the suppression by RNAi of the herbicide
resistance gene BAR, encoding phosphinothricin acetyltransferase, under the control
of the Arabidopsis atS1A ribulose-1,5-biphosphate carboxylase small subunit
(rbcS) promoter. Four transgenic lines, harboring a stable expression of BAR for
several years in the field, were again transformed with four different hpRNAi
constructs targeting either the promoter (to induce transcriptional gene silencing) or
the coding sequence (to induce post-transcriptional gene silencing). As shown by
these authors for plants co-transformed for BAR and hpRNAi against BAR and
grown over 2 years in the field, stable and efficient BAR transgene suppression was
found when using hpRNAi against the coding sequence (more than 90 % sup-
pression for 80 % of the transgenic lines) than against the promoter sequence (90 %
suppression for 6 % of the transgenic lines). The low efficiency of the RNAi
construct designed against the promoter was suggested to be due to inherent
properties of the invert repeat tested or to the promoter itself, as the intensity of
suppression may depend on the number and the arrangement of potential methy-
lation sites within the promoter sequence (Li et al. 2008). In Chlamydomonas
amiRNA activity has remained over 6 months (Zhao et al. 2008) and over 500
generations (Molnar et al. 2009) without losing the expression of amiRNAs and
phenotypes.

6 Cisgenesis and Intragenesis

Mixing of genetic materials between species that cannot hybridize by natural means is
one of the major criticisms to transgenic crops. Two transformation concepts cisge-
nesis and intragenesis were developed as alternatives to transgenesis. Both concepts
imply that plants must only be transformed with genetic material derived from the
species itself or from closely related species capable of sexual hybridization.
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Intragenesis differs from cisgenesis by allowing use of new gene combinations
created by in vitro rearrangements of functional genetic elements.

Currently, intragenic/cisgenic plants are regulated as transgenic plants world-
wide. However, as the gene pool exploited by intragenesis and cisgenesis is
identical to the gene pool available for conventional breeding, less comprehensive
regulatory measures are expected.

Most of the present-day commercial apple cultivars are susceptible to scab
caused by Venturia inaequalis. The most commonly used resistance in conventional
breeding of apple is the Vf locus from the wild apple Malus floribunda 821
(Szankowski et al. 2009). Although this wild apple resistance has been transferred
into different apple varieties through classical breeding, the procedure is extremely
long and is associated with undesirable linkage drag. Recently, a cisgenic apple
with resistance to scab was developed through the transfer of the HcrVf2 genomic
clone including its own promoter and terminator into apple cv Gala (Vanblaere
et al. 2011). The same gene was used to produce resistant intragenic apples (Joshi
et al. 2011), containing the promoter and terminator of the small subunit of the
apple rubisco gene.

Pathogenesis-related (PR) proteins from grapevine are being used to produce
cisgenic grape plants after elimination of the marker genes (Dutt et al. 2008).
Dhekney et al. (2011) have used a PR protein named VVTL-1 (Vitis vinifera
thaumatin-like protein) to produce transgenic plants demonstrating that the protein
constitutively expressed inhibits spore germination and hypha growth and the
transformants show delay in powdery mildew disease development and decreased
severity of black rot.

7 Conclusions

Public concern with the use of transgenic plants has speed up the research to
produce plants without marker genes. Therefore, the number of tree species where
the elimination of marker genes has been demonstrated has largely increased in the
last years. The design of vectors where the recombinase is controlled by an indu-
cible promoter and placed, together with marker genes, within its recognition sites
has allowed the application of this technology to trees where segregation of the
recombinase in the progeny is not an option. Additionally, this technology can be
used to stack genes when complex metabolic routes are to be modified using
subsequent transformation rounds but the same marker gene and therefore the same
selection procedure. In fact, this is a methodology becoming routinely used for the
production of trees with less commercialisation impediments.

The use of SDNs for targeted genome modification is revolutionizing reverse
genetic approaches in numerous model organisms, and is also starting to be used in
crops. The very long life cycles of trees, compared to other crops and their obligate
vegetative propagation, make the use of these techniques in trees more challenging.
However, there are different strategies that may allow circumvent these problems.
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The use of protoplast transient transformation, and regeneration from modified
protoplast, could be one of such strategies. Therefore, although there are still some
technical difficulties that need to be solved, SDNs may become a particularly
promising alternative to other techniques for introducing new variability, like tilling
for example, that require large mutant collections and the elimination of undesired
mutations by backcrossing, which are particularly difficult for long life cycle
organisms like trees.

Down-regulation technologies based on amiRNA and atasiRNA are specific and
effective post-transcriptional gene silencing approaches that can applied to decipher
the huge genomic information and to improve plant molecular breeding. Although
very few reports on these new tools exist for forest trees species, they pave the way
for future perspectives of tree genetic engineering, with more controlled and more
stable modification strategies.

Hopefully, SDNs as well as cisgenesis and transgenesis will ease the regulatory
process and make some of these trees, which are important improvements in the
breeding of these difficult species, publicly available in a next future.
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Lessons from 25 Years of GM Tree Field
Trials in Europe and Prospects
for the Future

G. Pilate, I. Allona, W. Boerjan, A. Déjardin, M. Fladung,
F. Gallardo, H. Häggman, S. Jansson, R. Van Acker and C. Halpin

Abstract It is common agronomic practice to perform a formal evaluation of the
behaviour of new varieties under natural field conditions. Accordingly, shortly after
the optimization of genetic engineering techniques on trees, a number of field trials
were set up to assess GM trees modified for different genes. Here, we review the
work that has been done in this arena in Europe over the last 25 years, and sum-
marize what we learned from these experiments. GM tree field trials remain the
exception rather than the rule in Europe. Several trials have been destroyed by
anti-GMO activists and it is becoming increasingly difficult to obtain authorization
for a GM tree field trial. These increasing constraints on GM tree trials within
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Europe are both surprising and counter-productive as we learned a lot from the past
25 years of experiments and the results were promisingly positive: (1) Phenotypic
effects resulting from transgene expression in GM trees grown in the field appears
to be stable, albeit variable; (2) most field studies have validated earlier observa-
tions made under greenhouse conditions, although in some cases the modification
of target traits was less obvious in fluctuating field environments, and in a few cases
had severe growth and developmental penalties; (3) non-target effects were con-
sistently within the range of natural variation. Overall, the European GM tree field
trials failed to exemplify any significant tangible risks. Based on this evidence, it
seems appropriate that Europe should now move forward beyond small confined
trials to larger scale experiments better fitted to a broader context of evaluation and
environmental assessment.

1 Introduction

Forests are crucial natural resources for the earth ecosystem, as they provide a
diversity of services including recycling carbon dioxide into oxygen, acting as a
carbon sink, participating in climate regulation, protecting soil, and water and
serving as a genetic reserve for biodiversity. For humankind, forests also serve as
recreational areas, as a source of lumber, pulp, and paper, as a source of energy for
cooking and heating, and now as a feedstock for bioenergy, biofuels and bioma-
terials. To respond to the growing demand for wood and alleviate pressure on
natural forests, intensively managed forest plantations have been developed to
increase productivity and shorten rotation time. Among other opportunities, GM
technology is one potentially useful tool to create improved tree genotypes that
enhance the efficiency and value of such plantations and of downstream wood uses.

GM technology was first developed more than 30 year ago, in the early 1980s:
the first articles on GM tobacco transformed through Agrobacterium tumefaciens-
mediated DNA transfer were published in 1983 (Barton et al. 1983; Herrera-Estrella
et al. 1983). This transformation method was very rapidly transferred to other dicot
plant species and in 1987 the first GM poplar tree was produced (Fillatti et al.
1987). Conifers, like monocots, proved to be more recalcitrant to A. tumefaciens
infection and the first report of the production of a GM conifer by particle accel-
eration was not published until 1993 (Ellis et al. 1993). Taking advantage of the
power of somatic embryogenesis in conifers, an efficient A. tumefaciens transfor-
mation procedure was eventually developed, first for larch (Levée et al. 1997) and
later on for other conifer species. Today, GM materials can be produced for a wide
array of tree species, even though this success is still often limited to a small
number of genotypes within a given species.

Tree GM technology was first used in basic research studies to gain a better
knowledge of biological mechanisms specific to these large, long-lived, perennial
species. The evaluation of GM trees was initially mostly restricted to greenhouses.
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But field trials rapidly became necessary especially to take into account the effects
of environmental variations on plant phenotype. This was particularly relevant for
GM trees, as trees grown in the greenhouse quickly became cramped, with severely
limited space for trunk, canopy and root development. Indeed, studies carried out in
the greenhouse are necessarily restricted to very young trees (less than
two-year-old) still at a juvenile stage. With the prospect of applied research to
deploy economically interesting GM tree genotypes, it rapidly became necessary to
evaluate GM trees in field tests, in just the same way that new non-GM genotypes
bred through classical controlled crosses would be trialled.

Safety and containment procedures for such trials had to take several issues
specific to trees into account (e.g. long lifetime, phase changes from juvenile to
mature, bud dormancy, long-distance seed dispersal) in order to limit potential risks
and accidental escape. The purpose of a rather high proportion of the first field trials
with GM trees was precisely to assess what these potential risks might be. The first
full field trials with GM trees were installed France in 1991 and a number of others
were established in subsequent years throughout the nineties, in France, England,
Belgium, Germany, Spain, Finland and Sweden (Table 1). At this time, there was
already an administrative framework and a scientific evaluation procedure to con-
trol the establishment, maintenance and the final destruction of every field trial.
With time, the conditions for obtaining authorization became more and more
cumbersome, the risk of vandalism of trials increased, and the funding for studies
involving GM plants became rarer. As a consequence, the years 2000–2010 were
characterized by a decrease in the number of GM tree field trials in Europe, while
the number was increasing in other parts of the world.

What did we learn from these experiments? This is the topic of this chapter
which will review the different field tests performed in seven European countries
over the last 25 years (in Belgium, Finland, France, Germany, Spain, Sweden and
United Kingdom). Most European GM tree field trials for which published data is
available are reported on in this paper.

2 Field Tests in Belgium (4 Field Trials with GM Poplar)

A first field trial with transgenic poplars was established in 1988 in Geraardsbergen,
Belgium, with trees engineered for herbicide tolerance (De Block 1990). Three years
later, in 1991, a second field trial with the same herbicide tolerant poplar lines was
established (Report WIV-ISP 2010). Between then and 2002, more than 120 GM
crop field trials including three on GM trees (apple, poplar) were conducted in
Belgium, the majority by companies such as Plant Genetic Systems NV, Aventis
Cropscience NV and Monsanto Europe. After 2002, the flourishing field trial culture
in Belgium came to an end. The combination of uncertainty about what the imple-
mentation of the 2001/18 EU Directive would bring, and a number of field trial
destructions, made companies decide to stop doing field trials (Custers 2009). This
situation lasted until November 2007, when VIB requested permission for a field trial
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with poplars (Populus tremula × P. alba) genetically modified in lignin biosynthesis
with the purpose of using them for bioethanol production. Despite positive opinions
from the Biosafety Advisory Council and the Flemish minister for environment, the
federal ministers declined the field trial request, resulting in a political conflict (The
Poplar Files, www.vib.be). Ultimately, VIB was forced to go to the Council of State
to have the negative decision suspended. In December 2008, the Council of State
ruled in favour of VIB and finally, in February 2009, VIB received permission to
initiate a field trial with GM poplars for a period of 8 years. This permission can be
considered a milestone in Belgian field trial history (Custers 2009).

The field trial in question (Fig. 1) was planted in May 2009 and contained two
transgenic lines (FS3 and FS40) and a control wild type line (all in
P. tremula × P. alba). The field itself consisted of six randomized blocks for each
line, each block containing 20 clonally propagated trees. The transgenic trees were
down-regulated in the gene encoding cinnamoyl-coenzymeA reductase (CCR), an
enzyme involved in the biosynthesis of lignin. These GM poplars were made in the
framework of the EU-funded project TIMBER. Downregulation of CCR typically
results in reduced lignin content and an orange-wine red coloration of the xylem
upon debarking (Leplé et al. 2007). As lignin is considered as the most important
limiting factor in the conversion of plant biomass into fermentable sugars

Fig. 1 Belgium CCR field trial. a 2 weeks after planting in May 2009. b 20 August 2009: after
3 months of growth. c March 2013: harvest
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(Chen and Dixon 2007; Van Acker et al. 2013), the aim of this field trial was to
investigate whether wood from field-grown lignin-deficient poplars was easier to
process into bioethanol, compared to wild type poplars. The study demonstrated a
large variation in the level of downregulation in individual stems, reflected by a
variation in the intensity and pattern of red xylem coloration (from fully white
stems, through patchy red coloured stems, to completely red stems). This variability
in red coloration allowed the researchers to demonstrate a correlation between the
level of CCR downregulation and the efficiency of wood processing into fer-
mentable sugars (saccharification) and ethanol. However, strong downregulation of
CCR also affected biomass yield, which outweighed the improved bioethanol
production in most lines, a problem that probably could be solved by targeting the
downregulation of lignin genes specifically to the fibres (Van Acker et al. 2014).

After the difficulties in obtaining regulatory permission for the establishment of a
field trial with the CCR down-regulated poplars, a new era for field trial experi-
ments in Belgium had started. In 2011, a two-year field trial with GM potato lines
with improved resistance to Phytophthora infestans was established, while in 2012,
permission was granted for a field trial with GM maize to demonstrate altered
growth characteristics. In 2013, VIB obtained permission, for a period of 8 years,
for the fourth GM poplar field trial in Belgian history (GMO register European
Commission).

In this most recent poplar field trial, P. tremula × P. alba is down-regulated in
another gene involved in lignin biosynthesis, cad,encoding cinnamyl alcohol dehy-
drogenase. These GM poplars were made by INRA-AGPF and the field trial has been
established in Belgium under the framework of the EU-funded project MultiBioPro.
The CAD enzyme catalyses the last step in the biosynthesis of the building blocks of
lignin. It was demonstrated previously that CAD-deficient poplar wood, both
greenhouse- and field-grown, was easier to delignify in simulated Kraft pulping
experiments (Baucher et al. 1996; Lapierre et al. 1999; Pilate et al. 2002). The aim of
the current field trial is to investigate the influence of CAD downregulation on the
efficiency ofwood processing into fermentable sugars and bioethanolwhen these trees
are grown in a short rotation coppice culture, similar to the CCR field trial. The CAD
field trial consists of three transgenic poplar lines in which CAD is down-regulated
using an RNA interference strategy. The field itself is divided in six randomized
blocks per line with 40 clonal replicates in each block. This on-going field trial was
planted in May 2014 and a first coppice and harvest was performed in February 2015.

3 Field Tests in Finland (8 Field Trials, 6 with GM Trees)

3.1 Pollination Experiments with Transgenic Pollen
(2 Field Trials)

Two approved field experiments in Finland are notable as they were not conven-
tional GM tree field trials but were set up in order to evaluate pollen transformation
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as an alternative gene transfer method for Scots pine (Pinus sylvestris L.) and
Norway spruce (Picea abies L. Karst.). The marker genes GUS (β-glucuronidase,
uidA) and nptII (neomycin phosphotransferase) were transferred biolistically to
pollen grains (Häggman et al. 1997; Aronen et al. 1998). To enable the seeds to
develop under natural conditions, the pollen was transferred to female cones on
trees growing in the outdoor seed orchards at the Research Park of the Finnish
Forest Research Institute (Metla), Punkaharju. However, all cones and female
catkins were covered by specific protection bags for containment of transgenic
material (Fig. 2a, b). It was obvious that the bags affected cone development
negatively, particularly in the case of Scots pine. The seed production of Scots pine
and Norway spruce varied yearly. Based on the GUS assay, 601 of the Scots pine
seedlings germinated in the greenhouse were further tested by PCR. One of the
seedlings turned out to be transgenic (Aronen et al. 2003; Clapham et al. 2003).
None of the Norway spruce seedlings were confirmed to be transgenic.

3.2 Silver Birch (5 Field Trials)

Altogether, five genetically modified silver birch (Betula pendula Roth) field trials
were established in Finland between the years 1990 and 2013 in three different
locations. The first short trial (1990–1991) was established by the company Kemira
Oy at Vihti, Kotkaniemi test farm. The purpose of this small-scale trial (60 birches)
was to study the effect of the marker genes nptII and lacZ (beta-galactosidase, EC
3.2.1.23) on birch growth. Even though the results were positive, the field trial was
ended in 1991 partly due to the company decision to focus on fertilizer production
and also due to corporate acquisition (pers. comm. Prof. Matti Sarvas, Dr. Pauli
Seppälä and Dr. Kari Jokinen).

Another early research-oriented GM birch field trial in Eastern Finland at the
Research Park of the Finnish Forest Research Institute (Metla), Punkaharju, was
originally planned to run from 2000–2005 (Fig. 2d). The purpose of the trial was to
study the effect of genetic modification on the key enzymes of carbon and nitrogen
metabolism, the Rubisco small subunit gene (RbcS, Kontunen-Soppela et al. 2010)
and the nitrate reductase gene (Nr), and the marker gene nptII (Ryynänen et al.
2002). Unfortunately, the trial was destroyed, the field arrangement was lost and the
trial had to be ended.

At the University of Helsinki field experimental site of Viikki, a silver birch field
trial was established from 2000–2003 to study biotic interactions between trees,
fungi (Pasonen et al. 2005, 2009), and insects, and to evaluate growth character-
istics and adaptive traits (Pasonen et al. 2008) and palatability for mountain hare
and roe deer (Vihervuori et al. 2012). The policy-relevance of the GM field trial and
its public context were also evaluated (Valve et al. 2010). The trial consisted in total
of 1050 seedlings from 15 randomly selected chitinase-expressing (Lohtander et al.
2008) and four lignin-modified (Seppänen et al. 2007) transgenic lines along with
the corresponding non-transgenic control clone birch lines and eight other
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Fig. 2 Finnish GM forest tree field trials. a P. abies pollinated by GM pollen in 1996 and covered
by protective bags (photo Teijo Nikkanen), b P. abies female cone treated with Triton prior to
isolation (photo Jouko Lehto), c Chitinase B. pendula at the Viikki field trial (photo Ari Pappinen),
d RbcS B. pendula at the Punkaharju field trial in year 2004 (photo Jouko Lehto), e The effect of
enhanced cytokinin and ethylene signalling on wood formation in P. tremula × tremuloides (photo
Tuomas Puukko)
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non-transgenic “wild” lines (Fig. 2c). Chitinase expressing lines with high or
intermediate accumulation of the chitinase transcript were more resistant to birch
rust than those showing a low accumulation, but in general GM birch plants were
less resistant to leaf spot disease than corresponding control lines (Pasonen et al.
2004). The level of transgene expression did not affect growth or leaf phenology,
but instead it influenced parameters related to the stress status of a tree. Some
transgenic lines showed deviant performance compared to the control plants but
these differences were suggested to be due to position effects of the transgene, not
due to the level of transgene expression. Tree genotype was a more important factor
determining the structure of fungal communities than the transgenic status of the
plants (Pasonen et al. 2009). Thus, the conceivable changes in the litter quality,
possibly derived from pleiotropic effects due to gene modification, were either
absent or too weak to affect the decomposability of the litter in the soil (Vauramo
et al. 2006). One transgenic birch line was significantly less palatable to hares than
the wild-type control. The results of this study indicated that plant genotype may be
related to the palatability of plant material when transgenic and wild-type woody
plant material is used as winter food for hares (Vihervuori et al. 2012). However,
the results did not reveal changes in the palatability of the studied transgenic lines
that could be related to the functioning of the transgenes.

In Joensuu, at the University of Joensuu (at present University of Eastern
Finland) within the area of the botanical garden Botania, a silver birch field trial was
established in 2005–2008, and continued until 2012. The purpose of the release was
to study environmental effects associated with the prevention of flowering by
genetic modification (Lännenpää et al. 2005; Lemmetyinen et al. 2008). Potential
unforeseen adverse effects were also a special object of interest in the experiment,
and they were studied by examining e.g. changes in growth habit and branching,
chemical composition of plants, and plant resistance to herbivores and pathogens.
Flowering was prevented by introducing a barnase gene regulated by the promoter
(BpMADS5pro) of the inflorescence-specific gene (BpFULL1) from silver birch.
The marker gene was nptII and the transgenic material was produced by
Agrobacterium-mediated transformation. The experiment included four genetically
modified lines of birch clone BPM5. The results indicated that the non-flowering
phenotype was stable: none of the individual plants of the transgenic lines had
inflorescences during the study period (2005–2012), although the early flowering
non-transgenic control line flowered every season. Compared to the wild type, the
transgenic lines had slightly slower height growth, increased branching, and smaller
leaf size. The increased branchiness was positively correlated with the abundance of
spiders on saplings, which may affect the number of herbivorous insects. However,
there were no statistically significant differences in visual damage estimates of the
lines. The transgenic lines did not differ from the wild type either in chemical
composition or in insect feeding assays, but rather, the results varied depending on
the transgenic line and insect species.
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3.3 Hybrid Aspen (1 Field Trial)

At the University of Helsinki field experimental site of Viikki, a field trial with
genetically modified hybrid aspen (P. tremula × P. tremuloides) clones T89 and 51
was established in 2013 and is scheduled to run until 2018 (Fig. 2e). The general
aim of the release is to conduct basic research on hybrid aspen and understand the
role and function of the plant hormones ethylene and cytokinin in wood formation.
The second major aim is to understand the function of stomatal regulation in hybrid
aspen under natural growth conditions. The results are also expected to provide
important knowledge for traditional tree breeding.

The transgenes introduced overexpress ethylene response factor (ERF) genes or
a gene enhancing cytokinin signalling under a constitutive LMX5 promoter, which
directs the expression to wood forming tissues. Overexpression of these genes
modifies wood properties and enhances growth. In another set of genetically
modified hybrid aspens the function of stomata has been modified by silencing the
hybrid aspen orthologues of Arabidopsis thaliana slow anion channel-associated 1
(SLAC1) and SLAC1 homolog 3 (SLAH3) using transgenes under the control of a
guard-cell-specific promoter. Also, the A. thaliana SLAC1 gene was expressed in
hybrid aspen since poplar AtSLAC1 orthologs might have a different function. The
hygromycin phosphotransferase (hpt) marker gene, conferring hygromycin
B-resistance, and/or the neomycin phosphotransferase (nptII) marker gene, con-
ferring kanamycin-resistance, were used to select the genetically modified hybrid
aspens. Genetic transformation was performed by Agrobacterium-mediated
transformation.

4 Field Tests in France (7 Field Trials with GM Poplar)

Over the last 25 years, seven different field trials with GM poplar trees have been
set up in France, mainly by INRA with one by AFOCEL (now part of FCBA), to
explore the behaviour of GM trees in natural conditions.

The first French GM tree field trial was set up in 1991 by the INRA-AGPF
(Forest Tree Breeding Research Unit) in their tree nursery near Orléans and lasted
for 8 years until 1999 (Fig. 3a). The aim was to assess the stability of transgene
expression in a model poplar tree (INRA clone 717-1B4, a P. tremula × P. alba
hybrid) over several years growth and development. Toward this end, expression of
a reporter gene driven by a constitutive promoter was measured in many samples
(buds, leaves, stems and roots) collected at different seasons and over the years.
This first experiment was completed by a second field trial, involving a higher
number of transgenic lines in order to evaluate the stability in trees of tissue-specific
expression of a transgene over time and space (Pilate et al. 1997; Hawkins et al.
2003). Overall, all these experiments led to the conclusion that transgene expression
was stable although highly variable.
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The field trial established in April 1994 by AFOCEL evaluated GM poplar cv
Hunnegem expressing the bar gene which confers resistance to ammonium
gluphosinate (a herbicide also known as phosphinotricin or Basta). The transgenic
plants were produced in collaboration with M. De Block (PGS, Belgium; De Block
1990). The objective of the trial was to assess the durability of herbicide resistance
during a regular short rotation coppice cycle and assess whether initial direct her-
bicide treatment on the GM trees would insure maximized tree growth in the first
year and potentially save on additional treatments in following years (the currently
recommended cultural practice). Prior to field installation, the transgenic poplar
lines had been evaluated for 2 years in confined greenhouse conditions in order to
check for any obvious effects of the genetic modification on tree growth and
development. The field trial was set up on an area of 0.8 ha, with 4 blocks of 20
plants per line (3 different transgenic lines and 2 WT lines, Hunnegem and Beaupré)

Fig. 3 French field trials as regular poplar plantation. a First European small-scale field trial with
GM trees set up in 1991. b Rows of 5-year-old lignin-modified aspen trees (photo taken February
2004), c Catkin removal is easy as flowering takes place before leaf emergence, d Final harvest of
10 year-old lignin-modified aspen trees (photo taken February 2007)
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and per treatment (3 herbicide treatments). The trial was monitored by the Regional
Plant Protection Services.

The cv Hunnegem is a male poplar clone (P. trichocarpa × P. deltoides) that
flowers in the field after 8–10 years. The trees were grown as SRC in an agricultural
area, with 3 seven-year rotations scheduled, and the first coppicing occurred in
2001. However, the trial was prematurely terminated in 2005. A “safety” zone was
regularly maintained around the plantation with a 2 m deep ditch to prevent any risk
of sucker spreading beyond the trial site. Each year, herbicide spray tests consis-
tently revealed complete Basta resistance in the transgenic lines, while soil treat-
ment in and around the plantation never revealed any evidence of the emergence of
Basta resistant suckers. The observations and measurements were performed at least
three times per year during the whole duration of the trial. After 7 years, no
flowering was observed and vegetative growth was similar in GM and wild-type
trees. The field trial was prematurely terminated in 2005, in part because of the
general bad shape of the trees due to severe rust attacks in 2000 and the following
years, as Hunnegem trees, whether GM or not, are very sensitive to this disease. For
3 years following the termination of the trail, the plot was carefully monitored and
regularly treated with Basta in order to identify potential regrowth of transformed
material, but none occurred.

The other five French GM tree field trials were again located at the INRA tree
nursery near Orléans and assessed the effects of several different genetic modifi-
cations on tree growth and development in near natural conditions in the model
INRA clone 717-1B4 (P. tremula × P. alba hybrid). Unlike the first 1991 trial using
marker genes, these later trials involved trees modified for agronomical or tech-
nological traits where the objective was to verify that valuable phenotypes observed
in the greenhouse were also present under plantation conditions. All field trials were
set up and monitored in accordance with the French regulations on GM dissemi-
nation and after getting the suitable authorizations (Fig. 4b). Generally, these
authorizations were granted provided suitable containment was ensured to prevent
any reproductive or vegetative dissemination, irrespective of the transgene present
(Fig. 3c).

A trial between 1995 and 1999 evaluated GM poplars transformed with a cys-
teine proteinase inhibitor gene. The poplars had been shown to be tolerant in
laboratory feeding tests to Chrysomelae tremula, a coleopteran phytophagous beetle
that can cause important damage to poplar nurseries and short rotation coppices
(Leplé et al. 1995). In the controlled conditions of a greenhouse, the expression of
the cysteine proteinase inhibitor gene translated into an increased mortality of C.
tremulae fed on transgenic foliage. However, this effect was probably too weak to
induce any notable effects on Coleoptera feeding on field-grown transgenic trees.

Three field trials were carried out to evaluate GM trees modified for lignin
quality or quantity (Figs. 3b, d, and 4a, e). Lignin is a major cell wall component in
xylem and fibre cells that provides the mechanical support necessary for large trees
to support their own weight, and the impermeability needed for efficient sap con-
duction between roots and leaves. Variations in lignin content or composition can
influence wood technological properties either chemically (for pulp, paper, or
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bioethanol production) or physically (mechanically) for solid wood use, and could
also potentially lead to major disturbance in tree growth and development, both
effects requiring field test evaluation.

These evaluations have been performed on trees down-regulated for any one of 4
key genes from the monolignol biosynthetic pathway, each of them leading to
specific modifications in lignin polymer structure and in turn in wood properties.
Notably, wood from one transgenic line down-regulated for CAD, the last enzyme
from the monolignol pathway, appeared easier to delignify during the pulping
process making it possible to use less harsh chemicals to produce, with the same

Fig. 4 French field trial as SRC. a Plantation of SRC lignin-modified aspens. b Field trial
inspection by Plant Protection Service (photo taken spring 2008), c Sampling of soil cores/roots for
assessment of environmental impact of GM modification on soil fungal communities by L.
Danielsen and colleagues (photo taken October 2009), d Visit of the French GM field trial during a
workshop of the COST FP0905 action in September 2011, e SRC of lignin modified GM aspens in
February 2012 just before harvest
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yield, a paper of better quality (Pilate et al. 2002). In addition, the genetic modi-
fication did not seem to affect tree growth and development. Other lignin-modified
field-grown GM trees were down-regulated in caffeic acid O-methyl transferase
(COMT), caffeoyl-coenzyme A O-methyl transferase (CCoAOMT) or CCR.
Several CCR-down-regulated transgenic lines were also superior to wood from
control trees for pulping (Leplé et al. 2007) as well as for biofuel production (Van
Acker et al. 2014). However, in these CCR-suppressed GM trees, the lignin
modifications led to a decreased growth rate most likely due to problems with
vessel conductance and sap transport. Other analyses performed on these field trials
included global assessment of the effects of genetic modifications on wood

Fig. 4 (continued)
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decomposition (Pilate et al. 2002) as well as the effects of lignin modifications on
soil and root fungal diversity (Fig. 4c) (Danielsen et al. 2012, 2013).

At the moment, field trials with GM crops and trees have been interrupted in
France. This is the case even though 25 years of safe field evaluations of transgenic
trees have yielded a lot of new knowledge on the behaviour of GM trees, have
evaluated their potential effects on the environment, have identified promising
genotypes for more applied studies, and have suggested new routes for producing
trees with improved wood for industrial applications such as biofuel production. In
addition, during these 25 years of experiments, a lot of expertise was gained in the
management of GM tree trials, and how to control vegetative and sexual dissem-
ination. Finally, GM field trials offered a useful platform for communicating
directly with the public and the media about experiments with GM trees (e.g.
Fig. 4d).

5 Field Tests in Germany (4 Field Trials with GM Poplar)

In Germany, the first release experiment with GM trees was established in 1996 by
the Federal Research Centre of Forestry and Forest Products, Institute of Forest
Genetics and Forest Tree Breeding, Grosshansdorf. Permission for this field trial
was given for five years, ending in autumn 2001. In total, eight transgenic aspen
clones comprising two different gene constructs (35S::rolC in aspen lines Esch5
[P. tremula × P. tremuloides], Brauna11, W52 [both P. tremula]; and rbcS::rolC in
aspen line Esch5) and the three control lines were planted out on a field of
approximately 1500 m2 (Fladung et al. 2004; Fig. 5).

The aim of this experiment was to investigate the stability and expression of
foreign genes in transgenic trees on a long-term basis under field environmental
conditions. The transgenic plants were measured with respect to growth (height,
stem diameter, leaf size) and physiological parameters (dormancy, flushing, flower
formation, hormone levels, metabolites) (Fladung et al. 2004). Phenotypic insta-
bilities detected in individual plants as reversions to wild type from the dwarfy
phenotype of the 35S::rolC transgenic trees were also investigated in the lab using
molecular methods (Fladung et al. 1996; Fladung 1999; Kumar and Fladung 2000a,
2001; Fladung and Kumar 2002). Based on these results, a quick and easy
molecular test was developed to assess the possible stability/instability of a foreign
gene in transgenic trees at the genomic level (Kumar and Fladung 2000b).

The mycorrhizal status of the roots was analyzed in the transgenic and
non-transgenic trees. No differences were found in the mycorrhizal status between
control and transgenic trees with one exception in the transgenic clone Esch5:35S::
rolC#5 (Kaldorf et al. 2002), however, the ectomycorrhizal spatial distribution was
not the same in the different aspen clones (Kaldorf et al. 2004a). The mycorrhizal
symbiosis is believed to provide the highest probability for horizontal gene transfer
due to its special anatomical features forming the plant/fungus interface. Therefore,
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to unravel possible horizontal gene transfer events, small cuttings of transgenic
aspen containing the rbcS::rolC gene construct were grown in vitro together with
the ectomycorrhizal ascomycete Phialocephala fortinii, which was isolated from
mycorrhized roots obtained from the field-grown aspen (Fladung et al. 2004). After
12 weeks of co-cultivation, genomic DNA was isolated only from hyphae of the
P. fortinii mycorrhizas. No rolC signal could be detected in any of the analyzed
P. fortinii colonies (Kaldorf et al. 2004b).

The susceptibility of the leaves to Melampsora and Venturia was analyzed
according to a special evaluation technique. The 35S::rolC transgenic trees had a
higher degree of susceptibility than the control plants (Fladung et al. 2004).
Potential risks of transgene escape via vegetative dispersal were also evaluated. In

Fig. 5 German field trial as SRC. a RolC-transgenic aspen few days after planting. b Field trial in
spring 1998. c Field trial in December 2000. d Harvest and sampling of trees in October 2001.
e Removal of rootstocks from the soil. f Burning of transgenic material after clearing the field trial
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the 4th and the 5th year after establishment of the field trial, an increasing number
of root suckers could be observed developing from roots of transgenic and
non-transgenic trees (Fladung et al. 2003). The phenotype of all suckers was wild
type or rbcS::rolC. It could clearly be demonstrated that vegetative propagation via
root suckering is easily controllable by best practice tree cultivation.

The second field release experiment was mainly designed to quantitate possible
horizontal gene transfer from transgenic trees to mycorrhiza fungi under optimized
conditions. The field experiment was again initiated by the Federal Research Centre
of Forestry and Forest Products, Institute of Forest Genetics and Forest Tree
Breeding, Grosshansdorf, in close cooperation with the University of Tuebingen.
This experiment was conducted in a closed 1000 m2 large field station and
approved for 3 years from 2000 to 2003. Transgenic aspen trees were generated
containing the Streptococcus hygroscopicus bar gene conferring herbicide
(BASTA) resistance under the control of a fungal GPD promoter (Nehls et al.
2006). Roots containing ectomycorrhiza were sampled twice a year (May and
September in 2001 and 2002, respectively). Mycorrhizas were isolated from soil
cores under a dissection microscope and morphotyped according to Agerer (1987–
1993). In total, 120,000 fungal samples were isolated and transferred to
BASTA-containing selection medium.

Out of these, 40,000 isolates were revealed to be BASTA-tolerant and could be
divided into two groups. The first group (majority 95 %) contained fast-growing
fungi that colonized a Petri dish within a few days and were classified as sapro-
phytic fungi (mainly Aspergillus) (Nehls et al. 2006). The second, smaller group
(5 %) grew more slowly and morphological and molecular analyses revealed them
also to be ascomycetes, representing endophytic but not ectomycorrhizal fungi
(Nehls et al. 2006). PCR amplification assays were initiated to search for the
presence of the bar gene in all fungal isolates. No bar gene signal could be obtained
from any of the slow growing BASTA-tolerant isolates, suggesting that the fungal
isolates were naturally herbicide resistant (Nehls et al. 2006).

Two further field trials carried out from the University of Freiburg dealt with the
topic of phytoremediation. The experiments took place in Helbra (Saxony-Anhalt,
from 2002–2004), and in Helbra and Mansfeld (Saxony-Anhalt 2003–2005) (Peuke
and Rennenberg 2006). The transgenic poplars (P. tremula × P. alba) overex-
pressed the γ-glutamylcysteine synthetase (gshI or γ-ECS) gene from E. coli to
enhance glutathione (GSH) levels in the cytosol leading to an elevated capacity for
phytochelatins (PC) synthesis. PCs are naturally occurring peptides with good
binding affinities for a wide range of heavy metals (Kang et al. 2007). The
expression of the gshI gene in transgenic poplars led to a two- to four-fold enhanced
GSH concentration in the leaves. In greenhouse experiments, the gshI transgenic
poplars revealed a high capacity for heavy metals detoxification of soils.

The capacity of GshI overexpressing poplar for phytoremediation was evaluated
in the two field trials at different levels of copper contamination and under different
climatic conditions (Peuke and Rennenberg 2006). The transgenic poplars were
genetically stable when grown under field conditions. No horizontal gene transfer to
rhizosphere microorganisms or to mycorrhiza was detected and no general impact on
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the environment could be observed (Peuke and Rennenberg 2006). gshI transgenic
poplars possess a higher capacity for accumulation of heavy metals when grown on
highly contaminated soils. However, on control sites or sites with low contamination
of heavy metals, no differences in phytoremediation capacity could be observed
between gshI transgenic and control poplars (Peuke and Rennenberg 2005, 2006).

6 Field Tests in Spain (2 Field Trials with GM Poplar)

The number of field trials with transgenic trees in Spain is very limited. Fifteen
records for authorization of field trials are available at the Spanish Commission on
Biosafety (http://www.magrama.gob.es), but published data are only available from
a few studies including assays of transgenic poplar for increased yield using the
hybrid P. tremula × P. alba 717-1B4 clone, a classical clone in forest tree research
used in many studies.

The work of Jing et al. (2004) describes a field trial of transgenic poplar over-
expressing a glutamine synthetase gene. This research was carried out by the
University of Málaga with the aim of evaluating the stability of transgene
expression and to confirm previous results indicating an effect on plant growth rate.
Glutamine synthetase is involved in nitrogen assimilation and amino acid biosyn-
thesis, representing a key enzyme in the biosynthesis of nitrogen compounds
(Gallardo et al. 2003). Transgenic poplars overexpressing glutamine synthetase
were characterized by higher protein, chlorophyll and growth in chamber or
greenhouse studies (Gallardo et al. 1999; Fu et al. 2003). The transgenic trees also
exhibited increased photosynthetic and photorespiratory capacities, improving their
tolerance to drought stress compared with control plants (El-Khatib et al. 2004).
The higher production of the glutamine synthetase enzyme also conferred a higher
tolerance to phosphinotricin, a common herbicide used in controlling weeds in
plantations (Pascual et al. 2008). The results from a 3-year field trial confirmed the
previous results obtained in greenhouse studies and the transgenic poplars reached
average heights 41 % taller than control plants after the third year of growth (Jing
et al. 2004). This study was carried out in the province of Granada (Spain) with
plants from eight independent transgenic lines. No flowering was observed during
this study, and no apparent effect on nitrate content in soil was observed besides the
differences in growth between transgenic and control plants. In addition, no dif-
ferences in lignin content between transgenic and control plants were observed in
1-year and 5-year-old plants (Jing et al. 2004), but a recent study indicates differ-
ences in wood chemistry with respect to control plants in samples from three
different lines in a 3-year field study in Virginia (USA; Coleman et al. 2012).
Together, the findings suggest a higher capacity of the transgenic trees for both
primary N assimilation and re-assimilation of ammonium released in different
metabolic procedures, and the potential for improving growth and biomass pro-
duction of productive clones or other tree species.
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The Technical University of Madrid is also carrying out a field trial to evaluate
the biomass yield of two events of GM poplars showing a high degree of sylleptic
branchiness after over-expression of the chestnut transcription factor Castanea
sativa RELATED TO ABI3/VP1 (CsRAV1) (Moreno-Cortés et al. 2012). For this
purpose, the plantation was established at high density (10,000 trees/ha) and
managed under a short rotation coppice system, with irrigation and weed control
(Fig. 6). Several growth and biomass productivity determinants were measured
before coppicing in 2013, two growing seasons after the establishment of the
plantation. One of the CsRAV1 over-expressing events showed a ca. 17 % larger
basimetric area and dried aerial biomass than non-modified poplars. Histochemical
and composition analysis of this modified wood did not reveal any change com-
pared to the non-modified poplars. Calorific value determination also showed that
modified and non-modified woods were comparable (Moreno-Cortés et al.,
unpublished results). This specific genetic modification is potentially applicable to
any woody species, taking profit from the adaptive characteristics of each species to
a particular habitat.

7 Field Tests in Sweden (8 Field Trials with GM
Hybrid Aspen)

The first field trial with GM hybrid aspens in Sweden was established in 1994 in
Sävar outside Umeå by researchers at the Swedish University of Agricultural
Sciences. This, and subsequent Populus field trials in Sweden, have been performed
with the hybrid aspen (P. tremula × P. tremuloides) clone T89, and in comparison
with field trials in other European countries the Swedish trials have in general been
larger in terms of the number of different genes modified and studied in the same
trial. In the first trial, either one of five genes from A. tumefaciens affecting auxin or
cytokinin metabolism, two genes from Agrobacterium rhizogenes affecting root
formation, iaalys from Pseudomonas savastenoi, three genes originating from E.
coli (uidA, hpt and nptII), one gene from winter flounder coding for an antifreeze
protein (AFP) and finally the luciferase from American firefly, were introduced into
the plants, The purpose was to characterize how growth in plants was affected by
modified hormone metabolism, as well as more general studies on long-term

b Fig. 6 Spanish field trial. Field trial established in Madrid (Spain) in 2012 to test biomass yield
under SRC management of genetically modified hybrid poplars (P. tremula × P. alba INRA clone
717-1B4) developing a high degree of sylleptic branching. The out-door study included the wild
type genotype as control, two events over-expressing the RAV1 (Related to ABI3/VP1 1)
transcription factor from chestnut, and two events showing a reduced expression of the poplar
endogenous genes PtaRAV1 and PtaRAV2. Thirty individuals per genotype were planted into
three blocks of 10 plants each. The experimental plot area was 204 m2, and the chosen plantation
density was 10,000 trees/ha. It consisted of 12 × 17 rows with a spacing of 2 × 0.5 m, surrounded
by a border row of P. × euramericana clone I-214 individuals. a July 2012 b January 2015
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stability of transgene expression. The AFP protein was included to investigate if
chilling tolerance could be modified. The trial led to a fierce discussion in Sweden
about the potential risks associated with the GM technology, and in particular the
experiment with the winter flounder AFP protein was heavily criticized with the
argument that such trees may escape and reproduce uncontrolled in the environment
since they potentially could outcompete the native trees. The idea of moving “fish
genes” to trees was not appreciated either. However, quite ironically it turned out
that genotypes based on the T89 clone, including those containing the antifreeze
gene, did not even survive the first winter in the field (in northern Sweden).

The second GM hybrid aspen field experiment, performed in 2004 and 2007 in
Umeå, was a short-term experiment with trees in pots transferred to the field only
for a short time in the summer, with a gene involved in the regulation of photo-
synthetic light harvesting (PsbS). The purpose was to see if the consequences of a
lack of PsbS, engineered using an antisense transgene, were the same in hybrid
aspen as in Arabidopsis.

The third experiment with GM hybrid aspen was established at two sites (in
Halmstad and Laholm municipalities in southern Sweden) in 2010. In this exper-
iment, 16 genes were selected from large gene finding projects performed by
researchers at Umeå Plant Science Centre, in collaboration with the company
SweTree Technologies. The basis of the selection was that each of these 16 genes
had, upon overexpression or RNAi-mediated down-regulation, resulted in trees that
under greenhouse conditions grew faster than the wild type. The aim of the field
experiment was to see if the increased growth was transferrable to field conditions,
and if this led to any trade-offs in terms of decreased hardiness or increased sus-
ceptibility to pests. Three independent lines transformed with each gene construct
were included, in total 48 GM lines, and in total (including wild type) ca. 700 trees
on each of the sites (Fig. 7). Many of the genes coded for transcription factors,
while others had other more or less well defined functions. For all traits other than
increased growth, the set could be regarded as a random set of 16 out of over 1000
genes whose expression levels had been modified in the large gene-finding projects.
Therefore, this set of 48 clones could also be used to quantify unintentional changes
to properties resulting from the transformation event, and for this—as well as
demonstration purposes—a set of randomly selected natural genotypes of aspen
was planted next to the GM trees on one site. This would allow for a comparison of
all variation created unintentionally to the amount of natural variation of the same
trait, as the same traits (e g growth, leaf shape, grazing by a wide variety of insects,
pathogen infection, frost damage etc.) were measured on all trees. The establish-
ment of the field experiment led to some media debate, NGOs were invited to
participate in a discussion about the setup (but did not show up), background
information was published (http://www.upsc.se/about-upsc/other-information/gmo-
information.html), an information meeting was held and despite a few statements in
local media, the experiments have been performed uninterrupted. The experiment
has recently got a permit for a 5-year extension. The permit stipulates that a fence
should surround the experiment (10 m from the trees), that native aspens 50 m from
the fence should be removed as well as suckers between the trees and the fence.
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The site should be regularly inspected for flowering and—if flowering is detected
(which has not happened so far) all ramets of the flowering genotype should be
removed.

Based on the experiences from this experiment, several others have been initi-
ated at the same site (in Laholm). One rather similar experiment was initiated in
2011, led by researchers at the Swedish University of Agricultural Sciences, but
with seven genes where modification of expression levels had resulted in altered
wood properties under greenhouse conditions. Experiments led by SweTree
Technologies, with 14 genes where altered expression levels had led to increased
growth in the greenhouse, or which may influence drought tolerance, were initiated
in 2011, and an experiment with 7 genes in 2012. Similarly, two experiments were
started in 2014, one with trees with modified expression of 21 genes involved in the
regulation of wood properties, and one with 27 genes potentially regulating phe-
nology. At the Laholm site there are at present six experiments ongoing, in total
covering almost 5 ha and with ca. 3000 trees with modified expression levels of
over 90 different genes, the vast majority from Populus but a few originating from
other species.

Fig. 7 Swedish field trial. The GM hybrid aspen field trial established in Laholm, Sweden 2010.
Ca. 800 trees (16 transgenes × 3 independent transformation events for each gene = 48 lines, plus
wild type T89) with modified growth properties. Photo Stefan Jansson
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8 Field Tests in United Kingdom (2 Field Trials
with GM Poplar)

Although there have been five separate notifications of GM tree trials in the United
Kingdom (http://gmoinfo.jrc.ec.europa.eu/overview/GB.asp), only one has been
reported on fully in the scientific literature (Pilate et al. 2002; Halpin et al. 2007).
All of these trials were approved between 1993 and 1996 and involved eucalyptus,
poplar or apple. Two approvals concerned the trialling of marker gene systems in
trees, one involved the introduction of glyphosate tolerance, and two focused on the
alteration of lignin biosynthesis. The lignin modification trials were planted one
year apart at the same location at Syngenta’s Jealott’s Hill International Research
Station in Berkshire (Fig. 8) in collaboration with similar trials by INRA in Orléans,
France, within a research project with part-funding from the European Commission
(FAIR CT95-0424). The trees grew for 3 and 4 years but both trials were ended
abruptly in 1999 when the trees were vandalized and chain-sawed by activists. This
likely explains why no further trials of trees have been performed in the UK, and
research that the country was world-leading in has largely moved elsewhere.

Fig. 8 United Kingdom field trials. The lignin-modified GM hybrid aspen field trials were
established at Jealott’s Hill, Berkshire in 1995 and 1996 and grew for 4 or 3 years respectively
until destroyed in 1999. Front trial block: 72 trees planted in 1995 in a randomized block design
included two CAD antisense events and two COMT antisense events (12 ramets per event) plus 24
wild type 717-1B4 trees. Rear trial block: 80 trees planted in 1996 in a randomized block design
included a CAD antisense event and a COMT antisense event (24 ramets per event) plus 40 wild
type 717-1B4 trees. (Photo Claire Halpin)
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Results of the longer four-year trial have been presented in several papers (Pilate
et al. 2002; Halpin et al. 2007) and are discussed below.

Ironically, it was only evaluation of some of the ecological and environmental
impacts of the trial, such as investigation of mycorrhizal associations that was
prevented by the attack on the trees. The more applied objectives of the trial were
unaffected and evaluation of wood from the trees for stability of gene suppression
and lignin manipulation, and the utility in paper production, proceeded as planned
(Pilate et al. 2002). Two types of transgenic plants suppressed in two different
lignin biosynthesis genes and originally produced by INRA, were present in the
trial. Some were suppressed in expression of caffeic acid/5-hydroxyferulic acid
O-methyl transferase (COMT), while others were suppressed in expression of CAD
(CAD). The trial was a sister trial to one performed at the same time by INRA near
Orléans, France, on the same clonal trees. As has already been described earlier in
this chapter for the trees in the French trial, the UK-grown trees grew normally but
had modifications to lignin structure. The trees with reduced CAD expression were
easier to delignify so that either less chemical could be used or more pulp could be
recovered (Pilate et al. 2002). Gene suppression appeared to be stable over the 4
years of growth and at final harvest CAD enzyme activity was still reduced by 53–
85 % of wild-type levels in the CAD-suppressed lines, while COMT activity was
reduced by 56–68 % in the COMT-suppressed lines.

The UK trial was constantly monitored to determine whether the lignin-modified
trees had altered biological or ecological impacts. Transgene escape was not pos-
sible since the trees were P. tremula × P. alba female clones (i.e. without pollen)
and were harvested before any could flower. The incidence of visiting and resident
insects was regularly monitored and visible damage and disease symptoms were
recorded. All trees attracted a wide variety of insects but feeding damage to the
trees was very modest and there was no significant incidence of disease other than
occasional low frequency rust on individual leaves (Halpin et al. 2007). Neither
insects nor disease affected the transgenic trees any more than the wild-type trees,
and all trees remained very healthy throughout the four-year trial (Pilate et al.
2002).

The influence of modified lignin on soil microbiota and properties, and on CO2

evolution and decomposition, were also considered using samples collected after
the termination of the trial. When chopped roots were buried in a test soil over
5-months, slightly more CO2 was emitted from the transgenic root samples com-
pared to the wild type, indicative of a small increase in the rate of decomposition.
The effect was greatest in the first month when labile polysaccharides, not lignin,
would be decaying, suggesting that the modified lignin was less effective at pro-
tecting other cell wall components from microbial attack than wild type lignin is
(Pilate et al. 2002). A longer study set up with trunk wood from the field trial
harvest showed no statistically significant differences in CO2 evolution or mass loss
between the transgenic and wild-type samples (Tilston et al. 2004). Variation
between samples of the same genotype was greater than variation between geno-
types. There were no significant differences in C, N or microbial biomass between
soil samples taken from beneath transgenic or wild type trees (Pilate et al. 2002).
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Although microbial basal respiration was lower in soils from under two transgenic
lines, this did not correlate consistently with transgene expression, and no signifi-
cant differences in the substrates supporting microbial growth were evident between
any of the soils. However, soil taken from a grassy area less than 4 m from the trees
was significantly distinctive from the soil under the trees in all properties measured.
The cumulative data from this trial suggests that plant residue decomposition and
soil properties are more influenced by the type of plant grown and by field envi-
ronmental variability than they are by genetic modifications to lignin (Hopkins et al.
2007).

9 Conclusion

Of nearly 800 GM tree field trials that have been approved to date worldwide, it is
notable that only a very small number, perhaps fewer than 50, have been approved
in Europe (Häggman et al. 2013). Indeed, most experiments involving GM trees—
as for GM plants in general—do not go beyond the greenhouse stage as it is
assumed that this is enough to assess the function of a gene in a biological process,
at least for basic research purposes. Setting up any field trial requires time, money,
space and technical skills, as well as the tenacity to navigate the considerable hurdle
of assembling an application strong enough to gain regulatory approval. For GM
trees, there are extra burdens as the evaluation of perennials needs to last for several
years, and there are additional constraints related to the regulations on GM con-
finement to prevent dissemination of the transgene. Despite 25 years of safe field
trials, these burdens only seem to be getting heavier (Walter et al. 2010). Taking all
of these issues into account, it is easy to understand why most studies of transgenic
trees are only performed in greenhouse conditions and European GM tree field trials
remain the exception.

The GM tree field trials that have been set up in Europe have addressed
numerous important scientific objectives, including evaluation of tree-specific traits
(lignin and wood properties, flowering/sterility, transgene expression stability over
several years), assessment of general agronomic traits (biomass, resistance to biotic
and abiotic stress) and consideration of biosafety issues (horizontal gene transfer,
possibility of vegetative dispersal, effect on biotic interactions) (see Table 1). Most
experiments have been carried out on poplar, the model species for tree biology,
and especially one clone that is easy to transform, INRA 717-1B4 (P. tremula ×
P. alba) and also to some extent on the clone T89 (P. tremula × P. tremuloides).
These field trials can all be considered as confined trials as they were set up with
strict controls on dissemination and usually terminated before sexual maturity. They
were valuable tools for basic research, and for increasing our understanding of some
tree-specific biological traits (dormancy, phase change, wood formation, etc.).
Besides, they were also the first step towards more applied research and were, for
example, essential to produce wood in sufficient amounts for industrial evaluation,
under environmental conditions close to those of regular tree field trials. Field tests
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are an obligatory early step towards future commercial deployment, although, in
Europe, no commercial deployment is foreseen in the short or mid-term. It is
noteworthy that even though all experiments performed so far involved relatively
small-scale field studies, a long way from any commercialization, none of the
results detected any unforeseen risks or effects. Yet several trials were illegally
destroyed by anti-GMO activists, and the burden to obtain authorization becomes
heavier and heavier, despite the fact that virtually all of the concerns raised against
GM trees are related to the commercial deployment stage, and contained field trials
are the way to explore the evidence base for those concerns.

In this context, and to return to the question posed in the introduction, what did
we really learn from these experiments?

A major outcome was gaining the knowledge that the expression of both si-
lencing and gene-expression transgenes is generally stable over time even in
long-lived perennial species such as trees, albeit sometimes variable in level. This
has been most easily studied using marker genes such as bacterial uidA and nptII
driven by a constitutive or tissue-specific promoter (Hawkins et al. 2003), or by
using rolC, whose expression is associated with a very strong phenotype that is
easy to monitor (Kumar and Fladung 2001). These studies led to the conclusions
that transgene insertions were very stable as was transgene expression. Similarly,
barnase expression from an inflorescence-specific promoter prevented flowering in
silver birch over several years (Lännenpää et al. 2005), and poplars expressing
glutamine synthetase grew taller over 3 years (Jing et al. 2004). Silencing trans-
genes appear to be equally stable, with the phenotypic effects of silencing a specific
gene (e.g. modified lignin) persisting over several years of a trial and target enzyme
activity remaining reduced (Pilate et al. 2002).

The trials also increased confidence that the phenotypic effects of transgenes
initially evaluated in controlled greenhouse conditions, are frequently sufficiently
robust to persist in fluctuating natural field environments, as evidenced by many of
the examples described in this chapter. This validated several genes as real com-
mercial targets for improving wood for industrial applications and enabled initial
evaluation of the benefits likely to accrue. So, for example, down-regulation of
CAD and consequent specific changes to lignin structure led to an increase in
poplar pulp yield, or to an opportunity to make cost savings by using less pulping
chemicals, with associated environmental benefits. Importantly, in this and many
other field trials where growth modification was not the object of the modification,
the GM trees showed no significant differences in growth compared to control trees.
On the other hand, several deliberate strategies successfully led to valuable biomass
increases in poplar. Although robustness of phenotype between greenhouse and
field was generally the case, it was not always so. For example, transgenic poplars
expressing a proteinase inhibitor were shown to tolerate insect attacks in green-
house experiments (Leplé et al. 1995) but the effect was rather weak and was no
longer significant in natural field conditions in France (unpublished results). In an
example from the USA (see chapter by Strauss et al.), poplars down-regulated for
4-coumarate-CoA ligase (4CL, a key lignin biosynthesis gene) exhibited a sizeable
growth increase in the greenhouse (Hu et al. 1999), but when similar plants were
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independently produced and grown in a field trial, they showed significant reduc-
tion in growth (Voelker et al. 2010). Crucially, the results obtained in the field can
stimulate important new research directions. For example, poplars down-regulated
for CCR produced wood that was more easily processed into ethanol, but the trees
had reduced biomass yield, most likely because of xylem collapse and water
conduction defects (Van Acker et al. 2014). Down-regulation of CCR would
remain a valuable strategy if the yield penalty could be overcome, and this may be
possible by targeting gene down-regulation to fibres only, using suitable promoters.

Although virtually all GM field trials enable evaluation of the robustness of
genetic modifications over time, very few experiments have evaluated the robust-
ness of the modifications and general field performance across different sites. Three
duplicated field trials where the same lignin modified poplars were installed in
France and in England (Pilate et al. 2002), in Belgium and in France (Van Acker
et al. 2014) or in two sites in Sweden, allow such comparison. All revealed results
to be predominantly and qualitatively similar at different sites, just varying occa-
sionally in degree. Multisite field trials certainly deserve to be more frequently
pursued, in just the same way that they are recommended for testing new tree
varieties created through classical breeding.

In terms of new knowledge gained on the ecological, environmental and bio-
safety issues of growing GM trees, the European field trials have provided some of
the best data to date from which conclusions can be drawn that are actually sub-
stantiated by evidence. Where microbial or fungal communities beneath GM trees
were evaluated, they showed no significant differences to those under wild type
trees, and the type of vegetation (Pilate et al. 2002) or the background genotype
(Vauramo et al. 2006) was more important in determining the structure of soil
communities than the transgenic status. In general, the degree of variation between
GM trees and wild type trees is smaller than variations between different wild type
genotypes when grown in the fluctuating conditions of the natural environment
(Danielsen et al. 2012; Jansson et al. ms in preparation). Chitinase-expressing silver
birch litter was not altered in decomposability (Vauramo et al. 2006) while even
roots with modified lignin displayed only a small increase in the rate of decom-
position (Pilate et al. 2002). No horizontal gene transfer could be detected between
rolC expressing poplars and mycorrhiza (Kaldorf et al. 2004b; Nehls et al. 2006)
and vegetative dispersal via root suckers either did not occur or was easily con-
trolled by conventional means (Fladung et al. 2003). There was no evidence for
significant unanticipated effects in any of the trials. We should emphasize that there
has been no study in Europe on gene flow (vertical gene transfer), as in most cases,
authorization for field trial was only given provided there was no dissemination of
GM material into the environment from pollen, seeds, or suckers. Wind or insect
pollinated species certainly have different requirements with respect to isolation
distances. However, this will not be so great an issue for short rotation coppices
where trees are harvested before being able to flower. The significance of these risks
(of dissemination) remains an open question that deserves to be addressed in some
cases when the genetic modification may confer an increased fitness to the GM tree
(e.g. pest or pathogen increased tolerance). Paradoxically, conventionally bred
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commercial poplar clones are not assessed for risk in the same way, despite many
being bred to have high resistance to rust, which is a clear fitness advantage. Given
that many GM traits only confer an advantage under managed growth conditions or
in subsequent industrial processing, only a few traits can be conceived of that might
result in increased fitness compared to natural ecotypes. Given that (1) the antici-
pated variation generated in GM trees is often within the natural variation of the
species, (2) any unanticipated effects are even smaller, and that (3) natural variation
within a species is in no respect regarded as a risk, nor are traits introduced by
conventional breeding irrespective of their influence on fitness, we may seriously
wonder whether the huge effort and expense put into some risk evaluations of GM
trees is fully rational or justified.

Looking to the future, new technologies are currently under development in
plants, including trees (see chapter by Alburquerque et al.), involving nucleases
associated with site-specific recognition systems: these technologies allow for
specific targeted genes to be mutated, even knocked-out, avoiding the need for
incorporation of silencing transgenes, and may enable targeted transgene insertion.
These systems can avoid many of the issues that led to criticisms of conventional
T-DNA transfer such as the randomness of insertion sites, and the need for inte-
gration of additional alien DNA such as selectable marker genes etc. Although,
these new technologies (Meganucleases, ZFN, Talen, CrispCAS9) seem very
promising, they also need to be carefully assessed, notably for the fidelity of their
recognition mechanism. We believe that all new plant material modified for a given
trait deserves to be evaluated in a similar way irrespective of whether it was
produced by new plant breeding technologies, by classical gene transfer techniques
or by traditional breeding (Strauss et al. 2009; Walter et al. 2010): indeed, what
matters is the trait modification achieved and not the means of obtaining it.
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Lessons from Two Decades of Field Trials
with Genetically Modified Trees
in the USA: Biology and Regulatory
Compliance

Steven H. Strauss, Cathleen Ma, Kori Ault and Amy L. Klocko

Abstract We summarize the many field trials that we have conducted in the USA
beginning in 1995 and continuing to this day. Under USDA APHIS federal regu-
latory notifications and permits, we have planted nearly 20,000 trees derived from
approximately 100 different constructs in more than two dozen field experiments.
The large majority of the trials were in Populus and included hybrid white poplars
(P. tremula × alba INRA 717-1B4 and P. tremula × tremuloides INRA 353-53),
but also included diverse hybrid cottonwoods such as P. trichocarpa × deltoides
and P. deltoides × nigra. One field trial used transgenic sweetgum (Liquidambar).
Most trials were conducted on Oregon State University (OSU) land, but several
were also conducted on the land of industry collaborators in Oregon, Washington,
and other states. The main traits we have studied are floral sterility and flowering
time modification; size and growth rate modification by gibberellin perturbation;
activation-based gene tagging; stability of reporter gene expression and RNAi
suppression; herbicide and pest resistance gene impacts on plantation productivity;
lignin modification and its impacts on physiological processes; and effects of iso-
prene reduction on growth and stress tolerance. The most significant lessons from
these years of trials are: (1) Visual abnormalities in form or growth rate due to the
transformation and in vitro regeneration (somaclonal variants) have been observed
in several experiments, but are extremely rare (below 1 % of events produced).
(2) Gene expression and RNAi-induced gene suppression have been highly stable
—with a virtual absence of transgene silencing—over many years for virtually all
transgenic trees whether assayed by a visual phenotype (reporter gene, flowering
time, sexual sterility, herbicide or pest tolerance), or by molecular measures of
transgene expression (e.g., quantitative RT-PCR). (3) The regulatory process has
largely been efficient and workable, though it imposes significant biological
constraints, costs, and risks that are very difficult for an academic laboratory
to bear when trials span several years. It is most difficult where flowering is
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needed. (4) Field environments invoke complex and largely unpredictable changes
to expression and associated phenotypes when studying physiology-modifying
transgenes, including those affecting wood properties, suggesting the need to study
several field sites, genetic backgrounds, and gene insertion events over many years,
similar to common practices of conventional breeding. However, regulatory
requirements make this very difficult to do for transgenic trees. (5) Collaborative
field trials with industry have shown that common transgenic traits, such as her-
bicide and insect resistance, can have large productivity benefits in near-operational
plantation conditions (e.g., two-year volume growth improvements of *20 %)—
suggesting that it could be highly beneficial to incorporate transgenic traits into
production programs. Regulatory reforms to focus on product benefits as well as
risks, and that do not assume harm from the use of recombinant DNA methods, are
needed if transgenic technology is to provide significant benefits in forestry.

1 Introduction

During the span of our research program, society has gone from a position of great
enthusiasm for use of transgenic plants in agriculture and forestry, to one where
regulatory, market, and social barriers have grown to the point that transgenic
studies are increasingly difficult to fund and carry out (e.g., Viswanath et al. 2012).
Very few academic research programs conduct field studies with transgenic trees
anymore as a result of these barriers. We have planted more hectares of transgenic
trees than any public sector research program in the USA (Biotechnology 2014).
However, our program has nearly been shut down several times due to a lack of
adequate funding to support the substantial costs of regulatory compliance. Whether
the pendulum will swing back or not is unclear, especially as regulations and
international market barriers are very slow to change. But, our experience and
insights from field studies with transgenic trees, including problems and opportu-
nities missed, may be of value to inform society about whether and how to ease
restrictions in the future. Providing these lessons in a single, easily accessible place
is the main reason that we have written this chapter.

Our previous summaries of field experience, and the reasons that we believe
extensive field research is essential for progress in tree molecular biology and
biotechnology, can be found in several review and analysis papers published earlier
(Bradshaw and Strauss 2000; Brunner et al. 2004; Strauss et al. 2004; Busov et al.
2005a, b; Valenzuela and Strauss 2005; Wei et al. 2006; Strauss et al. 2009a, b;
Strauss et al. 2010; Voelker et al. 2010; Elorriaga et al. 2014). The different types of
studies we have carried out over the last two decades are summarized in Table 1,
and illustrated in Figs. 1, 2, 3 and 4.
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Table 1 List of field trials

Trial name and clones used Promoter/transgene/terminator Years No. trees Publications

Flowering modification
First generation sterility
717, 353 TA29::Barnase::NOS 1995–

2009
228 Elorriaga et al.

(2014)
35S::LEAFY::NOS Skinner et al. (2000),

Rottmann et al.
(2000)

APETALA1::GUS::NOS
APETALA1::DTA::G7
TTS-1::Barnase::35S
TTS-1::GUS::35S
DTA::NOS::35S
SLG::DTA::NOS
TTS-1::DTA::35S

Second Generation sterility
—PTD

Elorriaga et al.
(2014)

717, 353 PTD::GUS::NOS 2000–
2009

229

AP3::DTA::NOS
35S::GUS::ST-LS1::RUBP
ACTIN2::GUS-ST-LS1::
RUBP
ACTIN11::GUS-ST-LS1::
RUBP
35S::PTLF::NOS

Second generation sterility
—DNM
353 ACT11::PTD-1::E9 2001–

2009
280 –

ACT11::PTD-2::E9
ACT11::PTAG2-1::E9
ACT11::PTAP1.1b-1::E9
ACT11::PTAP1.1b-2::E9

Sterility trial:
overexpression/suppression
717 35S::PMFT-IR::OCS (delay) 2003–

2009
202 Mohamed et al.

(2010)
35S::PMFT::35S
35S::PCENL1::35S
35S::PCENL1-IR::OCS
(promote)

Attenuation sterility trial
717 PTLF::GUS::G7, MARs 2003–

2009
588 Wei et al. (2007)

35SBP::BARSTAR::E9,
MARs
35SBPW::BARSTAR::E9,
MARs
NOS::BARSTAR::E9, MARs

(continued)

Lessons from Two Decades of Field Trials … 103



Table 1 (continued)

Trial name and clones used Promoter/transgene/terminator Years No. trees Publications

PTLF::BARNASE::G7
35SBP::BARSTAR::E9,
MARs

PTLF::BARNASE::G7
35SBPW::BARSTAR::E9,
MARs
PTLF::BARNASE::G7
NOS::BARSTAR::E9, MARs
35S::GUS::E9, MARs
35SOmega::GUS::E9, MARs
NOS::GUS::E9, MARs

Third generation sterility
717, 353, 6K10 35S::AG::E9, MARs 2011—

current
3,539 Klocko et al. (2014b)

35S::AP1-M2::E9, MARs
35S::AP1-M3::E9, MARs
35S::PAGL24-IR::OCS
35S::PTFT1-IR::OCS
35S::PFT1/PAGL20-IR::OCS
35S::PtFT-PAGL20-IR::
OCS/35S::PfPFL1-IR::OCS
35S::PTAG-IR::OCS
35S::PTAG-IR::OCS, MARs
35S::PTAP1-IR::OCS
35S::PTAP1-PTAG-IR::OCS
35S::PTAP1-PTLF-IR::OCS
35S::PTD-IR::OCS
35S::
PTLF-PTAP1-PTAG-IR::
OCS
35S::PTLF-IR::OCS
35S::PTLF-PTAG-IR::OCS
35S::PAGL20-IR::OCS
35S::PAGL24-IR::OCS
35S::PFPFL1-IR::OCS
35S::PFPFL2-IR::OCS
35S::PSVP::OCS
35S::PTLF-IR::OCS/35S::
PTAG-IR::OCS

Sweetgum sterility trial
Liquidambar styraciflua
CV Worplesdon

35S::LAG/LSAG-IR::NOS 2007—
current

328 –

En35S::AG-M3::E9, MARs
PTD::BARNASE/35S::
BARSTAR, MARs

(continued)
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Table 1 (continued)

Trial name and clones used Promoter/transgene/terminator Years No. trees Publications

Management
Herbicide resistance
stability trial
717, 353 pTA29::BARNASE::NOS,

pSSUARA-TP::BAR::G7
1997–
2006

384 Li et al. (2008)

Glyphosate-resistance
screening trail
50-197, 189-434, 195-529,
311-93

FMV::CP4::T9, FMV::GOX::
NOS

1996–
1999

1,176 Ault et al. (2016)
in press

Glyphosate-resistance
management trail
95-529, 311-94 FMV::CP4::T9, FMV::GOX::

NOS
2000–
2003

1944 Ault et al. (2016)
in press

BT screening trial
24-305, 50-197, OP-367,
189-434

35S::cry3Aa::orf25 1998–
2002

502 Klocko et al.
(2014a), Meilan et al.
(2000a, b)

BT large-scale trial
OP-367 35S::cry3Aa::orf25 1999–

2002
402 Klocko et al.

(2014a), Meilan et al.
(2000b)

Form and growth rate
Semi-dwarfism trial
717 35S::ptaGA2ox::OCS

35S::2-Oxidase::NOS
2003–
2008

882 Etherington et al.
(2007), Zawaski et al.
(2011)

GAI::GAI (from Arab cDNA,
wt-gene)::GAI
GAI::gai (from Arab
cDNA,51-bp in-frame
deletion)::GAI
35S::GAI (from Arab
genomic, wt-gene)::35S
35S::gai (from Arab genomic,
51-bp deletion)::35S
35S::rgl1 (51-bp, in-frame
deletion)::NOS

GA competition and yield
717 35S::GA2-oxidase::NOS 2006–

2008
2400 Elias et al. (2012)

35S::Atrgl-1::NOS
35S::AtGAI::35S
35S::PtaGA2-ox::OCS
NativeGAI::
AtGAI::nativeGAI
NativeGAI::Atgai::nativeGAI

GA growth enhancement
717 GA20ox7::GA20ox7::

GA20ox7
2008–
2010

429 Lu et al. (2015)

GA signaling modification
Empty vector
35S::AtSPY::OCS

(continued)
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Table 1 (continued)

Trial name and clones used Promoter/transgene/terminator Years No. trees Publications

35S::HvSPY::OCS
GA modification growth
trial
717 35S::GA2oxidase2,7::OCS 2009–

2011
502 Lu et al. (2015)

35S::GA2oxidase1,6::OCS
35S::GA2oxidase3::OCS
SHI1::SHI1::SHI1
PHOR1::PHOR1::PHOR1
GA2ox1::GA2oxidase2::NOS
RGL1-1::GA20oxidase2::
NOS
Empty vector

Phytochrome trial
717 35S::PHYB1::OCS 2004–

2013
220 –

Activation tagging
Activation tagging trial
717 35S::none::none 2003–

2009
2564 Busov et al. (2003)

Activation tagging trial
717 35S::none::none 2007–

2009
1783 Busov et al. (2010)

Tools and stability
Alcohol inducible
717 alcA::GUS 2005–

2009
40 –

35S::PHYB2::OCS
Transgene stability trials
717, 353 35S::BAR-IR::OC 2004–

2007
340 Li et al. (2008)

35S::BAR-IR::OC, MARs
35S::rbcSp-IR::OC
35S::rbcSp-IR::OC, MARs
35S::GFP::35S rbcs::TP::
BAR::G7
35S::GFP::35S rbcs::TP::
BAR::G7, MARs

2003–
2006

3416 Li et al. (2008, 2009)

Other physiology modifications
Lignin modification
717 Pt4CL1P::4CL1::NOS 2005–

2009
97 Voelker et al. (2010,

2011a, b)
Isoprene reduction trial
717 35S::PcISPS-RNAi::OCS 2012—

current
504 –

All trials Total trees 22,979
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Fig. 1 Sexual sterility field trials. a 9-acre sterility trial (photo taken in spring 2013), b Dr. Steve
Strauss with the same sterility trial showing a block with transgenic clone INRA 353-53
(P. tremula × P. alba; photo taken spring 2014), c Program Manager Liz Etherington inside a
coppiced clone bank used to produce cuttings for the same sterility trial, d collecting catkins in an
earlier sterility trial in *1995, and e seven-year-old sterility trial of trangenic sweetgum trees
showing their fall color

Fig. 2 Gene tagging. a Program Manager Liz Etherington with field trial of activation-tagged
trees in 2009. A variety of phenotypic alterations were observed in these field trials, including,
b early bud flush, c early leaf senescence, d–f altered wood color and bark texture (d is wild type),
and g–h changes in tree form (more upright branches in h compared to wild type in g)
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Fig. 4 Form and architecture modification. Dramatic alterations in a tree shape (bushy vs. narrow,
back row) and size (dwarf, front row) and b stature of GA-modified poplars

b Fig. 3 Management trials. a–e Herbicide resistance field trails of poplars showing a rows which
have been sprayed with glyphosate. A variety of insertion events with high resistance are shown on
the left, and the row of dead non-transgenic control trees are on the right indicated by the red
arrow. b Glyphosate application directly onto trees. c Glyphosate-resistant trees growing well after
multiple direct sprays and nearly 2 years in the field. d Conventionally grown poplar showing
weed proliferation. e Glyphosate-resistant poplar with much less weed competition from same
experiment as in d. f–g Insect-resistant poplars showing f Bt poplar with no insect damage from
cottonwood leaf beetle. g Non-transgenic control poplar tree from the same experiment as
(f) showing extensive insect damage, and h comparable growth and morphology between Bt trees
(right) and unmodified trees (left) after two growing seasons

Our laboratory has focused on poplars, mostly using model genotypes obtained
from collaborators at INRA in France (G. Pilate and L. Jouanin provided hybrids
717-1B4 and 353-53) that are easy to transform and perform well in the field in the
Pacific Northwest of the USA. We have also been successful in transforming many
other poplar genotypes, but with greater difficulty. We have been able to use trans-
formation as a routine tool, enabling us to produce and test tens of thousands of
transgenic gene insertions, called “events.”However, for many other tree species and
most genotypes, including the closely related willows (Salix), transformation remains
a costly or extremely difficult tool to use, requiring optimization and trial-and-error
protocol development in each laboratory and for each genotype. Unfortunately, as a
consequence of the stigma over transgenic methods there has been very little public
investment in development of science-based, generalized transformation methods. In
contrast, great and often proprietary advances have been made in the private sector.
With the extraordinary advances in developmental biology, it is likely that transfor-
mation barriers can be much reduced to support a next generation of transgenic tree
biology and field testing, if society chooses to reinvest in the area.

In this review we will first summarize the mechanics of high throughput trans-
formation and field trials, including the management challenges and surprises we
have run into. Many of these are common to any field trials, but take on additional
importance given the high cost and regulatory oversight of transgenic materials.
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2 The Lab to Field Pipeline

Because of the ease and reliability in response of the in vitro propagated poplar
genotypes that we have used, it has been easy to standardize media and steps in
transformation, subculture, and propagation. As a result, most of the steps can be
performed by high school or undergraduate students after a modest period of
training. The methods we employ are variations of the well known “leaf disc” type
of organogenic transformation (Horsch et al. 1985) where sterile in vitro leaf disks,
internode sections, and sometimes petioles are cocultivated with Agrobacterium,
then sequentially placed in callus induction medium, shoot induction medium, and
rooting medium in the presence of a selective antibiotic or herbicide. Further
propagation to produce the number of clonal replicate trees (ramets) needed for field
trials are developed by further shoot development and rooting of nodal segments.
Once roots are produced, plants are transplanted to soil and exposed to ambient
conditions in a greenhouse slowly over a period of one to two months. After a
further one to two months of growth and acclimation in the greenhouse, they are
either planted directly in the field, grown out of doors for some weeks to enable
further hardening, or induced to go dormant in a greenhouse or out of doors then
planted as dormant materials (whole plants or stem sections). While poplar trees can
be established using dormant plants or cuttings, most of our trials have been planted
with continuously growing materials; the degree of hardening prior to planting
depends on the time of year and harshness of the planting site. The summer drought
can make planting in Oregon very challenging for planting after early June. Often
trees are pruned to a standard size (e.g., *30 cm) or transpiration inhibitors applied
to the leaves to help them survive in the field. High quality weed control and
irrigation are essential to obtain a high rate of survival and growth when using
poplar transplants that are actively growing, especially when planting occurs after
spring.

3 Management and Its Challenges

At the start of our field research, most management activities were carried out by
staff of the Colleges of Forestry or Agriculture as part of the research infrastructure.
This setup was commonplace throughout the USA. However, because of rapidly
declining support for public agricultural and forest research at OSU and most other
academic research universities in the USA, we have had to obtain external research
grants to fund, direct, and often personally undertake most of the management
activities needed to conduct field research (Fig. 5). This includes obtaining regula-
tory permits from USDA; basic site preparation and weed control; fencing to exclude
deer (>3 m high); planting and fertilization; irrigation management and associated
water rights permits; post-planting mowing and weed control; tree harvest and
herbicide-assisted devitalization (killing); and site monitoring to kill root sprouts
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which can appear for several years after harvest and initial attempts to kill trees.
Complete killing of all trees, and an absence of root sprouts, is essential for regu-
latory compliance. Large trees often have extensive root systems that are particularly
difficult to completely kill, especially with our model poplar genotypes (which are
vigorous natural sprouters). In fact, poplar trees re-sprout so well that they can be
coppiced (cut off at ground level) and regrown on a regular basis. While this trait is
advantageous for maintaining trees at a smaller size, it is a great nuisance for tree
removal. Until there is a complete absence of living sprouts for at least two full years,
the field sites remain a regulated piece of land that must be monitored and reported
on to the USDA. Individual citizens, not institutions, are the responsible organiza-
tions under USDA regulations, making full compliance especially important to the
responsible individuals, usually the science director (Strauss).

Any significant deviations from expected conditions in USDA permits must be
promptly reported to the USDA. For us, these have included multiple instances
where our field sites were partially inundated by the nearby Willamette River after
severe winter rain storms, often destroying parts of fences and depositing soil, logs,
and other debris onto field sites (Fig. 6).

Weed control is a continual problem and nuisance, and methods for weed
suppression such as the use of “shade clothes” around trees (Fig. 4a) have often

Fig. 5 Management of field sites. a Student Chad Washington planting the*3 ha third generation
sterility trial. b Program Manager Kori Ault mowing weeds. c Dr. Steve Strauss priming the
irrigation pump. d Removal of tree roots at the end of a trial for biomass assessment and
devitalization

Lessons from Two Decades of Field Trials … 111



been helpful, though sometimes these provide protection from predators for rodents
who can girdle trees. In one field planting during a year of high vole populations,
nearly all trees that were protected by shade clothes were girdled, requiring that we
abandon and replant the entire experiment (with many hundred trees) the following
year when populations had begun to collapse in the area. Weeds can rapidly grow to
overtop young trees, especially during our mild and wet winters in Oregon. They
also impede access to the trees, making it more difficult to collect samples and data.
In addition, weeds provide cover and food for rodents that can damage trees.
Mowing provides only a short respite from competition, thus herbicides are often
used. However, most herbicides, even when applied with sheltered sprayers, risk
damage to poplars even when the trees are dormant. Our experience with weed
management has shown us firsthand why herbicide resistant crops are considered of
such high value to farmers (who have employed them on a massive scale in agri-
culture). As discussed below, the superior weed control they afford can significantly
increase tree growth.

Fig. 6 Field site
disturbances. a Flooding of a
field site by a nearby river,
b large debris brought in by
flood waters. All trees were
monitored, accounted for, and
the event promptly reported to
the USDA
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4 Regulatory Experiences and Shocks

In contrast to many other countries, it is relatively straightforward to get a permit
for a field trial of transgenic trees in the USA. One does not need to do extensive
research to characterize each insertion and its physiology as is required in some
countries (Viswanath et al. 2012); the USDA accepts your claim that it is transgenic
then regulates it at a stringency that is proportional to the risk of broad classes of
phenotypes, such as if it produces a biopharma product or not, and if it is perennial
or not. For multiple year trials of transgenic trees, in recent years the USDA has
required full permits rather than the faster and easier “notifications” that were once
allowed, thus increasing the burden of permit applications, field trial establishment,
and reporting. The USDA is also requiring more stringency in monitoring and
reports. Because all transgenic materials must be contained and then removed from
the site (and a feasible plan for this must be presented), beyond the broad categories
cited above the specific nature of the transgenic trait is not very important when
research trials are considered.

For most situations, trees have wild or planted relatives nearby within pollination
distance, or have the ability to disperse viable seeds a long distance (e.g., the cottony
seeds of poplars, bird dispersed fruits). Thus for most trials trees are not allowed to
flower. A benefit of our transgenic poplar models is that they are sexually incom-
patible with the wild cottonwoods near to our research sites (they are from different
sections of the genus Populus); this has enabled us to allow flowering in some trials
where that trait is important to the research (e.g., to study sterility transgene effects).
For many forest trees flowering occurs after the trees are too large to practically
remove or bag all flowers (Fig. 1d), which is a major impediment to the conduct of
the ecologically and economically most desirable full-rotation trials (Strauss et al.
2010). The USA biotechnology regulatory system is a complex mixture of a trait-risk
and method-trigger system that was adapted from prior laws governing plant pests,
pesticides, and food safety. In the USDA system, if a plant pest such as
Agrobacterium is used for gene transfer, or there is any DNA from a plant pest, such
as a promoter or terminator, the transgenic plant is putatively a plant pest and
assumed potentially harmful until deregulated. Thus, even cisgenic, intragenic, and
domesticating traits (Strauss 2003; Bradford et al. 2005) must be fully contained—
severely restricting the length and thus the relevance offield trials of transgenic trees.
This has made the development of containment mechanisms an extremely high
research priority in the USA (Strauss et al. 2009a).

The regulations have resulted in very costly and scary incidences for us. As
discussed above, all transgenes produced with a plant pest or DNA from them are
presumed to be potentially hazardous, regardless of their real risk or benefit, until
“proven” otherwise by a full regulatory petition and review. In today’s world where
there are groups who will challenge any and all GMO trees in court, this means that
USDA must obtain extensive data on all submissions so that they can produce a
defensible Environmental Impact Statement. We did not realize how important the
distinction between biological hazard and legal burden of proof is until we found that
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some poplars in a field trial that flowered abnormally—producing upright
catkin-shoot hybrid structures (versus normal drooping catkins), and doing so in the
middle of summer (poplars only flower in spring in nature, prior to leaf-out, months
earlier; Fig. 7). As required by our permit, we reported this to the USDA, but also
indicated that such female catkins in summer—when there is no compatible pollen
anywhere—are not a biological hazard. Moreover, all of the trees had genes for
semi-dwarfism in them; they would not be competitive with wild trees were any
released. We wished to allow them to continue flowering to observe their behavior,
and to avoid the significant cost of removal of hundreds of catkins from many dozens
of trees. In addition, some of the flowers had unusual transitional phenotypes,

Fig. 7 Collection of unexpected flowers. Trees in one trial flowered unexpectedly in the summer,
and our permit requirements (which did not allow for flowering) necessitated removal of every
single flower. a Trees with fully expanded leaves began to develop flowers. b Unusually, flowers
grew in an upright conformation instead of the typical hanging orientation. c Some flowers had
abnormal phenotypes that appeared to be a catkin-vegetative shoot hybrid, with leaf-like organs
rather than flowers. d Trees flowered again the following spring, again requiring hand-removal of
all flowers to comply with permit conditions. The dwarf size of the trees made it feasible to
complete the collection without the use of bucket trucks or other machinery. e However, trees had
numerous catkins, which made the task extremely time-consuming
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appearing to be part leaf and part flower. This phenotype was both scientifically
interesting and likely to be sterile, further decreasing any possible gene flow.
Although the USDA scientists we conferred with agreed with us about the lack of
significant risk, and although we had many other trees of the same background
genotype for which a permit for flowering on that site had been obtained from
USDA, these trees were not intended for flowering thus no such permit had been
obtained for them. Finally, after much discussion the USDA scientists felt that they
had no choice but to report this as a possible permit violation to their compliance
branch (essentially, federal police). Fortunately for us, they informed us of this, and
gently but persuasively recommended that we might wish to avoid a legal con-
frontation over this, with whatever those outcomes might be (e.g., fines, permit
revocation, jail time, public embarrassment). Thus we immediately put every student
we had available to work in the field removing the catkins before they matured, and
reported this action to USDA.We had to undertake a second round of catkin removal
the following spring, when these trees flowered at the typical time of year.
A possibly cataclysmic legal violation was avoided, one that was prompted by a
regulatory system focused on method versus trait, and on legal technicalities vs.
science. This is a major reason that we believe that reform of the regulatory system
governing field trials is essential if we are to move forward in developing transgenic
solutions to speed tree breeding (as we have argued elsewhere; e.g. Strauss et al.
2009b, 2010).

5 Vandalism and Its Impacts

There have been several successful acts of vandalism against transgenic tree research
in the USA. The most significant were in 2001 when sites at OSU in Corvallis, the
University of Washington in Seattle (UW), and GreenWood Resources (GWR) in
Portland, Oregon were attacked. In the latter two cases this caused millions of dollars
in damage. The vandalism at our research sites near to Corvallis had very little
consequence, as the trees damaged were either non-transgenic, in experiments that
were completed, or were recently planted young “seedlings” that easily sprouted
after their tops were cut. However, the arson conducted at UW and GWR caused
very serious damage, and prompted investments in alarms and magnetic card entry
systems at OSU to reduce the risk of similar events. It also caused the movement of
our plots to a place where vandalism is likely to have caused lesser damage. Perhaps
due to the “9–11” attack on the World Trade Center in New York in fall 2001, the
classification of “eco” terrorism as a form of terrorism in the USA (within similar
legal consequences), and the FBI’s successful pursuit and jailing of many “eco”
terrorists, there has been very little further vandalism against biotechnology in the
USA, trees or otherwise. Although we have not seen any signs of vandalism since
2001, it remains an ongoing concern, especially as anti-GMO activism seems to be
on the rise in the USA.

Lessons from Two Decades of Field Trials … 115



6 Transformation, Mutation, and Stability

A striking result from our studies of thousands of transgenic poplars is how rarely we
observe unintended changes in tree morphology or growth due to the gene transfer
and regeneration process, or due to mutagenic effects from where the gene of interest
is inserted (Busov et al. 2005a, b). In contrast, there is a great deal of variation in
phenotype due to the extensive variation in transgene expression that occurs as a
result of the “random” insertion locus and perhaps the unique epigenetic state that is
imparted to transgenes with each insertion. We found that dwarf or visible mutants
occur at a frequency of around 0.1–1 %. Two rare mutations of note (Fig. 8) were
events that did not express their mutations until after dormancy and resumption of
growth in the field (they had been planted after continuous in vitro propagation
following transformation)—suggesting that dormancy might have triggered epige-
netic changes in gene expression due to a somaclonal mutation. One mutant showed
much reduced field growth and another both reduced growth and mottling of
leaves (Ault et al. 2016). However, for most transgenic poplar the process of pro-
ducing transgenic poplars does not seem to impact their growth. In a recently
published study, we compared the growth of transgenic poplars containing various
GUS reporter constructs to wild type controls after 3 years in the field; there were no
significant or even modest differences in growth rate (Elorriaga et al. 2014).
Although it is difficult to compare species that are grown and transformed differently,
and have distinctive morphology, it is our impression that poplars suffer an
unusually low rate of somaclonal and transformation-related variation compared to
many other species.

Fig. 8 Rare tree
abnormalities observed in
transformation events with
hybrid cottonwoods. a Leaves
with variable shapes and
mottling (Ault et al.
2016: control in center), and
b a dwarfed mutant (right)
compared to majority of
transgenic trees (left and rest
of plantation)
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We have tested hundreds of events in field trials that showed a visibly detectable
phenotype, mostly herbicide resistance or insect resistance under insect pressure.
We have not observed any cases of gene silencing over years that resulted in a
sudden loss of phenotype. Li et al. (2009) showed that herbicide resistance was
stable over 8 years and multiple coppicing (cutting and regrowth), and Klocko et al.
(2014a) showed that Bt gene expression was stable over 14 years despite multiple
coppice cycles. Likewise, the early flowering observed by Mohamed et al. (2010)
due to RNAi suppression was stable over multiple years, as was RNAi against an
herbicide resistance gene (based on qRT-PCR; Li et al. 2009) Reporter gene
expression has also been remarkably stable over time in our multi-year field studies
(Meilan et al. 2001; Li et al. 2009). Male-sterility due to tapetal ablation was very
high and essentially complete over 4 years in the field (Elorriaga et al. 2014). It
appears that poplar, either because of its low rate of somaclonal mutation or because
(in contrast to annual species) it is not subjected to rounds of sexual propagation
after transformation (meiosis and related processes might trigger gene silencing at a
higher rate than vegetative development), has a very low rate of instability in gene
expression.

7 Biological Lessons

We have conducted a number of field studies with the goal of testing biological
hypotheses under conditions of physiological relevance to trees, or ascertaining if
transgenic modifications could provide value in a plantation forestry context. The
results of these studies are mostly published; we highlight a few below.

7.1 Acceleration of Flowering

We have found that reducing the expression of a poplar homolog of the Terminal
Flower 1 gene using RNAi gave rise to trees of normal form and growth rate, but
which flowered 2–4 years earlier than normal (Mohamed et al. 2010). As a dom-
inant gene it could therefore be used to accelerate flowering in poplar breeding
programs, then segregated away in progeny during further selection and propaga-
tion. In contrast, overexpression of poplar Flowering Locus T generally does not
lead to viable pollen and seed (but see Hoenicka et al. 2014) and causes large
pleiotropic effects that would impair growth and survival in the field (Zhang
et al. 2010). Many other early flowering transgenes that are effective in Arabidopsis
do not function at all in transgenic poplar (Rottmann et al. 2000; Strauss et al.
2004).
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7.2 Sexual Sterility

We have found that a male-sterility transgene functions well in poplar over four
growing seasons, preventing virtually all pollen production (Elorriaga et al. 2014).
In addition, by field testing and comparison we also found that the barnase gene we
employed impaired the growth rate of nearly all transgenic lines, stimulating the
development of attenuated forms of barnase in subsequent commercial constructs
used in pine and eucalypts (Zhang et al. 2014). Recently, Klocko et al (2014b),
reported that RNAi suppression of the poplar LEAFY gene prevented catkin mat-
uration while allowing normal vegetative growth. It was shown in a female
genotype, but because of the function of LEAFY is expected to also work in male
genotypes, giving complete sexual sterility in a field-grown tree for the first time. In
a greenhouse experiment, a barnase construct controlled by the poplar LEAFY
promoter and attenuated to various degrees by its specific inhibitor barstar gave
normal growth and development of poplar in the greenhouse. However, in the field
many of the same trees expressed diverse malformations and much slowed growth,
providing a vivid demonstration of the importance of field testing to observe
pleiotropic effects (Wei et al. 2006).

7.3 Gene Tagging

Although great strides have been made in recent years in high precision genomic
mapping, it remains very difficult to definitively link allelic variants within tree
populations to specific quantitative traits. Such linkages were essentially impossible
to make at the time we began work on gene tagging in about 1995. The goal of our
work in gene tagging was to create allelic variants from natural genes that were
large and strong enough to be definitively associated with the affected trait, and to
be expressed when hemizygous as primary transgenic plants (i.e., genetically
dominant, as poplars cannot be selfed to produce loss of function homozygotes, and
inbreeding depression in trees creates additional confounding phenotypic variation).
Activation tagging, a recent innovation, seems to be an answer (reviewed in Busov
et al. 2005a, b). In this method, a strong enhancer is *randomly inserted into the
genome such that, when it lands near enough to a gene to affect its promoter and
cause abnormal upregulation of the gene, it is easily identified by methods such as
inverse- or TAIL-PCR (reviewed in Busov et al. 2010a, b). This approach has been
used to identify several genes whose functions in tree biology were previously
unknown or poorly understood (e.g., Busov et al. 2003; Yordanov et al. 2014). One
problem is that the large majority of activation-tagged transgenic trees does not
show visible trait modifications in the laboratory or greenhouse, and many of those
seen, such as modified leaf morphology, are not of particular interest to tree biol-
ogists. We therefore created two hectare-scale field trials of our activation-tagged
populations (Fig. 2), which we showed led to the identification of many more, and
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more biologically interesting, trait modifications than had been observed in the
greenhouse alone (Busov et al. 2010a, b). The modified traits included timing of
bud flush and bud set, timing of leaf senescence, bark morphology, wood color,
crown form, wood chemistry, phototropism, and leaf pubescence (examples in
Fig. 2). After the affected genes are identified, RNAi is typically used to understand
the gene’s role in the absence of overexpression (e.g., Yordanov et al. 2014).

7.4 Form and Architecture Modification

Genetic modification of gibberellin (GA) synthesis and signaling have been used
extensively in agriculture to produce semi-dwarf plants and are the basis of the
green revolution that revolutionized cereal yields in many parts of the world. With
the identification of the underlying genes, we used transgenic methods to study
whether similar modifications would be effective in trees, and if they are useful for
trees grown as ornamentals (where dwarfism is often highly desirable) or for
bioenergy or short rotation forestry (where semi-dwarfism could improve
wind-firmness, wood quality, and stress resistance: (Klocko et al. 2013). The
transgenes produced a burst of morphological variability in leaf size and color,
stature, and crown structure that would be impossible to fully appreciate without
growth in the field (Zawaski et al. 2011). This method could clearly be of great
value for ornamental horticulture if GMO trees were not so stigmatized and costly
to market (Etherington et al. 2007). We also conducted high density field trials at
different spacings to test if, as with agricultural crops, the relative performance of
semi-dwarfs was most expressed at high planting density, and if semi-dwarfs would
have a significant disadvantage in competition with wild type (dwarfism genes have
been suggested as a means to mitigate ecological impacts from transgene release).
Both hypotheses were supported by the field results, and the semi-dwarf poplars
shown to have much higher allocation of biomass to roots compared to shoots,
suggesting that they could promote drought tolerance and wind-firmness (Elias
et al. 2012). Finally, we have studied the potential for overexpression of genes that
induce synthesis of active GAs to improve growth rate in the greenhouse and the
field. The transgenes were very successful in many experiments, including in
modifying the allocation of biomass among plant organs, but growth rate
improvement was highly variable and the correlation between field and greenhouse
growth extremely poor (Viswanath et al. 2011). Were the trees not transgenic, the
next step would have been much expanded field plantings, similar to that of a
conventional breeding program. However, we have been unable to obtain funds for
such work, mainly because of the national disinvestment in transgenic technology
by grant agencies.
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7.5 Ecophysiology and Lignin Perturbation

In the 1990s and early 2000s, the benefits of transgenic lignin modification for
improved growth rate and improved pulp or biofuel yields had been widely touted.
Other than some high quality field trials in Europe, many of these claims were
based on poorly designed greenhouse or field evaluations, or lacked field data
entirely. One widely acclaimed transgenic modification was 4CL downregulation
(Hu et al. 1999). To see if these benefits were real, we produced transgenic poplars
with an antisense 4CL gene provided by the Chiang laboratory at North Carolina
State University and grew them in the field in Oregon for two years. In contrast to
expectations based on casual observation or greenhouse experiments, the growth
and drought tolerance of those trees in the field were disappointing; the traits of
interest were either unaffected or impaired, and there was no benefit for bioethanol
production. Instead, the most strongly downregulated trees had badly malfunc-
tioning and collapsed xylem cells which made the wood stiffer and less able to
transport water (Voelker et al. 2010, 2011a, b). This case is perhaps the most
striking demonstrations of the need, early in research, for field trials over several
years, with different genotypes, and at multiple sites when transgenes are used to
significantly modify fundamental aspects of plant structure and physiology.

Economic value. After promising results in obtaining highly pest or herbicide
tolerant trees in field screens (Meilan et al. 2000a, b) we worked with industry
partners to establish “management trials” on their land. In these trials, large num-
bers of trees were planted and managed under near-operational conditions. In the
case of insect resistance, we used a modified gene from Bacillus thuringiensis
(a variant of Bt cry3a) provided by Mycogen that we had shown earlier should
produce a toxin that is lethal to a major pest of poplar, the cottonwood leaf beetle
(Chrysomela) (James et al. 1998). The results of the screening and growth trial
revealed a very strong and stable benefit from the expression of the gene that—even
under conditions of low insect pressure (damage that was not visually obvious in
most trees)—led to a 10–20 % improvement of volume growth over 2 years in the
field (Klocko et al. 2014a). In a management trial of highly glyphosate tolerant
trees, (Ault et al. 2016) found that in a weed control regime designed to take
advantage of herbicide tolerance, weed populations were greatly reduced in density
and tree volume growth was increased by approximately 20 % over two growing
seasons. There are likely to be underestimates of the benefits that would accrue
when pest damage is high, and when weed management has been more fully
adapted to take advantage of herbicide resistance. These results suggest that, if
combined with a genetic containment option to reduce management trade-offs and
facilitate regulatory and social approval, these traits could be of considerable value
in the management of short rotation poplar plantations.
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8 Regulatory Lessons and Conclusions

As biotechnologists, there is nothing more gratifying than seeing a transgenic
concept based on biological research in a model organism, or when following upon
a lab or greenhouse experiment, express itself in the field. It is also instructive when
a trait does not show what you expected, as it teaches you about how traits depend
intimately on the ecophysiology of the organism—which is influenced by many
factors. These include species and genotype; transgene expression intensity and
pattern; stage of tree development; and environment. The unpredicted outcomes
become probes of specific developmental and physiological processes. To produce
a useful modified organism with complex traits requires plant breeding-scale studies
in many genotypes and environments, over many years of growth. However, these
are rarely done in public sector research due to high costs and regulatory risks or
preclusions. As a consequence, there is a dearth of information on long-term per-
formance of transgenic trees in the scientific record (private sector studies are rarely
and selectively published). Old myths, including of the unworkable instability,
dramatic danger, or magical performance of transgenic trees persist much longer
than necessary as a consequence.

Our experience has shown that the transgenic trees we have worked with–mainly
poplars, eucalypts, and sweetgum–perform reliably and stably. Unfortunately, the
most valuable traits for production and tolerance of environmental stresses, espe-
cially for trees under climate associated stresses, are likely to be those that modify
physiology, including for pest resistance. Thus, as discussed above, field studies in
many genotypes and environments are needed. Unfortunately, under current
process-based regulatory regimes (which implicitly assume all transgenic trees are
hazardous), it is nearly impossible to conduct the kind of wide-ranging trials needed
to test these genes and incorporate them into breeding programs (Strauss et al. 2010,
2015). Such regulations would seem to be a violation of the Precautionary Principle,
if you believe, as we do, that it is foolish not to develop transgenic options for coping
with growing stresses on forest and agricultural systems. Our experience has sug-
gested that transgenic trees are a valued and reliable tool that could, if unlocked from
its strong regulatory and market restraints in most countries, make large and
extensive contributions. But fundamental regulatory reforms will be needed if the
required biology and breeding studies, in the field, are to occur beyond that in a very
few companies, academic laboratories, and countries. Given the extensive political
resistance to all kinds of GMOs, this will take leadership, communication, and
investment at the highest levels of government, business, and civil society.
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Specific Environmental Considerations
for GM Trees and Guidance on Their Risk
Assessment and Monitoring

Marja K. Ruohonen-Lehto, Katileena M.M. Lohtander
and Jeremy B. Sweet

Abstract This chapter introduces the specific biological and ecological elements of
trees that need to be considered in the risk assessment of GM (genetically modified)
trees, and the basics of environmental risk assessment. Trees have perennial growth
habits with long lifespan, and many pathways for dispersal of propagules.
Moreover, trees are often key species in ecosystems, they are present from tem-
perate to tropical climates and have complex and multi-level interactions with other
organisms. The possible environmental impacts of GM trees are discussed, and
examples of scenarios where the GM trees may disperse and have environmental
impacts are given. The chapter describes different environmental risk assessment
frameworks. The basics of any risk assessment are hazard identification, estimation
of potential consequences, estimation of the likelihood of these consequences to
occur, estimation of the overall risk and deciding about risk management measures.
Carrying out risk assessment usually includes a problem formulation step, definition
of assessment endpoints from the broad protection goals and identification of those
attributes that will be measured (measurement endpoints). As examples the EFSA
guidance on risk assessment of GM plants and the Cartagena Biosafety Protocol
guidance of GM trees are described. Moreover, both the comparative and per se risk
assessment approaches are discussed.
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1 Introduction

GM technology is expected to be part of the toolbox for the future breeding of trees
for agriculture and forestry use. The value to breeders is that novel traits can be
introduced without having to go through the long processes associated with
hybridisation and regeneration involved in conventional breeding methods (see
Chap. 3). Traits introduced to GM Trees (GMTs) include modification of lignin and
cellulose composition in order to improve efficiency of processing, improved bio-
mass production for timber and biofuel, resistance to pests and diseases and
resistance to abiotic stresses such as temperature, drought and mineral salts
(Harfouche et al. 2011, 2012; Häggman et al. 2013). The benefits of these traits for
production are described in Chaps. 2, 4 and 5, and also include social, economic and
environmental benefits in relation to substitution or offsetting deforestation and
improving the economics of forestry and hence encouraging more tree cultivation.
Two GMTs have been commercialised in Asia and the application of genetic mod-
ification techniques to trees is currently at an advanced stage of research in many
countries, with experimental field trials in several countries including European
Union (EU) member states (Walter et al. 2010; Fladung 2011; Häggman et al. 2013).

All GM plants, including GMTs, are regulated at experimental and development
stages and in relation to commercial cultivation. GMTs are thus required to be risk
assessed prior to both experimental and commercial releases (Hoenicka and
Fladung 2006; Fladung et al. 2012). The cultivation of GMTs may have environ-
mental impacts where the GMT and its products are released. These impacts can be
caused by the new trait conferred to the GMT and/or by the genetic modification.
For instance, if the transgenes are not part of the gene pool of the tree species and
they transfer to wild counterparts, relatives or to other species they could impact
other biota and ecosystems (see below and Chaps. 8 and 9). In addition, genetic
modification might lead to unintended changes in the characteristics of modified
trees that could also affect the environment. If the intended use of a GMT is
agricultural (e.g. fruit trees) there is also a potential for changes to the food safety
characteristics of the products derived from it.

Different national and international authorities have established regulations to
ensure the safe use of GMOs (GM Organisms), including GMTs (Kikuchi et al.
2008). In addition, there are internationally agreed frameworks (OECD1986, 1992;
Codex Alimentarius 2009) on how to assess the potential health and environmental
risks caused by such organisms. In the EU, different legal instruments regulate the
use of GMOs including their risk assessment, labelling, marketing, transport,
sampling and detection and risk management as well as post-market environmental
monitoring (EC 2001, 2002, 2003). In accordance with relevant legislation, the
European Food Safety Authority (EFSA2009, 2010a, 2011a) assesses all GMO
applications for commercial release and cultivation in the EU. To date, no appli-
cations for commercial release of trees have been made in the EU and Aquilera
et al. (2013) considered that the current risk assessment frameworks of EFSA would
be applicable to GMTs, though additional studies may be required for some
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applications. In this chapter, we discuss aspects of the existing international regu-
latory frameworks and describe studies and activities related to the development
and risk assessment of GMTs in the EU. We highlight the characteristics of GMTs
that may require particular consideration in their environmental risk assessment
(ERA) and discuss future research needs.

2 Basics of Environmental Risk Assessment

The basics of any ERA are to identify the possible hazards/adverse effects, estimate
their potential consequences and estimate the likelihood/probability of these con-
sequences to occur. The stressor can be a chemical, a GMO or an alien species.
During the assessment process, it is vital to have good information (baseline data)
of the surrounding environment: the characteristics of the stressor, the level and
route of exposure, including the areas that will be affected and the duration of the
exposure (i.e. spatial and temporal exposure parameters) and what are the most
valued entities that we want to protect in the given environments (e.g. species,
habitats and natural resources).

The basics of different environmental/ecological risk assessment frameworks
have been well described by Suter II (2007). To structure the assessment process,
the following concepts have been introduced.

• Hazard identification is done in a so-called “problem formulation” step (see also
Wolt et al. 2009; EFSA 2009). In simple terms, problem formulation means
defining the goals of the assessment and specifying the methods for achieving
these goals. Problem formulation thus includes, in addition to the
above-mentioned hazard identification, integrating available information,
defining assessment endpoints and developing a description of the hypothesised
relationships between the stressor and the assessment endpoints. The purpose of
problem formulation is to focus on those hazards that are most relevant for those
entities that we want to protect.

• Assessment endpoints are defined as environmental values that we want to
protect. They must include an entity and specific attribute(s) of that entity. An
entity can be an organism, population, species, community or ecosystem. The
attributes include survival, behaviour or abundance.

• Measurement endpoint (measure of effect) refers to a measurable or estimable
ecological characteristic that is related to the valued characteristic chosen as the
assessment endpoint. Measurement endpoints provide tools to measure the
possible hazards/harm caused by the stressor. Measurement endpoints are
related to the above-mentioned attributes (e.g. numbers of individuals as a
measure of abundance).

• The next steps are characterization of exposure and characterization of eco-
logical effects (hazards) and risk characterization.

• Finally, risk management and estimation of overall risk is carried out.

Specific Environmental Considerations for GM Trees and Guidance … 129



Many ERA frameworks have been developed by different stakeholders. In the
EU, Directive 2001/18/EC (EC 2001) and an EFSA Guidance (EFSA 2010a)
describe a framework that is based on the same principles described by Suter II
(2007). Another framework, the so-called Roadmap, has been developed under the
Cartagena Protocol on Biosafety (UNEP/CBD/BS 2012). This Roadmap consists of
five steps and each step includes points to consider-sections, a type of check list that
assists in taking all relevant issues and information into account when performing
the ERA.

3 Comparative Risk Assessment

The basic risk assessment framework by Suter II (2007) introduces what can be
called a per se ERA. This means that the environmental impacts/risks are evaluated
as such and not compared to effects caused by other stressors or other man-driven
activities. This has been the case in, e.g. traditional chemicals risk assessment. In a
comparative ERA, the assessment always includes a comparator, i.e. the possible
adverse effects of one stressor are compared to another stressor.

All so-far developed ERA frameworks for GMOs are based on a comparative
approach. Possible adverse effects associated with a GMO should be assessed in the
context of the adverse effects posed by the non-modified counterparts in the likely
receiving environment. In ideal cases the comparator is the conventional, isogenic
counterpart of the modified organism (EFSA 2011c).

In the comparative ERA of GM plants conventional agriculture or forestry is
often regarded as the baseline or “the terms of reference”, i.e. the possible adverse
effects of GM cultivation are compared to conventional practices. The comparative
approach is practical in many cases, as it can be considered to prioritise the ERA
while focusing only on those adverse effects that are different from those of the
comparator, but it has certain limitations. It is not always clear what is to be
considered as “the terms of reference” while, e.g. agricultural or forestry practices
differ in different countries and regions. Moreover, a comparator may not always be
available, for instance, in case of a GM plant with an abiotic stress tolerance trait
(e.g. cold tolerance, salinity tolerance).

Assessing consequences of invasiveness and gene flow in a comparative
approach can be challenging. Invasiveness as such can be a serious problem and
considered a hazard to receiving environments where the plant species is not
established. The addition of a transgene to an invasive species could change the
invasiveness of the species and cause different or additional adverse impacts. When
invasiveness is already an identified problem in an introduced conventional cultivar,
the GM cultivar should be assessed per se (i.e. as a novel invasive species) and not
in a comparative approach.
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Gene flow is a route of dissemination and exposure and, as such, is not or has not
been considered a hazard. Gene flow should always be assessed in connection with
the genes or characteristics that are transferred to other areas and to other species
through gene flow/hybridization. Genes move to different cultivars, wild relatives
and even to other species (horizontal gene flow). Wild relatives can form “transgene
reservoirs” through which the transgenes move to different cultivars. Also in this
case, the exposure assessment should be a per se assessment but the consequences
of gene flow for recipient plants can be assessed in a comparative assessment.

In principle, problem formulation and defining assessment endpoints do not
include a comparison step. Comparing environmental impacts of GM plants to
conventional agriculture forms part of political decision making as it places impacts
of GM plants into context with other impacts of agriculture.

EFSA Guidance (2011c) recognises the technical limitations of comparative
ERA vs per se ERA in the case of applications where a comparator is not available.
This can occur where the GM construct only occurs in vitro and is then combined
with other GM traits, or when a GM plant is adapted to environments in which the
comparator cannot grow. In the former case, the GM plant containing the stacked
events is risk assessed and compared with appropriate comparators. An example of
the latter case would be the GM cold tolerant Eucalyptus and, as indicated previ-
ously, the ERA would require examination of the impact of the whole novel plant
per se on cooler environments not previously exposed to Eucalyptus introductions.

4 Specific Issues to Consider in Relation
to the Environmental Risk Assessment and Risk
Management of GM Trees

In order to assess the environmental impacts of the introduction of any new tree
type (GM or non-GM) into new regions, it is important to understand the ecosystem
functions of trees in each geographic area and their interrelation with other biota,
microclimate, soil structure, water courses, etc. Trees form a succession of roles in
environments from early pioneers to developing different stages of the evolution of
a woodland or forest up to the climax community. Within woods and forests,
different species form different layers of the understorey and main canopy. In
temperate climates, rapid establishing and growing trees such as Salix and Corylus
will form the first levels of tree vegetation but will later tend to be displaced by the
trees that form the climactic upper canopy such as Fagus, Fraxinus, Quercus and
Tilia species. Each tree species directly supports a diversity of different biota,
including soil organisms, which in turn support a matrix of other biota. In addition,
mixed and solid stands of trees will support different populations and diversities of
species. For example, the seed and fruits of trees support a diversity of birds and
small mammals with different tree species supplementing each other in different
seasons. These birds and small mammals also feed on a range of invertebrates and
are themselves food for a range of predators.
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Native and introduced trees are the key components of established semi-natural
and plantation woodlands and so replacing or displacing them with newly introduced
or GMTs is likely to have impacts on their ecological equilibrium and their asso-
ciated biota. However, many of the plantation trees currently grown in Europe are
either alien introduced species or are non-native to the areas in which they are grown.
This is particularly the case with many of the pine trees grown in temperate regions.
Replacing indigenous woodlands or planting landscapes with these exotic plantation
species already has considerable impact on these environments and can change the
biodiversity that is present. It is against this background that the environmental
impacts and risks associated with the introduction of GMTs need to be considered.

Aquilera et al. (2013) and Häggman et al. (2013) indicate that the ERA of trees
should follow the normal steps of the ERAs used to assess agricultural and horti-
cultural crops (e.g. EFSA 2009, 2010a). However, the problem formulation step
will rapidly indicate that many cultivated tree species either also occur as wild types
or have compatible closely related wild relatives in the areas where they will be
cultivated. In addition, if the GMT is also an alien species to a region (e.g.
Eucalyptus outside Australia) then it also has a potential for ferality and invasion.
Thus consideration needs to be given as to whether a GMT will become established
outside its cultivated areas or whether the transgene(s) will introgress into wild
types and related species. If the problem formulation step indicates that this is likely
to be the case, then the consequences of the invasion and/or introgression need to be
characterised. The consequences will depend on the characteristics of the tree and
the specific traits conferred by the transgene(s), the levels of exposure and on the
nature of the different receiving environments.

If the GM traits are likely to confer a fitness advantage in terms of reproduction,
dissemination and survival, then it is likely that the genes will introgress into wild
populations and/or that the GMT will have a higher potential for ferality and
therefore could spread outside its cultivation areas. The consequences of such
introgression and invasion will need to be considered. Different scenarios can be
envisaged:

• The GMTs replace existing plantation trees of same species: the environmental
consequences will depend on the GM trait and the tree species. If the GM trait
confers pest or disease resistance then there could be effects on non-target
organisms, such as predators or symbionts, and these should be assessed. For
example, Burgess et al. (2014) demonstrated the adverse effects of Bacillus
thuringiensis (Bt) toxins on some native Lepidoptera and other fauna in a study
simulating the release of a Bt Pinus radiata in New Zealand. If the GM trait is
considered environmentally neutral, e.g. herbicide tolerance in the absence of
the use of the herbicide, then replacing native trees with GMTs is likely to have
the same effects as replacement with other non-GM cultivated types.

• The GMTs (or relatives hybridised with GMTs) displace other trees (related or
unrelated) in semi-natural or managed environments: this could lead to much
greater environmental consequences since the GMTs could ultimately dominate
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certain receiving environments. The impacts would depend on the GMT species,
the introduced trait(s) and the tree species that are displaced and removed from
their niches. Take two hypothetical examples: (i) A GM elm (Ulmus) tree is
introduced with resistance to elm disease (Ophiostoma ulmi) which replaces
current elm trees and the trees occupying niches previously occupied by native
elm. It may be considered that the environment has reverted back to that which
existed before the disease eradicated most of the native elm trees. (ii) A GM
Eucalyptus with cold tolerance is introduced into Europe. We know that
Eucalyptus is already an alien invasive species in some areas and that it supports
a very limited biodiversity. Therefore, we would have to consider whether this
GM trait would extend the invasive areas of Eucalyptus and what the conse-
quences of this might be for native flora and fauna.

The environmental impacts of GMTs will also be influenced by their manage-
ment and how they are exploited. The impacts of short rotation coppice or plan-
tations of juvenile GMTs will be mainly confined to biota associated with these
cultivation systems. The trees will produce few or no flowers and set very little seed
and so any dispersal will be confined mostly to vegetative spread. Traits which
affect the fitness of the tree such as growth rate and wood quality will have little or
no influence outside the plantation areas. Traits which affect biotic interactions such
as pest and disease control will mostly affect target and non-target populations
within the cultivation area but may also have some broader consequences on
species with wide dissemination characteristics.

By contrast GMTs, which are allowed to reach sexual maturity, will be able to
disperse pollen and seed over large distances, depending on the tree species.
Therefore, the potential receiving environment for these propagules will extend far
beyond the cultivation areas and will need to be considered in the ERA. For further
information on gene flow in trees and its consequences, see papers by DiFazio et al.
(2004), Brunner et al. (2007), Firbank (2008), Ahuja (2009) and Bialozyt (2012).

Herbicide tolerance traits will allow applications of broad spectrum herbicides
on young tree plantations to control weeds. This will facilitate rapid establishment
of the trees in the absence of competitors, especially perennial weeds. The herbi-
cides will only be applied in the early years of establishment until the trees are large
enough to successfully compete with the weeds. Thus botanical diversity will be
reduced in early years, but there will be some re-establishment later from the seed
bank. Similarly, effects on biodiversity will occur while weed vegetation is
destroyed but will rapidly re-establish when herbicide treatment is stopped.

5 Focusing Risk Assessment/Recent Developments

Assessment endpoints commonly derive from protection goals which are based on
policy goals and societal values that are often described in the legislation of a
particular country or region. Protection goals are broad and include such
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environmental values as protection of biodiversity, protection of water resources or
protection of large nature areas.

Choosing appropriate and comprehensive assessment endpoints makes it pos-
sible to assess impacts on sets of protection goals. It is also important to choose the
correct measurement endpoints, i.e. how to best determine (measure) the possible
adverse effects to a certain species or population?

Recently, a new approach has been introduced to ERA. Protection goals are still
seen as very general and broad, and difficult to implement in practice. In order to
move forward, and divide/translate these general protection goals into more specific
protection goals (assessment endpoints), the ecosystem services concept has been
introduced to the ERA of plant protection products (PPPs), alien species and GMO
risk assessment. These discussions are especially advanced in the PPP risk
assessment (see, e.g. EFSA 2010b). During the development of ecosystem
services-based framework for PPP risk assessment, those ecosystem services were
identified that could potentially be harmed by the use of PPPs in agriculture.
Further, key drivers (main indicators) for each ecosystem service were identified
and specific protection goals (assessment endpoints) defined. For further reading on
the ecosystem services concept see EFSA Scientific Colloquium Summary Report
19 (2014) and Nienstedt et al. (2012).

6 Guidance for Risk Assessment of GM Trees

6.1 The EU

The EFSA guidance (2010a) provides general risk assessment guidance to assess all
GM plants, including tree species. In a recent review paper on risk assessment and
regulation of GMTs in the EU Aguilera et al. (2013) describe the legal background
and discuss the usefulness of the EFSA guidance in this context. In their conclu-
sions, they state that EFSA guidance provides useful information to the ERA of
GMTs, but due to the biology of GM fruit and forest trees and their management
practices some changes in data types, collection and analysis may be needed. The
specific considerations for GMTs have been discussed earlier in this paper.

6.2 The OECD

The OECD working group on harmonisation of regulatory oversight on biotechnol-
ogy has produced several biology documents on different tree species. These docu-
ments have proven to be very useful in the ERA of GMTs as they provide baseline
information on the biology and phenology of tree species. They support both the
comparative, and per se approach to the ERA. So far, there are documents published of
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the conifersPicea abies (OECD1999a),P.glauca (OECD1999b),P.mariana (OECD
2010), Pinus banksiana (OECD 2006), P.contorta (OECD 2008a), P.monticola
(OECD 2008b), P.sitchensis (OECD 2002a), P.strobus (OECD 2002b), North
American larches (Larixlyallii, L. occidentalis and L. laricina; OECD 2007) and
Pseudotsuga Menziesii (OECD 2008c), as well as the broadleaved trees Populus
(OECD 2000), Prunus spp. (OECD 2002c) and Betula pendula (OECD 2003).

7 The Cartagena Protocol on Biosafety

The only internationally available specific ERA guidance on GMTs has been
developed under the Cartagena Protocol on Biosafety (UNEP/CBD/BS 2012). The
specific section on trees complements the Roadmap (generic risk assessment
framework) of the same guidance document.

The Roadmap and the specific guidance are under revision at the moment but are
and have been actively used by different stakeholders. The specific guidance starts
with Background, Scope and Introduction. These chapters introduce many specific
characteristics of trees that have to be taken into consideration when assessing
GMTs. Trees are big in size, have often a perennial growth habit with a long
lifespan, and a delayed onset of reproductive maturity. Many characteristics dif-
ferentiate trees from annual crop plants. This aspect has been discussed earlier in
this paper, but the list below gives an idea of the specificity of the Cartagena
guidance.

According to the guidance, the special features compared to the crop plants
include high fecundity, seed dormancy and high seed viability as well as many
pathways for dispersal of propagules. Their root system is associated with different
microorganisms and fungi. Furthermore, tree species and genotypes are highly
diverse, and they have wide range of distribution and complex associations. Trees
are present from temperate to tropical climates and have complex and multi-level
ecological interactions with other organisms, e.g. from decomposers to birds and
from insect pollinators to large wild animals. Trees also have significant ecological,
economic, environmental, climatic and socio-economic values. The non-managed
forests, such as tropical rain forests or boreal forests have high conservation value.

The next step is the Planning phase of the ERA. The guidance follows the
comparative approach, and lists a number of points to be considered in the planning
step. In the Choice of comparators, the following issues should be taken into
account: long lifespan, high potential for dispersal, outcrossing and establishment
beyond the intended receiving environment (into natural or less managed ecosys-
tems). Moreover, well-adapted provenances are often used in forestry. They may
show better adaptive capabilities and better performance than unselected germ-
plasm. These regional provenances may provide appropriate comparators.
However, when little information is available on ecological functions and inter-
actions, the comparative approach is sometimes challenging. Points to consider
when choosing comparators are the following: information and knowledge of the
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biology and ecological interactions of the suitable comparators and whether one or
more comparators are available. The planning phase can also include field trials
design where important information can be obtained from experience with
non-modified trees.

Conducting the ERA follows the steps of the Roadmap (Step 1: Identification of
adverse effects; Step 2: Evaluation of the likelihood; Step 3: Evaluation of the
consequences; Step 4: Estimation of overall risk and Step 5: Recommendation as to
whether or not the risks are acceptable or manageable and Identification of man-
agement strategies). The GM trees ERA guidance lists specific points to be taken
into account under each step of the Roadmap.

For Step 1 presence of genetic elements and propagation methods and long
lifespan, genetic and phenotypic characterization and stability of modified genetic
elements need special attention. For both Step 1 and Step 2, dispersal mechanisms
should be carefully considered.

For Steps 1, 2 and 3, the likely potential receiving environments must be
carefully assessed, taking into consideration different environments and degree of
their management, presence and proximity of compatible species, proximity of
protected areas and centres of origin, genetic diversity, ecologically sensitive
regions, ecosystem functions and services and change in landscape patterns and
sensitivity to human activities.

Exposure of the ecosystem to living modified trees and potential consequences
must be considered in both Step 2 and Step 3.

For Steps 4 and 5, risk management strategies include certain specific issues
when dealing with GM trees. When there is a need to limit or prevent dispersal of
forest or plantation GM trees, strategies may include delaying or preventing
flowering and biological confinement (e.g. male sterility or flower ablation).

8 Specific Data Requirements for GM Trees: Research
Needs

In all of the above ERA systems, data on impacts of GMTs on biota and the whole
ecosystem in potential receiving environments are required, as for other GM plants.
However, as trees are perennial long lived woody species that can form dominant
and climactic populations, environmental impacts of GMTs are very different from
those of the mostly annual GM crop species that have been assessed by regulators
and risk assessors. Research is therefore needed to determine what types of data are
required in order to make meaningful comparisons between GM and non-GM trees
which inform risk assessors not only of any differences in phenology and impact
but also the consequences of the differences for receiving environments and their
biota. In addition, due to the longevity of trees and the need to make risk
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assessments proportionate and realistic, modelling, scenario analysis and other
predictive methods may need to be researched and developed in order to quantify
impacts on protection goals and assessment endpoints.

9 Environmental Monitoring

In the EU there is a requirement for post-market environmental monitoring of all
commercialised GM plants (EC 2001; EFSA 2011b). Applications for release of
GMTs will require post-market environmental monitoring (PMEM) plans, which
take account of any identified potential risks or uncertainties as well as allow for
unanticipated effects. All commercialised GM trees will therefore be monitored and
the results of the monitoring reported to the relevant authorities and placed in the
public domain. The monitoring should be part of the general stewardship and
conditions of release and management of the GM tree. If results of the monitoring
indicate that adverse effects are being caused as a consequence of the cultivation of
the GM tree, then action can be taken to prevent or mitigate these effects.

The Cartagena Protocol guidance (UNEP/CBD/BS 2012) includes also guid-
ance on environmental monitoring. The guidance is divided into sections
Introduction, Objective and scope, Monitoring and its purposes and Development of
a Monitoring Plan.

A monitoring plan may include the following steps. The first step is choice of
indicators and parameters for monitoring (What to monitor?). Monitoring for
potential effects of a GMO involves the observation of changes to indicators (e.g.
species, populations, soil, environmental processes, etc.) and/or parameters (e.g.
species abundance and soil organic matter).

The second step is monitoring methods, baselines including reference points,
and duration and frequency of monitoring (How to monitor?). The selection of
monitoring methods should take into account the level of sensitivity and specificity
needed to detect changes in the indicators and parameters. Monitoring methodology
includes the means for sampling and observing indicators and parameters, and for
the analysis of the resulting data. Appropriate methods for collecting data may
include, e.g. observations, descriptive studies and questionnaires.

The third step is choice of monitoring sites (Where to monitor?). The sites are
selected on a case-by-case basis depending on the geographical location of the
release, the used indicators and parameters, the intended use of the GMO, and
taking into account the associated management practices.

In the fourth step guidance is given on how to report of monitoring results (How
to communicate?).

The Cartagena Protocol guidance on monitoring is a general guidance but
includes many relevant issues to be taken into account when planning for moni-
toring of GM trees. The planning should be done hand-in-hand with the specific
ERA guidance.
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Field Trials with GM Trees:
A Step-by-Step Approach

Debora C.M. Glandorf and Didier Breyer

Abstract Field trials are an important step in the experimental research with and
commercial development of genetically modified (GM) plants, including GM trees.
Field trials with GM plants in the European Union (EU) are subject to authorisation
granted on the basis of an environmental risk assessment (ERA). Data requirement
for the ERA varies depending on the purpose of the field trial and the level of
knowledge on the GM plant and its environmental impact. In the Netherlands a
step-by-step approach has been developed for the categorisation of field trials.
Under this approach the confinement of GM plants in a field trial can be gradually
decreased and the scale of the trial increased in a step-wise manner at the same time
that knowledge on the GM plant and its environmental interactions increases. Very
few other countries seem to apply a similar classification of field trials. We argue
that a formal step-by-step approach may be a helpful tool to facilitate the approval
process for field trials of GM plants and the collection of relevant data/material for
the ERA without compromising the environmental safety, and that this approach is
also applicable to field trials with GM trees.

1 Introduction

Genetically modified (GM) plants, including trees, intended for commercial culti-
vation in the European Union (EU) shall be authorised according to Directive
2001/18/EC (EU 2001) or Regulation (EC) 1829/2003 (EU 2003). The latter
Regulation is only applicable in case of plants also intended for food and/or feed
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use. Before an application for commercial growth can be filed, sufficient data
should be obtained on the safety of the GM plant itself (e.g. molecular, phenotypic
and agronomical characterisation) as well as on its interactions with the receiving
environment, both intended and unintended. Data requirements are described in
Directive 2001/18/EC and have been complemented by additional Guidance from
the European Food Safety Authority (EFSA).

Such data can be obtained from various sources. However, to obtain reliable data
on phenotypic and agronomic characteristics and on environmental interactions,
field trials are a necessity. Indeed, plant behaviour and the plant’s interaction with
the environment can be only realistically studied in an open environment including
the full set of biotic and abiotic interactions.

Field trials with GM plants can be performed with different objectives in mind:
(1) scientific research or demonstration purposes, (2) regulatory purposes, (3) se-
lection of the best lines for future commercial release (product development) or
(4) variety registration of selected lines (in the EU).

(1) Field trials for scientific research are often small scale. They are generally
meant to study the stability and expression of the trait and the phenotypic char-
acteristics of the plant under field conditions or to demonstrate “proof of principle”
of the introduced trait. Such field trials can also be done as part of biosafety
research, to generate independent data on the biosafety of GM plants. GM plants
cultivated in these field trials will not end up as a commercial product. The same
accounts for trials for demonstration purposes. These trials are especially set up for
the public, mainly for educational purposes. They are also often small scale.

(2) Trials for regulatory purposes are performed to generate data that are required
to complete the environmental risk assessment of GM plants (potential effects on
target and non-target organisms, the soil ecosystem, the abiotic environment or
human and animal health, see Sect. 3) or the food and feed safety evaluations
(compositional analysis, potential toxicity or allergenicity).

(3) Trials for product development are performed by breeders who need to
evaluate new germplasm or new crosses for their agronomic performance (efficacy
of the modification, yield, etc.). These trials can take many years, during which
promising lines are selected and tested on a larger scale to be able to collect enough
data on performance and for analyses.

(4) Field trials can also be performed for variety registration on a national or
European catalogue and for breeder rights. Variety registration is a precondition for
the certification and commercialisation in the European Union of seed of agricul-
tural plant species, vegetable species and fruit trees (for more information, see
http://ec.europa.eu/food/plant/plant_propagation_material/plant_variety_
catalogues_databases/index_en.htm).

Except for field trials for scientific research or demonstration purposes, data and
material to obtain these data are usually collected from trials in multiple locations,
representing a range of growing conditions, and over multiple years.

In many cases GM plants that are tested in the field are not fully characterised
from a molecular, phenotypic and agronomical viewpoint and/or there is incomplete
knowledge on their interactions with the receiving environment. In this chapter we
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discuss how these uncertainties could be taken into account during the risk
assessment and how field trials with GM plants can be performed in an efficient way
to obtain all relevant data/material without compromising the environmental safety.
The approach towards field trials with GM plants of several EU member states,
Canada and the USA is described and discussed with a special focus on field trials
with GM trees.

2 Methodology and Data Requirement
for the Environmental Risk Assessment
of GM Plants

The purpose of the environmental risk assessment (ERA) is to assess if the intro-
duction of a GM plant into the environment would have adverse effects (direct or
indirect, immediate or delayed) on human and animal health and the environment.
The ERA of GM plants is a comparative exercise, i.e. it involves generating,
collecting and assessing information on a GM plant in order to determine its
potential adverse impact relative to its non-GM comparator. The ERA should be
carried out in a scientifically sound and transparent manner. It should also be carried
out on a case-by-case basis, meaning that the required information may vary
depending on the species of GM plants concerned, the introduced genes, their
intended use(s) and the potential receiving environment(s), taking into account
specific cultivation requirements and the presence of other genetically modified
organisms (GMOs) in the environment.

Different national and international legal instruments have been established to
regulate the environmental release of GM plants. Most of them follow the same
general principles and methodology for the ERA. In the European Union (EU),
these principles and methodology are laid down in Directive 2001/18/EC, in par-
ticular its Annex II. These principles and methodology are supplemented by
guiding instruments, in particular Commission Decision 2002/623/EC (EC 2002)
and the Guidance on the ERA of GM plants developed by the European Food
Safety Authority (EFSA 2010). Supporting tools to assess the potential environ-
mental risks associated with GMOs have also been developed at international level,
in particular by the (OECD 2014) and in the frame of the Cartagena Protocol on
Biosafety (CPB 2012).

In accordance with the above principles and methodology, an ERA should be
conducted in six steps, in an integrated process and in an iterative manner, as
follows (see also Fig. 1):

1. Problem formulation in which all important questions for the risk characteri-
sation are identified. This step includes the identification of any characteristics
of the GM plant which may cause adverse effects (hazards), of the nature of
these effects, and of pathways of exposure through which the GM plant may
adversely affect the environment;
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2. Hazard characterisation, i.e. the evaluation of the potential consequences of each
adverse effect;

3. Exposure characterisation, i.e. the evaluation of the likelihood of the occurrence
of each identified potential adverse effect;

4. Risk characterisation, which is an estimation of the risk posed by each identified
characteristic of the GM plant which has the potential to cause adverse effects;

5. Identification of management strategies to reduce potential identified risks
associated with the GM plant to a level of no concern, and to address the
uncertainties;

6. Evaluation of the overall risk of the GM plant, taking into account the results of
the ERA and associated levels of uncertainty and the risk management strategies
proposed.

Although quite some experience and knowledge has already been gained with
(GM) crops worldwide, in many ERAs, both hazard and exposure are measured with
a certain level of uncertainty. Uncertainty is an inherent and integral element of
scientific analysis and risk assessment of any organism, whether it is GM or not. It
can arise from: (i) lack of information, (ii) incomplete knowledge, and (iii) biological
or experimental variability, for example due to inherent heterogeneity in the popu-
lation being studied or to variations in the analytical assays (CPB 2012). Uncertainty
resulting from lack of information includes, for example, information that is missing
and data that are imprecise or inaccurate (e.g. due to study designs, model systems
and analytical methods used to generate, evaluate and analyse the information).

Fig. 1 Six steps in the
environmental risk
assessment (ERA) of GM
plants (Source EFSA 2010)
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Although it may be impossible to identify all the uncertainties, the ERA shall
include a description of the types of uncertainties encountered and considered
during the different risk assessment steps. Their relative importance and their
influence on the assessment outcome shall be described (EFSA 2009). Uncertainties
originating from lack of information may be addressed by requesting further
information on the specific issues of concern.

Addressing uncertainties originating from lack of information is especially rel-
evant in the context of field trials and of the step-by-step approach foreseen in
Directive 2001/18/EC. According to this Directive the containment of GMOs is
reduced and the scale of field trials increased gradually, step by step, but only if
evaluation of the earlier steps in terms of protection of human health and the
environment indicates that the next step can be taken. In this approach, it is
anticipated that by progressively increasing knowledge on the characterisation and
potential adverse effects of the GMO, uncertainties can be reduced.

It is recognised that an ERA can only be carried out based on scientific and
technical data available at the time it is conducted. The ERA may not always result
in definitive answers to all the questions considered because of lack of such data.
Therefore appropriate risk management, including monitoring, has to be considered
in accordance with the precautionary principle in order to prevent adverse effects on
human health and the environment.

3 Information Requirements for the ERA

For each element of an ERA, information must be compiled. In the EU, the
information requirements are specified in Annex III of Directive 2001/18/EC. It
includes information relating to the recipient or parental organism(s), to the genetic
modification, to the resulting GM plant (for instance factors that may affect its
release, presence and persistence in the environment), to the characteristics of the
release and of the receiving environment and to the interactions between the GM
plant and the receiving environment. Relevant information can be obtained from a
variety of sources such as scientific literature, expert opinions, monitoring reports,
or experimental data obtained during or prior to the risk assessment process.

As stated in Directive 2001/18/EC, not all the information elements set out in the
Annex III have to be delivered in every case. Only the particular subset of con-
siderations which is appropriate to individual situations should be addressed
(case-by-case). The level of detail required in response to each subset of consid-
erations is likely to vary according, among other things, to the biology/ecology of
the recipient organism, the intended use of the GM plant and its likely potential
receiving environment, the (biological) containment of the trial, and the scale and
duration of the environmental exposure (e.g. whether it is for field testing or for
commercial use). Obviously, the level of detail required is lower for field trials than
for an unconfined commercial release.
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Defining the appropriate set of information to be provided for a specific ERA is
not straightforward and can give rise to different interpretations amongst risk
assessors and evaluators.

For small-scale field trials, especially at early experimental stages or in the early
steps of environmental releases of GM plants that are conducted in a step-wise
manner, limited information may be available to identify or characterise some of the
potential hazards at the time the risk assessment is conducted. Whereas sufficient
information will be generally available on the biology on the parent species and the
characteristics and consequences of the genetic modification (from published data
and laboratory experiments or from other sources), less information may be
available with regards to the phenotypic and agronomic properties of the GM plant
and its (un)anticipated interactions with the receiving environment. As mentioned
above, in such cases the resulting uncertainties may be addressed through the
implementation of risk management measures, aiming in particular at mitigating
impacts on the receiving environment (e.g. spatial isolation, planting of non-GM
border rows, prevention of pollen and seed dissemination). When additional
information is requested in order to decrease uncertainty, one should keep in mind
that this information should always be considered in terms of its relevance and
contribution to the identification and evaluation of potential adverse effects of the
GM plant in the context of its intended use(s), or how far it can affect the outcome
of the risk assessment. Providing more information will not always contribute to
reduce uncertainty. Data requirements should always consider the issue of “need to
know” versus “nice to know”. Only data useful for coming to a conclusion on the
risk assessment should be generated, otherwise the study moves into more basic
research (EFSA 2008) or may actually give rise to new uncertainties (CPB 2012).

For large scale or commercial environmental releases where the intent is
widespread introduction of the GM plant in the environment, usually with few or no
restrictions, the potential hazards should be characterised more completely,
meaning that more detailed and comprehensive information should be considered
for the risk assessment. Such information may be obtained from different sources
including the scientific literature, laboratory studies, past risk assessments where
relevant and also results from experimental field trials for the same or similar
GMOs introduced in similar receiving environments.

Determining whether, when and how field studies should be set up to gather data
to further inform the risk assessment of a (pre-)commercial release and contribute to
reduce uncertainty is a complex matter.

First, environmental risk assessment for regulatory purposes is commonly
organised through a tiered (step-wise) approach, whereby hazards are evaluated
within different tiers that progress from worst-case scenario conditions framed in
highly controlled laboratory environments to more realistic conditions in semi-field
and subsequently field experiments (EFSA 2010). In this context the question
whether field trials are always necessary or could be avoided when worst-case
studies in the lab show the absence of a hazard with high enough certainty is subject
to debate (Romeis et al. 2006; Lang et al. 2007).
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Second, as mentioned in the previous section, adequate problem formulation is a
critical step in the ERA process. If field trials must generate data useful for the risk
assessment, their design should comply with a science-based hypothesis-driven
approach focusing on appropriate assessment endpoints and relevant exposure
pathways that can measure what is really at harm.

Third, field trial designs should be adequate to provide relevant and statistically
valid data. This is not always evident to achieve in small-scale trials which rarely
have the statistical power to detect low effect sizes due to their insufficient sample
size. When sample size is low, meta-analysis may improve statistical power by
combining several trials and assuming a common measure of effect size.
Extrapolating the results of such trials is also an issue, since effects assessed at one
scale, period or climate may not pertain at other scales, periods or climates, and
since it is hardly conceivable (from time and resources reasons) to perform multiple
testing tailored to all potential receiving environments relevant for the GM plant in
question. Some models are available for making predictions for larger scales based
on results obtained from smaller scale experiments (“scaling up of results”) but their
routine application to GMO risk assessment is still a matter of discussion (EFSA
2008).

Fourth, another important aspect is how to gather reliable data for the ERA from
more or less confined field trials. Due to applied confinement measures, the
interactions between the GM plant and its receiving environment are often limited.
Results (including monitoring data) of these field trials may be therefore less
informative with regard to the full potential of interactions that may occur between
the GM plant and its receiving environment in large scale and unconfined trials and
may not generate scientifically robust data.

To help applicants and risk evaluators determining when and how field trials and
data gathering for an ERA should be performed, some countries have established
specific procedures and requirements mainly based on a tiered (step-wise)
approach. As an example, the approach as taken in the Netherlands is detailed in the
next section.

4 A Step-by-Step Approach for the Design and Evaluation
of Field Trials with GM Plants: The Dutch Model

In the Netherlands testing of GM crops in field trials is performed in a step-wise
manner, based upon the step-by-step principle described in Directive 2001/18/EC
which states that confinement of GMOs in field trials can be gradually decreased
and the scale of the introduction can subsequently be increased in a step-wise
manner, under the condition that the conclusion of the ERA of the former steps
allows the next step.

In line with this principle, the Dutch Commission on Genetic Modification
(COGEM) proposed a system of field trials in which GM plants can be tested in the
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field on an increasing scale and with decreasing confinement measures on the
condition that increasing knowledge on the GM plant and its environmental
interactions is available (COGEM 2005, 2008). This system means to ensure that
breeders can obtain sufficient data on their GM plants during the selection process
in the field, without compromising the environmental safety of those trials. In
general, the selection process of new plant varieties starts with a number of plants
exhibiting the desired phenotype that are not fully characterised (phase 1).
Thereafter a subset will be further tested and characterised (phase 2), resulting in
one or two fully characterised events that will be commercialised (phase 3).

Following these 3 phases in the selection process of plant breeding, COGEM
proposed a system in which three categories of field trials can be distinguished
(Fig. 2) (Glandorf 2014).

The first category is meant to test the many uncharacterised plant lines in the
start of the selection process. Due to the uncertainty related to the low level of
characterisation of the plants, confinement measures can be applied such as isola-
tion distances or removal of flower buds. The scale of the introduction is in this
stage limited to maximum five locations of not more than one hectare per year.
Thereafter, one can apply for the second category of field trials. This is only
possible when there are sufficient data available to conclude, based on risk
assessment, that potential adverse effects on human health and the environment are
unlikely. This conclusion can be based on data obtained from the first category field
trial, or based on data from other field trials or literature. This second category of
field trials is meant—if applicable—to further characterise a subset of earlier tested
plants which are of interest for the breeder. Based on the outcome of the risk
assessment, the use of confinement measures to prevent outcrossing is considered
no longer necessary. However, there still remains uncertainty since the GM plants
are not fully characterised. Therefore the scale of the field trials is limited to a
maximum of 10 ha per year.

The third and last category is meant for pre-commercial field trials with a single
fully characterised event, which has proven in earlier trials in the Netherlands (or in

Fig. 2 Step-by-step approach for field trials with GM plants in the Netherlands. An increase in
data results in a decrease of uncertainty. Due to this decreased uncertainty, the scale of the trials
can increase and containment measures are no longer deemed necessary in category 2 and 3 trials
(from COGEM 2008)
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other EU countries) not to have adverse effects on human health and the envi-
ronment. There is no limitation to the scale of the field trials and no confinement
measures to prevent outcrossing are deemed necessary.

For each trial measures have to be taken to prevent spreading from GM material
from the trial site. In addition, applicants have to comply with the Dutch coexis-
tence distances between GM and non-GM plants.

GM plants should not necessarily be subject to all categories of field trials in a
step-wise manner. For example, a trial with GM plants could be initiated directly in
the second or third category based on information already available on the GM
plant from other (EU) trials or from the literature. If the information is not con-
sidered sufficient, the trial will be classified as a lower category of field trial that fits
with the level of GM plant characterisation. In that case also the maximum size and
number of locations will be adjusted accordingly and confinement measures may
apply if necessary. Alternatively, a trial with GM plants could be performed under
category 1 only without any need to scale up, for example in case of scientific
research without any intention to follow this up for commercial purposes. This
applies also in cases where there is sufficient data available on the specific GM plant
for category 2 but there is no need for a large size trial. Applicants are free to
choose for a lower category, despite the fact that mandatory confinement measures
may apply (category 1) or the size or number of location will be limited as a
consequence of this choice (Glandorf 2014).

Data requirements and other requirements for each category of field trials are laid
down in COGEM advices (COGEM 2005, 2008). Ideally, the scientific advice
issued by COGEM for a field trial in a certain category indicates which specific data
requirements are considered necessary for the next category of field trials so that
applicants can gather the relevant data before applying for a next category of field
trials.

Monitoring data are an important pillar in data gathering with regard to expected
and potential unexpected effects of GM plants on the environment. A monitoring
plan is therefore mandatory for all categories of field trials. Monitoring consists of
general monitoring (phenotype, general agronomic features, any unexpected effect)
and, depending on the crop/trait combination, specific monitoring. Examples are
specific monitoring to study persistence in the soil of an antimicrobial protein
expressed by GM apple trees, or to study a potential increase in frost tolerance in
low amylose starch potatoes.

5 Approaches in Other Countries for the Evaluation
of Field Trials with GM Plants

Several EU and non-EU countries having experience with field trials involving GM
plants, including GM trees, were contacted to provide information on the way such
field trials were assessed and managed depending on their purpose and the level of
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knowledge on the GM plant and its environmental impact. Belgium, Finland,
France, Romania, Spain, Sweden, the United Kingdom, as well as Canada and the
USA provided some feedback based on the following questions:

1. Do you have in your country a similar system as the “Dutch system”, in which
field trials are upscaled in a step-wise manner? If so, do you have examples or
documentation on this?

2. If such an approach is applied, do you indicate to the applicants which infor-
mation is necessary to perform an upscaled field trial? If so, do you have
examples or documentation on this?

3. If such an approach is not applied, do you use any other specific approach for
dealing with experimental versus pre-commercial field trials, and for the gath-
ering of biosafety data informing the environmental risk assessment? If so, do
you have examples or documentation on this?

Belgium, Finland, Romania, Spain, Sweden, the United Kingdom and the USA
indicated that they do not have a formal notification system similar as the Dutch
system, in which field trials with GM crops or trees are—or can be—upscaled in a
step-wise way. In these countries field trials are assessed on a case-by-case basis
without making distinction between experimental and pre-commercial field trials,
and without any pre-defined requirements on confinement measures, size or number
of locations of the field trials. Belgium, Spain and Sweden reported cases where an
authorisation for a small-scale research field trial was granted on the condition that
specific additional studies are performed during the trial to increase knowledge on
the potential environmental impacts of the GM plant. It was recognised however
that small-scale trials may not always be adequate to provide scientifically robust
data. Most countries indicated that management measures accompanying field trials
were important to address uncertainties resulting from the risk assessment. It was
noted that because such measures focus on minimising environmental exposure,
they are rarely adequate to generate new data on the environmental impact of the
GM plants, which could potentially be used if subsequent field trials with the same
GM plants are considered.

France indicated that the High Council for Biotechnologies (HCB) has estab-
lished in a recommendation an indicative classification of field trials in three cat-
egories corresponding to three stages of development of a GM plant. Indications are
given on the level of detail of information expected by the HCB depending on the
type of experimentation. This classification has no regulatory value. It is only
indicative and does not prejudge the additional information that may be requested
by the Ministry of Agriculture or the HCB during the examination of the application
on a case-by-case basis.

In Canada the system is binary. An applicant can apply for a confined research
field trial of plants with novel traits (PNTs) or an unconfined commercial release but
there is no prescriptive “scale-up” procedure (CFIA 2014; Finstad et al. 2007).
Confined field trials are limited in size as a risk management measure and terms and
conditions are imposed. These terms and conditions provide for reproductive iso-
lation of the plants within the trial from plants outside it, provide for physical
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separation of plant material from the trial from food and feed supply chains, and
mitigate persistence of the PNTs in the environment post-harvest. Developers can
make a justification for larger size field trials based on their research, experimental
design, the biology of the species in the trial or other relevant criteria. Applications
for unconfined release usually follow several years of confined trials. Approvals are
given following a thorough environmental safety assessment based on extensive
high-quality, statistically sound data and/or valid scientific rationale provided by the
applicant to demonstrate the environmental safety of the PNT.

6 Discussion: How a Step-by-Step Approach May Be
Applied to Field Trials with GM Trees

The ERA of GM plants should be carried out based on the most complete set of
available data relevant to the GM plant to be assessed. In that respect, a challenging
aspect is whether and how experience gained from a field trial with a specific GM
plant can be taken into account in the ERA of subsequent trials with the same or
similar GMO plants. In the Netherlands, this aspect has been addressed through the
application of a formal and binding step-by-step approach. Under this approach the
confinement of GM plants in a field trial can be gradually decreased and the scale of
the trial increased in a step-wise manner at the same time that knowledge on the
GM plant and its environmental interactions increases.

Our survey, even if it provides only partial and indicative information, shows
that very few other countries have applied specific procedures or approaches to
assess and manage fields trials with GM plants depending on their purpose (ex-
perimental vs. pre-commercial) and the level of knowledge on the GM plant and its
environmental impact. France reported the use of an approach similar to the Dutch
one, although not being prescriptive. In Canada, environmental releases are cate-
gorised in “confined” or “unconfined” levels but without prescriptive “scale-up”
procedure.

A formal step-by-step approach may provide several interesting features.
First, it provides clarification with regards to the necessary data requirements for

the ERA. For research field trials involving uncharacterised GM plants, the risk
assessment will be based on information relevant to the implementation and
effectiveness of conditions of use (scale, duration, types of activities) and man-
agement measures to ensure risk mitigation, while allowing knowledge gaps with
regards to the GM plant and its potential environmental impact (category 1 in the
Dutch approach, or “confined” level in Canada). For pre-commercial environmental
releases, the risk assessment will require exhaustive and scientifically sound
information demonstrating the environmental safety of the GM plant (category 3 in
the Dutch approach, or “unconfined” level in Canada).

Second, it can facilitate the collection of useful data for the ERA. Indeed con-
siderably more information is necessary for the risk assessment of unconfined field
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trials. Laboratory and greenhouse studies may be helpful in generating specific
case-specific data for the risk assessment but, as mentioned earlier, such studies do
not allow testing the GM plant against the full set of biotic and abiotic conditions.
The information needed to feed the risk assessment may be difficult to collect from
confined field trials (category 1) due to the application of strict confinement mea-
sures avoiding or limiting interactions between the GM plants and the environment.
The necessary replication required to generate ecological effects data from confined
field studies would also make such studies extremely difficult (Häggman et al.
2013). In that respect, the step-by-step approach allows for an intermediate phase
(category 2 in the Dutch approach) between complete confinement and uncon-
finement in which relevant data can be collected for the ERA in open-field con-
ditions. Examples are field trials without confinement measures, but with size
limitations or spatial separation from sexual compatible species, in which interac-
tions between the GM plant and the environment can be studied. Monitoring is an
essential mean of generating data on those interactions.

Third, a step-by-step approach is applicable to all plants, including GM trees. It
has been helpful as a tool to aid the approval process for GM trees, as illustrated by
the following examples in the Netherlands.

The first example is a small-scale category 1 trial with GM poplar (Populus ×
canescens) for bioethanol production, grown in a short rotation coppice (COGEM
2010a). The tree was modified with the ccr gene, coding for cinnamoyl coenzymeA
reductase, resulting in low lignin content, and a marker gene hpt, coding for hy-
gromycin resistance. No flowering was expected. The application complied with the
criteria for a category 1 trial. To prevent spreading of the poplar outside the field
location, removal of inflorescence, root suckers and falling branches was required.
Monitoring on root suckers should take place for at least two years.

An example of a category 2 trial is a small-scale field trial with flowering,
scab-resistant apple trees (Malus pumila) (COGEM 2010b). The trees were mod-
ified with a resistance gene HcrVf2 obtained from apple (M. floribunda), which is
already present in commercial apple varieties and natural apple populations. The
absence of vector backbone sequences was confirmed. The field plot was located
150 m from any apple tree and 500 m from commercial apple orchards. This
distance was not considered enough to prevent outcrossing. However, among
others, an important consideration in the ERA was that the HcrV gene is already
present in commercial apple varieties and in natural apple populations. Therefore no
environmental risks were foreseen as a result of outcrossing and no (additional)
confinement measures were necessary.

The risk assessment of GM trees can already rely on existing knowledge on the
biology of the corresponding non-GM tree species and their interaction with the
receiving environment (see e.g. OECD 2014). This is especially true for intensively
managed systems such as plantation forest trees. Additionally, commercial appli-
cation of fruit trees or other woody perennial species may also provide useful
information relevant to the ERA (Häggman et al. 2013). Many genes used to
genetically modify trees and their resulting traits are not new and experience exists
with regard to the assessment of those traits. In that respect the compilation of
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existing information performed in the frame of the EU COST Action FP0905 on the
biosafety of forest transgenic trees (Fladung et al. 2012) will be of great value. As
mentioned before, laboratory or greenhouse studies may also be a valuable tool in
generating data on ecological effects.

With the application of a step-by-step approach, the ERA of GM trees might
benefit from additional data generated from unconfined field trials that would
complement already existing information and studies about the host, the genetic
modification and the receiving environment. When designing field trials with GM
trees one should however cope with some safety and methodological considerations
specific to GM trees. There are some differences between trees and crops, for
example their longevity and ability to disperse, that are no new aspects in the ERA
of GM plants but may need more emphasis in the ERA of field trials with GM trees,
in particular trees for plantation forests (Aguilera et al. 2013). Trees are generally
perennial, woody, long lived species with long life cycles taking several years to
reach sexual maturity and commence reproduction. When mature they can produce
large amounts of seed and pollen that can disperse over long distances (Hoenicka
and Fladung 2006). The choice of appropriate non-GM comparators may be also
more limited. All these considerations may require some changes in data types,
collection and field design. For example, extremely long field trials with these long
lived species may be challenging. Although it seems difficult to avoid field trials
with GM trees to generate data on possible unexpected/unintended effects resulting
from the genetic modification, useful data may be obtained in field trials with
non-GM trees of the same species exhibiting natural variation in the trait of interest.

As indicated by Aguilera et al. (2013) and Fladung et al. (2012) further dis-
cussions are still needed on the types of studies required for providing safety data to
be used in the risk assessment of GM trees. Further clarifications may also be
necessary with regards to the current EFSA guidance documents (that might not be
readily applicable to GM trees) and the guidance developed under the Cartagena
Protocol (that does not differentiate between confined and unconfined field trials).
However, it is broadly recognised that field trials are important to collect data that
are relevant to the specific characteristics of GM trees. A step-by-step approach
involving a categorisation of field trials, such as the one developed in the
Netherlands, provides a useful mean to frame and facilitate the design, evaluation
and regulation of these field trials.
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Soil Effects of Genetically Modified Trees
(GMTs)

Fernando Gallardo, Conchi Sánchez, Marcin Grabowski,
Juan Jesús Molina-Rueda, Nieves Vidal and Matthias Fladung

Abstract The activity of the root and the dead material from genetically modified
trees (GMTs) might potentially alter soil features and turn into an impact on soil
ecosystem. Several greenhouse and field studies of forest transgenic trees including
poplars, silver birch, white spruce, American chestnut and Eucalyptus engineered
for lignin biosynthesis and other relevant traits have addressed a potential impact on
the receiving environment. Most of the available studies have considered effects on
mycorrhizal fungi because of their intimate relationship with trees, and their support
for the plants’ acquisition of water and nutrients. Futhermore, changes in fungal
community may also affect other fungal or bacterial communities and be thus
indicative of more complex changes to soil ecosystem. To the knowledge of the
authors, significant changes in bacterial, fungal community or mycorrhizal plant
colonization have not been reported in peer-review of GMTs to date. However,
some studies reported effects on indicators species. Similar observations have been
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reported in bioremediation studies with GMTs. The lack of baseline data on the
diversity and natural variability of the soil microbiota, including fungi, in silvi-
cultural practices limits the evaluation of the ecological relevance of the observed
changes. Some studies suggest that plant stage, type of soil and other environmental
factors may have a greater influence on the soil microbiota, as seen with indicator
species, than the effect of GMTs.

1 Introduction

In order to optimize growth and productivity of tree plantations, active management
of the crop soil and other vegetation is required. Knowledge about the genetics and
phenotype of the tree and its interaction with the environment is important, as is
managing resistance to pests and diseases affecting both yield and value of the final
product. Environmental impact assessment of new genetically modified tree (GMT)
clones is a prerequisite to their possible and deliberate release into the environment.
The European directive 2001/18/EC describes some potential adverse effects of
GMOs that require assessment. Due to the diversity of potential modifications and
unique properties of GM plants such as assessment of adverse effects must be
case-specific. For GMTs, due to their longevity, it is important to determine effects
occurring throughout their long life cycle and to consider effects on populations of
species in their receiving environment (see Häggman et al. 2013 for a recent
review). Among the possible long-term effects of GMTs to be considered are the
impacts on soil functions.

Adverse effects of GMTs on the soil biota and a modified composition of
transgenic material could potentially alter the decomposition rates of their organic
material, and thereby alter particularly the biogeochemical cycling of carbon and
nitrogen at the receiving ecosystems. Effects on soil water relations and on its
capacity for filtering and buffering, or on its physical and anchoring capacity to
support the root system, may profoundly affect soil ecosystems in the long term.
Therefore, the use of GMTs for economic and societal needs raise questions about
the use of indicators to determine already at early state effects on the soil envi-
ronment. A number of field and greenhouse works have studied the effects of GMTs
on soil ecosystem on which we report in this chapter.

2 Potential Soil Effects and Indicators

The impacts on soil ecosystem of trees are associated with effect of decaying plant
material that reach soil surface, or caused by the root growth and root exudates.
Together, these materials contribute to the organic compounds in the soil and may
affect existing soil microorganisms and fauna, including decomposers, plant
pathogens and symbionts. Cultivation practices also affect the organisms and their
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activities. The tilling of the soil, the use of plant protection products and fertilizers,
and rotational coppicing, all may potentially have an impact on the soil environ-
ment. A hazard identification of GMT plantations must therefore keep in mind that
generally cultivation practices have strong effects on soil ecosystems, and those
should serve as a baseline in a comparative approach for identifying possible
ecological impacts of a GMT plantation.

The study of plants on soil functions has received special attention because of
increasing number of hectares dedicated to transgenic crops in recent years. General
indicators for a potential impact on soil ecosystem include analysis of abiotic and
biotic factors that later encompass microbial communities, including mycorrhizal
fungi colonization of roots, the study of degradation of organic matter and changes
in invertebrate community (Smith et al. 2010).

The effects of transgenic crops such as corn, potato, sugar beet and oil seed rape,
on soil microbial communities have been considered in relation to GM plants
expressing Bt toxins and glufosinate-tolerant herbaceous crops (Smith et al. 2010).
In some cases, an effect on microbial community structure was revealed. Most field
studies, however, could not demonstrate significant differences between GM and
non-GM, or effects produced by transgenic products released into soil. This con-
clusion is also shared in other works (Griffiths et al. 2007; Dunfield and Germida
2004) that showed that factors like tillage, the type of crop, the state of plant
development and other environmental parameters, as well as the location of the
plantations, have more impact on soil microbial communities than the introduction
of a transgenic crop. In addition, another main problem in the assessment of
potential effect on microbial communities is that different methods are used to
evaluate the microbial structure in the different studies. These different methods
include those based on degradation in vitro of different substrates, the analysis of
phospholipid fatty acid composition, or the analysis of molecular data based on
differences in ribosomal gene sequences. The use of different methods creates
difficulties for comparison of the studies (Icoz and Stotzky 2008) and their inter-
pretation in terms describing effects on microbial ecology. It has been suggested
that other indicators may be more indicative of potential impacts than general
analysis of soil microbial communities. Analysis of changes in arbuscular mycor-
rhizal fungi (AM fungi) appears to be a more preferred method for assessing
potential impacts of a GM crop (Smith et al. 2010). AM fungi symbiosis increases
the uptake of nutrients from the root system and it substantially varies across many
environmental gradients. In addition, AM fungi affects the diversity of other
organisms in soil through the exudates produced, altering other microbial com-
munities. Although it is not easy to study AM fungi, it seems to be a very reliable
indicator to determine a possible environmental impact on soil ecosystem (Smith
et al. 2010).

Other informative indicators of potential impacts caused by transgenic crops are
the degradation rate of organic matter and changes in the invertebrate community.
The analysis of some Bt transgenic crops has revealed that degradation rates of
plant material are different from non-transgenic crops. These results are probably
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due to changes in plant constituents as lignin, glucosamine and in ergosterol content
associated to the plant material (revised in Smith et al. 2010). The interpretation of
the data obtained from decomposition of organic matter is problematic as changes
in the decomposition rate can be considered as a positive or negative effect
depending on the organic content of the soils being studied and the crops being
cultivated. The ecological significance of potential changes observed on the
decomposition rate of organic material is very context dependant. However, experts
consider that relevant changes in microbial communities should be detectable at
metabolic level and have an effect on microbial respiration in soil. Changes in
organic compounds and microbial respiration are two indicators that could be used
to define baseline for different soils. This conclusion is emphasized by Smith et al.
(2010) and they recommend, along with other indicators, the above-mentioned
parameters could be considered for general surveillance of transgenic plants.

Soil invertebrates have also been considered as potential indicators of environ-
mental impacts. Several studies include analysis of collembola, earthworm and
nematode populations in transgenic crops. Nematode populations are considered a
useful indicator for an impact since it is described as the unique group of inver-
tebrate that may be affected on a small effect of different crop lines in different types
of soil (revised in Smith et al. 2010).

3 Studies on the Effect of GMTs in Soil Ecosystem

A number of publications about GMTs describe the potential effects of transgenic
lines on general indicators to analyse their possible impact on the receiving envi-
ronment. These studies include several field and greenhouse experiments using
transgenic poplar, silver birch, white spruce, Eucalyptus and American chestnut
plants.

3.1 Decomposition of DNA from GMTs

A concern about GMTs is the persistence of the transgenic material in the soil, and
the possibility of a horizontal gene transfer to other organisms which could con-
tribute to the spread of the transgene and eventually alter the receiving ecosystem.
Hay et al. (2002) addressed the persistence of transgenic DNA from decaying
material. The work was focused on the stability of a neomycin phosphotransferase
II gene, a common resistance marker use in plant transgenesis. Transgenic poplar
leaves were placed in permeable bags on weeds, and on soil or below the soil under
natural conditions for up to 12 months. The presence of the transgenic gene was
then analysed by PCR in the samples. Under the natural conditions, Hay et al.
(2002) observed that the modified DNA was not detectable in dead plant material
after four months. Although many factors can contribute to the degradation of DNA
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in different soils, this study highlights the fact the rapid degradation of DNA from
transgenic material. Therefore, the authors concluded that a possible transfer of the
transgenic material to microorganisms is unlikely to occur under natural field
conditions (Hay et al. 2002).

3.2 Trees with Altered Lignification

Alteration of lignin composition is a main area of research in plant biology. The
biosynthesis of lignin has received a relevant attention to better understand the
biosynthesis of this complex polymer. The composition of the polymer is associated
to wood properties and quality, and it is also a relevant factor to consider in the
production of pulp. Lignin content can be altered by changing the composition of
monolignols participating in its synthesis. This can result in the production of new
or altered wood, and also to modify the pulp yield for cellulose or biocombustible
production. Lignin has also a significant ecological role in ecosystems. It partici-
pates in sequestering atmospheric carbon, and its degradation from dead plant
material is relatively slow and contributes to the formation of stable organic matter,
including humic material, and to moisture retention in soil. Therefore, GMTs with
altered lignin content could potentially alter the characteristics of the receiving soil
considering the full long life cycle of trees.

Relevant target genes for modification and alteration of lignin content are those
encoding cinnamyl alcohol dehydrogenase (CAD) or caffeic acid/5-hydroxyferulic
acid O-methyltransferase (COMT). These enzymes participate in the production of
monolignols, the brick material for the production of the lignin polymer. Several
studies of transgenic poplar (Populus tremula × P. alba) expressing an antisense
gene for CAD or COMT. Pilate et al. (2002) describe field yield studies over
4 years in different locations in France and England. This work described the stable
modification in lignin produced by alteration in CAD or COMT expression.
Associated to the gene alteration, they observed easier delignification of the GMT
material, producing a more high-quality pulp. However, the plantation of GMTs at
the two different locations had no effect on microbial communities in soil. Some
changes in microbial respiration were observed but these did not correlated with
transgene expression. These results were related to spatial variability or fossil
properties in the field. The study of decomposition of material from the same GMTs
was described by Tilston et al. (2004). After studying the decomposition of truck
sections from GMTs, including total CO2 production and effect on microbial bio-
mass, they concluded that environmental variability during the field assay had a
greater effect on wood decomposition than the alteration of lignin biosynthesis of
GMTs (Tilston et al. 2004). A similar conclusion is described in the review of
Halpin et al. (2007) after comparison of results from GMTs and transgenic tobacco
also altered in the expression of genes involved in lignin biosynthesis and com-
position. The review of Halpin et al. (2007) also emphasizes that no apparent effect
on leaf-feeding insects, microbial pathogens and soil organisms of lignin-altered
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transgenic plants was observed, although short-term decomposition of transgenic
roots was slightly enhanced but this was considered to be without apparent eco-
logical significance.

Altered lignin biosynthesis and effect on soil microbial community was also
described for transgenic Populus tremuloides lines (Bradley et al. 2007). This work
was carried out in greenhouse using three soils from different locations with sig-
nificant differences in chemical composition and physical properties. Reduced
lignin content in stem, up to 50 %, and increased syringlyl-type lignin was observed
in certain lines. Different effects on root biomass in comparison to control lines
were observed in the different soil types. The response of the soil microbial com-
munities was investigated using phospholipid fatty acids, neutral lipid and extra-
cellular enzyme assays. Besides the changes observed, the responses of lines across
the three soils were not consistent. The authors concluded that soil type had a large
impact on the microbial community composition, and that it was difficult to assess
the potential ecological impacts of the transgenic lines studied on soil microbial
communities and their functions.

Alteration in the expression of 4-coumarate:coenzyme A ligase (4CL), involved
in the lignin biosynthetic pathway, was also described by using an antisense con-
struct in silver birch (Betula pendula; Seppänen et al. 2007). In this case, the genetic
transformation did not affect wood chemistry but it had a relevant influence on root
biomass and morphology. The number of root tips was lower than in control plants,
and also the GMT exhibited less root biomass. Besides the significant effect on the
root system, the genetic modification had no relevant effect on the development of
ectomycorrhizal fungi, and no differences in the mycorrhizal colonization were
observed in vitro when compared with control plants. Similarly, no relevant dif-
ferences were observed in total microbial biomass and basal respiration. Moreover,
similar degradation rates of leaf litter were observed (Seppänen et al. 2007).
Together these studies on GMTs with different species and lines suggest that no
relevant short-term environmental impact is detectable in lines with altered
expression of genes involved in lignin biosynthesis.

3.3 Aspen Overexpressing the rolC Gene
from Agrobacterium Rhizogenes

Extensive research and analysis of the mycorrhizal status of GMT lines was carried
out in the frame of the first release experiment in Germany by the Thünen-Institute
of Forest Genetics (Fladung and Muhs 2000). The study was initiated in 1996 and
lasting for 5 years. Several aspen transgenic lines including Populus tremula and
P. tremula × P. tremuloides were prepared for the expression of the rolC gene from
Agrobacterium rhizogenes using the 35S (35S::rolC) and a rubisco small subunit
promoter (rbcS::rolC). The aim of the field experiment was related to the mode of
integration of the foreign gene and the stability of the transgene expression under

160 F. Gallardo et al.



natural environmental conditions and during the long life span of trees. The rolC
gene from A. rhizogenes was selected in this study because it produces a remark-
ably dwarf-like phenotype characterized by stunted growth and modified leaf size
and colour (Schmülling et al. 1988; Fladung 1990; Fladung and Ballvora 1992),
allowing the phenotypic selection without tissue destruction (Fladung 1990, 1996;
Fladung and Ballvora 1992). The rolC expression in rbcS::rolC lines was restricted
to the leaf and resulted in a slightly reduced size of the plant with no remarkable
reduction in apical dominance, but with light green leaves compared with darker
green one of control plants. The expression was also detected in the root in the lines
plants expressing the 35S::rolC transgene (Schmülling et al. 1993 Fladung et al.
1997).

In a first study, the mycorrhizal status of transgenic aspen grown in the field was
checked regularly on two transgenic lines and the respective untransformed control
clone. The status of ectomycorrhizal fungi (EM) was determined by anatomical and
morphological characters (Agerer 1991) as well as by PCR-RFLP (Pritsch et al.
2000). The majority of fine roots (67%) were colonized by EM. No significant
differences in the quantity of mycorrhizal colonization of the different aspen lines
were detected. Five morphotypes represented 94% of all EM and up to eleven
further EM types were found occasionally (Kaldorf et al. 2002); but differences in
the morphotypes were not statistically significant with the exception of one line
which showed a specific pattern of EM not linked with the expression of the
transgene. Thus, in general, the mycorrhizal diversity did not differ between
transgenic and non-transgenic trees, and the EM population was relatively uniform
in the whole experimental field site (Kaldorf et al. 2002). On the other hand,
arbuscular mycorrhiza (AM) was rare but could be identified in root samples from
all aspen lines, with an average of less than 10% of the root length colonized
(Kaldorf et al. 2002). Differences between the transgenic and non-transgenic aspen
lines were small and not significant.

In a further study, the community structure and spatial distribution of EM from
field grown transgenic and control aspen clones were investigated by morphotyp-
ing, restriction analysis and internal transcribed spacer (ITS) sequencing (Kaldorf
et al. 2004). In this second study, a total of 23 morphotypes were observed. Among
these, six EM types dominated, roughly forming 90% of all ectomycorrhizas,
namely Phialocephala fortinii, Laccaria sp., Cenococcum geophilum, two different
Thelephoraceae, and one member of the Pezizales (Kaldorf et al. 2004). The three
most common EM had an even spatial distribution, confirming the high degree of
homogeneity of the experimental field. The distribution of three other predominant
EM was correlated with the distances to the spruce forest and deciduous trees
bordering the experimental field. The succession of the EM community colonizing
the genetically modified aspen grown in the field was monitored over four years
(Kaldorf et al., unpublished). The early stage of succession was characterized by the
dominance of only three EM fungi, forming EM with short or medium distance
exploration strategy, as did the other twelve EM morphotypes found at this stage.
During the third and fourth year of investigation, EM diversity of the normally
growing wild type and rbcS::rolC transgenic trees increased significantly. In

Soil Effects of Genetically Modified Trees (GMTs) 161



contrast, EM diversity of the slow growing, dwarf 35S::rolC transgenic aspen did
not change (Kaldorf et al., unpublished). Most striking, the 35S::rolC transgenic
aspen were only poorly colonized by complex EM morphotypes with rhizomorphs,
compared to the wild type (Kaldorf et al., unpublished). This demonstrates that the
severe phenotypic changes induced by 35S::rolC expression have a significant
impact on EM community development under field conditions.

3.4 Other Studies of GMTs Expressing Genes
with a Potential Effect on Soil Microbiota

In addition to the alteration of lignin content, the tolerance to pests is also a trait
being introduced into GMTs. Several trees have been modified for the expression of
chitinase. Chitinases are pathogenesis-related enzymes that are activated upon
pathogen infection or wounding of leaves. The enzyme hydrolyzes chitin, an
important cell wall component of many fungi and exoskeleton of arthropods.
Therefore, GMTs with altered expression of chitinase may potentially have an effect
on soil microbiota, existing soil fungal communities and invertebrates.

Decomposition of leaf litter has been studied in a field experiment of transgenic
silver birch expressing a chitinase gene (Vauramo et al. 2006). The study included
the effect on soil fungal and microbial biomass, basal respiration and effects on soil
nematodes abundance. After 8 and 10 months from the establishment of the study,
no effects were observed in fungal or total microbial biomass between the lines used
in the study. Only one out of fifteen transgenic lines differed in the number of
nematodes compared to control plants, indicating a potential indirect effect on
microbial populations in the litter. Therefore, the main conclusion raised was that
changes in litter quality due to gene transformation were absent or too small to
affect the decomposition of the litter in the soil. Related results were described by
Lamarche et al. (2011) after studying the impact of endochitinase expressing white
spruce on soil fungal communities. This study was carried out under greenhouse
conditions using two different natural soils. The work reported the absence of
changes between transgenic and control tree rhizospheres, with the same fungal
community structure in the soils from transgenic or control plants after 8 months.
Thus, the authors concluded that the type of soil and the developmental state of the
seedlings had a much more significant impact on fungal community than the
insertion and expression of the transgene in the transgenic white spruce lines.

The analysis of ectomycorrhizal associations was also studied in transgenic
American chestnut (Castanea dentata) and Eucalyptus camaldulensis overex-
pressing genes with a potential effect on soil microbiota. Oxalic acid is a fungal
pathogenicity factor secreted in plant-pathogen interaction and typically accumu-
lates during infection. Calcium-oxalate crystals are typically produced during
infection removing calcium ions and affecting different enzymes and plant pro-
cesses. Thus, the expression of oxalate oxidase to remove oxalic acid has been used
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to protect crops from pathogen infections (Walz et al. 2008). Therefore, the
expression of oxalate oxidase in transgenics has the potential to influence associated
microbial communities. D’Amico et al. (2011) reported the effect of expression of
an oxalic oxidase gene on ectomycorrhizal associations in transgenic American
chestnut. The study was carried out in greenhouse for one year. The transgene
expression was observed in the root of the plant, but no differences in ectomyc-
orrhizal fungal abundance were observed when compared the GMTs with control
plants. Authors inferred from this work that the transgenic plants were able to form
mycorrhizal associations in a similar manner to the wild type. A related final
conclusion was presented by Lelmen et al. (2010) after analysis of the mycorrhizal
colonization of transgenic Eucalyptus camaldulensis. This GMTs overexpressed
allene oxide cyclase, a enzyme involved in the biosynthesis of jasmonate.
Interestingly, the transgenic lines presented enhanced tolerance to saline conditions
compared to control plants. The mycorrhizal colonization of roots protected the
plant from common environmental stress as salt stress. Besides the enhanced salt
tolerance of the transgenics, no differences in the colonization were observed under
normal or saline conditions.

3.5 Potential Impact of GMTs for Bioremediation

Bioremediation is the technology to decontaminate soils from inorganic or organic
pollutants by utilizing the natural metabolic potentials of soil microorganisms
and/or plant roots. Phytoremediation can be defined as the use of plants to treat
contaminated soil and water resources, whereas rhizoremediation specifically
involves the removal of pollutants from contaminated sites by the rhizosphere (the
interface constituted by the mutual interaction of plant roots and associate plant
microorganisms), and it is considered as the most evolved process of phytoreme-
diation (Pajuelo et al. 2014).

Phytoremediation was first applied for the removal of inorganic pollutants, i.e.
heavy metals, from soil, by using naturally hyperaccumulating plants. Plant species
are considered as hyperaccumulators if not only tolerate heavy metal concentrations
that are highly toxic to the other plants, but also actively take up large amount of the
heavy metals from the soil and translocate them to the shoots, accumulating them at
concentrations 100–1000-fold higher than those found in non-hyperaccumulating
species (Rascio and Navari-Izzo 2011). However, the phytoremediation capacity of
natural hyperaccumulators is limited by their small size, slow growth rates, and
restricted growth habitat (Meagher and Heaton 2005). Therefore, significant
removal of the pollutants should be achieved if genes involved in metabolism,
uptake, or transport of heavy metals, and also organic pollutants could be trans-
ferred to tree species such as poplar and willow, with their high biomass and
extensive root systems (Eapen et al. 2007; Doty 2008; Maestri and Marmiroli
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2011). Since willow transformation protocols have not yet been published, the
focus on these studies has been on poplar (Doty 2008) using genes derived from
plant microbes and animals (Abhilash et al. 2009).

Transgenic poplar with enhanced uptake and metabolism of a variety of toxic
compounds as heavy metals, explosives, chlorate organic solvents, herbicides, etc.,
were developed (Rugh et al. 1998; Bittsanszky et al. 2005; Choi et al. 2007; Doty
et al. 2007; Lyyra et al. 2007) and promising results regarding their phytoextraction
ability were found in greenhouse (Gullner et al. 2001; Koprivova et al. 2002; Che
et al. 2003; Van Dillewijn et al. 2008) and field tests (Hur et al. 2011, 2012; Shim
et al. 2013).

Within the approaches followed to detoxify heavy metals, several authors
reported the transformation of plants with bacterial genes which encode for
enzymes with a capacity to reduce the toxic forms of mercury (Hg2+) in molecular
mercury (Hg0) that volatilizes into the atmosphere. Rugh et al. (1998) obtained
transgenic trees resistant to toxic concentrations of mercury by inserting a modified
mercuric reductase (merA) gene construct into proembryogenic masses of yellow
poplar (Liriodendron tulipifera). This mercuric ion reductase was also used by Che
et al. (2003) to transform Eastern cottonwood (Populus deltoides). Choi et al.
(2007) and Lyyra et al. (2007) used combinations of merA with an organomercurial
lyase gene (merB), which liberates Hg2+ from organic compounds, to increase
mercury resistance of a non-flowering mutant hybrid poplar (Populus alba × P.
tremula) and Populus deltoides, respectively.

Other approaches used glutathione-mediated detoxification systems. Glutathione
(GSH), the tripeptide γ-Glu–Cys–Gly, is the metabolic precursor of metal-binding
phytochelatins, and GSH and the glutathione S-transferase isoenzyme family play
crucial roles in the degradation of several herbicides (Gullner et al. 2001). Populus
tremula × P. alba materials were engineered for resistance to cadmium (Koprivova
et al. 2002), zinc (Bittsanszky et al. 2005), and the chloroacetanilide herbicides
acetochlor and metolachlor (Gullner et al. 2001) by overexpression of bacterial
genes encoding γ-glutamylcysteine synthetase, which increased the content of
glutathione, whereas Shim et al. (2013), used a Saccharomyces cerevisiae
Cadmium factor1 (ScYCF1), a yeast transporter for Cd detoxification, that pumps
glutathione-conjugated Cd into the vacuole, resulting in poplar trees with an
improved Cd tolerance and uptake activity.

Trees were also engineered to tolerate and accumulate 2,4,6-trinitrotoluene
(TNT). Hybrid aspen (Populus tremula × P. tremuloides) was transformed by van
Dillewijn et al. (2008) to express the bacterial nitroreductase gene, pnrA (which
reduces TNT to 4-hydroxylamino-2,6-dinitrotoluene), and led to increased resis-
tance to TNT and its removal from contaminated waters and soil.

Mammalian genes, as cytochrome P450 2E1, have also been used in phytore-
mediation. Doty et al. (2007) obtained transgenic (Populus tremula × P.alba) plants
which overexpressed this enzyme, that oxidizes a wide range of small, volatile
hydrocarbons, including trichloroethylene, perchloroethen, chloroform, vinyl
chloride or benzene. Increased rates of removal of these pollutants were obtained in
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hydroponic conditions, but field studies are required to confirm that these potential
activities actually accelerate the degradation of the respective pollutants.

Regarding the use of recombinant microorganisms of the rhizosphere for their
use in rhizoremediation, several successful studies were performed with herbaceous
plants (Pajuelo et al. 2014). In the case of trees, Salix plants were inoculated with
transgenic Pseudomonas fluorescens strains engineered for bioremediations by
introducing a biphenyl operon which conferred an increased growth rate in soils
contaminated with plychlorinated biphenyls (Aguirre de Cárcer et al. 2007b; Power
et al. 2011).

Besides their potential usefulness to recover polluted soils, the environmental
safety of all of these trees needs to be established before their release can be
approved.

One of the specific risks posed by this kind of GMO has been associated
specifically to those trees engineered for mercury volatilization. It has been claimed
that after remaining in the atmosphere for up 2 years, elemental mercury will finally
precipitate with rain and snow, and converted again to ionic and organic mercury.
These depositions may lead to dispersion and redistribution of this metal from
contaminated soils sites to other less contaminated areas, although other authors
consider that pollution through bioremediation would be negligible in comparison
to fossil fuel burning and incineration (Mertens 2008). Other risks have been related
to the putative ability of trees engineered for phytoremediation to displace other
plant species that can live in these habitats, as rare metal tolerant flora (EFSA
2009). Also, and in contrast with GMTs engineered for other purposes, tree engi-
neered for phytoremediation intentionally change physical and chemical properties
of their target soils, resulting in a modified environment of the rhizosphere and may
be of the bulk soil. These environmental alterations, in turn, could affect the
structure of indigenous microbial and fungal communities (Mertens 2008), although
it may be difficult to assign to these structural changes a positive or a negative
connotation. Indeed, a detailed understanding of the effect of trees (transgenic or
not) on the activities of rhizosphere and bulk soil microorganism could help to
optimize phytoremediation systems and enhance their use.

As mentioned in Sect. 2, research focused on soil microbial communities of
engineered herbaceous plants has been conducted (Dunfield and Germida 2004).
However, only a limited number of studies have focused on impacts of transgenic
trees engineered for phytoremediation on native microbial communities (Hur et al.
2011, 2012) or the effect of transgenic microbes living in tree roots and engineered
for rhizoremediation on other organisms in the rhizosphere (Aguirre de Cárcer et al.
2007b).

Hur et al. (2011) developed a comparative analysis of the bacterial and archaeal
communities found in the rhizosphere of wild-type poplars versus poplar geneti-
cally modified for mercury volatilization, all of them cultivated on soils contami-
nated with heavy metals. The analyses were performed at various growth stages,
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using next-generation sequencing (Schuster 2008). The rate of changes in the
structure of the microbial community was slower in wild-type poplars than in
transgenic poplars, although it was dependent on the stages of poplar growth. After
3 year of culture, the microbial community of the non-transgenic was similar to that
of the transgenic poplars, indicating the stabilization of microbial community. In a
similar study, Hur et al. (2012) showed that the overall structure of the rhizosphere
fungal community was not significantly influenced by transgenic poplars, although
minor changes in fungal diversity were detected in association with the genetic
modification of trees, such as the presence of specific taxa in these trees and the
faster rate of community change during poplar growth. In a different approach, the
rhizosphere of Salix sp. plants growing in a soil contaminated with polychlorinated
biphenyls (PCBs) were inoculated with transgenic or non-transgenic Pseudomonas
fluorescens strains engineered for bioremediation (Aguirre de Cárcer et al. 2007b).
Physiological profiles were used to detect differences in bacterial community
functions in bulk soil and rhizosphere samples. The introduced transgenes had no
effect on the function and structure of the bacterial community in bulk soil, although
they enhanced biodegradation of PCBs. However, the transgenes affected the
development of functionally and genetically distinct bacterial communities in the
rhizosphere.

Although these studies provide new insights about the potential effects of GM
organisms on soil communities, it is necessary to keep in mind the diversity of results
obtained with non-transgenic plants used for phytoremediation (Siciliano and
Germida 1999; Gremion et al. 2004; Epelde et al. 2008, 2009; Xiong et al. 2010),
including the effect of trees as pine and poplar (Palmroth et al. 2007), or willow
(Aguirre de Cárcer et al. 2007a; Yergeau et al. 2014). In addition to other factors as
the use of fertilizers and soil amendments, the presence of these trees contributed to
the development of bacterial communities distinct from the original communities at
functional and structural levels. In the study of Yergeau et al. (2014), non-transgenic
willows were planted in contaminated and non-contaminated soils in a greenhouse,
and the active microbial communities and the expression of functional genes in the
rhizosphere and bulk soil were compared. The combined selective pressure of con-
taminants and rhizosphere resulted in higher expression of genes related to compe-
tition (antibiotic resistance and biofilm formation) in the contaminated rhizosphere.
Distinct communities were also observed in the rhizosphere of trees planted in dif-
ferent (non-contaminated) soil types (Gottel et al. 2011), indicating the difficulty of
assigning beneficial or unfavourable connotations to the changes found in contam-
inated soils with transgenic trees.

As a resume, no effect on the environment was reported by the studies performed
so far regarding GMTs used for phytoremediation. Besides it should be considered
that trees used in phytoremediation would be planted in marginal soils previously
altered by man action, and that if no intervention is performed, already represent a
major environmental risk (Peuke and Rennenberg 2005; Pajuelo et al. 2014).
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4 Conclusions

The risk assessment of a GM requires a case-by-case approach to determine a
potential effect on the receiving environment and human health. In the case of forest
GMTs, a number of available studies may disclose a general view about the eco-
logical impacts that forest GMT plantations can produce on soil features. To date,
there are published greenhouse or field studies of different species of GM poplar,
silver birch, white spruce, Eucalyptus and American chestnut plants. These species
were engineered to alter gene expression affecting different traits of the tree
(summarized in Table 1). Several indicators have been used to determine potential
impacts of GMTs on soil ecosystems and function. Studies of microbial commu-
nities are considered in most of them, especially for studying effects on mycorrhizal
fungi because of their relevance in the acquisition of nutrients from soil and
potential direct effect on other indicators. Changes in the rate of degradation of
organic compounds in soil, evaluation of microbial respiration or the study of
nematode population are also recommended indicators in crop plants that have been
only used in a very few studies in GMTs (Table 1). Considering that transfer of the
transgene from decaying plant material to existing microorganisms is unlikely to
occur under natural field conditions (Hay et al. 2002), most of the studies have
focused on the alteration in mycorrhizal fungal community. The changes reported in
most cases are not significant. Only in a few reports, a limited effect of GMTs on
fungal community has been observed, but it has been considered not to have
ecological relevance (Table 1). The general lack of studies about how normal
agricultural practices affect soil ecosystem indicators creates problem for estab-
lishing base lines and for the evaluation of the changes observed in relation to GM
plants. More information on how soil microbial communities and other indicators
may differ in different soils and environments are required for studies to describe
the potential impact of GMT plantations. Similarly, the lack of studies on how
traditional silviculture practices affect soil indicators make it difficult to assess the
beneficial or negative impact of introduced GMTs in soil ecosystems.

Forestry plantations and cultivated land are human-modified ecosystems and
plant type and growth stage, soil type and normal cultivation practices have shown
to have more impact on soil indicators than the introduction of a transgenic plant
(Dunfield and Germida 2004; Griffiths et al. 2007). The same conclusions can be
drawn from the few studies available on polluted soils where different microbial
communities are intimately associated with different soils (Epelde et al. 2009;
Gottel et al. 2011) and the effect of GMTs on microbial indicators is not biologi-
cally significant (Hur et al. 2011, 2012).
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Table 1 Indicators used in the evaluation of GMTs on soil ecosystem and observed effects

Type of studya/GMT Indicator used Effect on soil ecosystem
or indicator compared to
control plants

References

GMTs with altered lignin biosynthesis

F/Populus tremula × P. alba Soil microbial
communities

No effect observed Pilate et al.
(2002)

F/P. tremula × P. alba CO2 production
Microbial
biomass

No significant
differences

Tilston
et al. (2004)

F/P. tremula x P. alba Microbial
pathogens
Leaf-feeding
insects
Soil organisms
Decomposition
of roots

Short-term
decomposition of roots
was slightly enhanced
No ecological impacts
observed

Halpin et al.
(2007)

G/P. tremuloides/ Microbial
community

No potential ecological
impact

Bradley
et al. (2007)

F/Betula pendula/ Decomposition
rate of leaf litter
Formation of
ectomycorrhizas

No differences were
observed

Seppänen
et al. (2007)

GMTs expressing rolC from Agrobacterium rhizogenes

F/P tremula × P. tremuloides Mycorrhizal
diversity

In general, no significant
differences were found
One line showed a
specific pattern of
ectomycorrhizal fungi

Kaldorf
et al. (2002)

F/P tremula × P. tremuloides Mycorrhizal
diversity

In general no relevant
differences observed
Severe phenotypic
changes in GMT had a
significant impact on
ectomycorrhizal fungi

Kaldorf
et al. (2004)
and
unpublished

Other GMTs expressing genes with a potential effect on soil microbiota

F/B. pendula overexpressing
chitinase

Litter mass loss
Fungal and total
microbial
biomass
Basal
respiration
Nematode
populations

No relevant changes in
litter quality and
decomposition were
observed

Vauramo
et al. (2006)

G/Picea glauca
overexpressing chitinase

Fungal
community
biomass and
structure

No significant effect on
fungal community

Lamarche
et al. (2011)

(continued)
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Potential Environmental Impact
of Insect-Resistant Transgenic Trees

Marcel Robischon

Abstract Resistance to phytophagous insects is a trait that is highly desirable in
commercially grown forest trees. A considerable body of literature exists that
describes approaches of genetic engineering to render a tree impalatable or toxic to
a wider or narrower range of insects. Such a biotechnological interference with
natural ecosystem processes naturally raises concerns about unwanted outcomes
and ecological biosafety. There are a growing number of studies focusing on
non-target or wider ecosystem effects of such trees in field trials. In this paper,
recent work on transgenic trees with enhanced resistance to insect herbivory and
potential environmental effects is reviewed. As yet no coherent overall picture has
emerged, yet a few instances of unexpected outcomes of the exposure of transgenic
insect resistant trees to biocenoses have emerged. With ongoing research, and a
longer history of transgenic trees in the field, further results, observations and
insights can be expected.

1 Introduction—Insect Resistance as a Commercially
Important Trait

The insect fauna is a key factor in the success or failure in achieving material and
non-material aims in the management of forests or tree plantations. Even small
shifts in the balance of phytophagous versus predatory organisms and in the bio-
logical systems of multiple multi-tropic levels and highly branched food chains can
alter the forest ecosystem and the economic output dramatically. In particular,
large-scale monocultures are susceptible to major insect calamities that can spread
and devastate stands rapidly.
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Beyond classical approaches in insect pest control by the choice of appropriate
silvicultural techniques, use of naturally less susceptible plant material, and the
maintenance of a sound ecological balance in the stands, or, alternatively, the
application of pesticides, the use of transgenic methods has been discussed and
tested experimentally since decades.

Since the first transgenic insect resistant trees were generated (McCown et al.
1991), plant biotechnology in general and in work on trees in particular has
advanced at a rapid pace. Agrobacterium-based transformation has been developed
in recent years as a standard method even for plants that are normally not a host for
virulent wild-type strains of Agrobacterium tumefaciens as a plant pathogen, such
as typically gymnosperms (Alvarez and Ordás 2013, and references to earlier work
therein). Increasingly, effective high-throughput methods allowing the generation of
larger and larger numbers of transgenic lines in a short time have been designed.
The combination of transgenic and classical breeding methods has made significant
progress with the use of transgenic lines expressing the Populus Flowering Locus T
(PtFT), allowing a shortening of generation times and faster crossings between
transgenic and elite non-transgenic lines (Zhang et al. 2010).

Nevertheless, large-scale commercial use of transgenic forest trees is in most
places still a scenario of the future, with the only examples of extensive commer-
cially used transgenic plantations so far being found in China (Zhang et al. 2011b).
The recent example of the transgenic plum pox virus-resistant Prunus domestica line
“Honey sweet” being the first tree to have fully gone through the USA regulatory
process and having received an unconditional registration in 2011 (Scorza et al.
2013) may, by setting an example, mark the beginning of commercial plantations of
transgenic woody plants in the United States. Also in 2010, large-scale field trials
using transgenic eucalyptus hybrids with enhanced cold tolerance in the southern
United States were approved (USDA APHIS 2012). In Brazil, a potential com-
mercial release of genetically modified eucalyptus is in evaluation (Ledford 2014).
In the light of regulatory environments being altered to become more friendly to
transgenic plants and transgenic plants being altered to become more amenable to
the natural environment, planting of insect-resistant transgenic lines of eucalyptus,
poplar, pines, spruce or other trees suitable for plantation forestry at a commercial
scale appears to be only a matter of time. The issue of wider environmental effects of
insect-resistant transgenic forest trees is however still unresolved. Effects on
non-target organisms, downstream effects and unexpected feedback loops may
unintentionally be activated, and still only a comparatively small number of studies
allows some insights into the potential risks that may arise from the use of transgenic
forest trees genetically improved for insect resistance.

1.1 Bt Transgenes—A Classic Approach

To be well prepared for changes and risks a field of (bio)technology may bring with
it, it is important to evaluate the latest data on technical developments as to insights
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concerning effects of both novel systems emerging as well as longer established
techniques. One of these biotechnical approaches tested by ‘time’ at a human,
though not necessarily at an evolutionary scale, is the use of Bt transgenes.

The expression of CRYSTAL proteins (Cry), expressed from genes cloned from
the bacterial insect pathogen Bacillus thuringiensis, and hence referred to as Bt
toxins is without doubt the most commonly used transgenic strategy aiming for
insect resistance in plants. Upon oral uptake by an insect and proteolysis in the gut,
these toxins induce the disruption of cell membranes in the epithelium, causing the
death of the insect. Bt spray as a biological pest control and the expression of Bt
genes are well established in non-woody agricultural crops. BtCRY proteins have
the noteworthy advantage of a high specificity of individual types of these proteins
against defined groups of target pests. In general, Cryl, Cry2, and Cry9 work
against Lepidoptera; Cry3, Cry7 and Cry8 target coleopterans, and Cry4, Cry10 and
Cry11 Diptera, with some CRY proteins also targeting nematodes. Not surprisingly,
Bt toxins were the first peptides targeted against insects to be expressed in woody
species, and not surprisingly either, the first tree-systems were poplar (McCown
et al. 1991). Populus species and hybrids, being central woody model organisms in
research and biotechnical development and at the same time widely used in fast
growing plantations in temperate and boreal regions not only stood at the very
beginning, but still remain a central object of research on insect resistant transgenic
tree lines (Wullschleger et al. 2002; Génissel et al. 2003a, b). Field trials with
transgenic poplars have been carried out since the 1990s (reviewed by Robischon
2006a).

In 2002, about a decade after work on the first Bt poplars was published, Bt
poplars were released in China and in 2003 commercial plantations were estab-
lished (Valenzuela et al. 2006). At a much smaller scale, non-commercial field trials
with Bt poplars have been carried out in other parts of the world, in particular in
North America (Klocko et al. 2014) and in Europe for example in France (Génissel
et al. 2003a).

In subtropical and tropical regions, instead of poplars often Eucalyptus species
fulfil the role of a fast growing producer of woody biomass. The performance of
eucalypts can be equally impacted by insect pests and research on transgenic insect
resistant lines has been published. Harcourt et al. (2000), for example, report the
generation of a Cry3A Bt transgenic River Red gum Eucalyptus camaldulensis, a
species that is in many parts of the world of supreme importance in large-scale
monoculture forest plantation, often as a biomass-based energy source, or for lig-
nocellulosic fibre for the pulp and paper industry.

Conifers are less likely to be used in classical fast growing biomass-for-energy
plantations. However, they are important in the production of structural timber as
well as a source of fibre for pulp and paper. Researchers in biotechnology therefore
early on studied this group of tree species and their potential for improvement by
transgenic methods. The feasibility of achieving insect resistance in Bt-transgenic
conifers has been tested in loblolly pine Pinus taeda (Tang and Tian 2003), a tree of
paramount significance in forest plantations in particular in the southern United
States. Another candidate pine to be modified for insect resistance using Bt genes is
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the Monterey pine Pinus radiata (Grace et al. 2005), a species that ‘radiated’ in the
hands of foresters from being a highly endemic local species limited to a small
section of the Californian coast into the world’s most widely planted pine, covering
several million ha in particular in the subtropical and temperate parts of the southern
hemisphere (Lavery and Mead 2000). No less than 56 insect species from 44 genera
have been found feeding on P. radiata, of which however only a small handful,
mostly coleopteran, cause damage at a level that would be of major economic
concern (Furniss and Carolin 1977). Work on the expression of Bt genes in Chinese
white pine Pinus armandii, a species which is in some parts of China used in
plantation forestry, has been published by Liu et al. (2010).

Pinus is not the only conifer genus in which an enhanced insect resistance would
be economically desirable. White spruce Picea glauca, a tree whose native distri-
bution spans the boreal forests of North America, is of high economic importance
as a source of timber and for the pulp and paper industry. Lachance et al. (2007)
generated Bt cry1Ab transgenic Picea glauca enhancing its resistance to against the
Eastern Spruce Budworm Choristoneura fumiferana (Lepidoptera: Tortricidae).
Given the great economic importance of conifers one may expect for the future
more work on those coniferous species that were already studied in the context of
Bt gene expression technologies, as well as an expansion of the work on further
conifers with relevance to plantation forestry.

Bt approaches in forest tree biotechnology are well covered by numerous earlier
reviews (Robischon 2006a; Ye et al. 2011; Häggman et al. 2013). Therefore, this
paper’s focus is on most recent work, and on work that specifically addresses the
question of potential unwanted environmental impacts, rather than looking at the
efficiency in terms of pest control.

1.2 Alternative Approaches to Target Insect Digestive
Systems

The midgut appears to be in insects a kind of Achilles heel, as the majority of
transgenic approaches to insect resistance published so far focus on this target in
one way or other. This includes even most of the work that does not make use of Bt
genes. Chitinases for example, are a group of chitinolytic enzymes that are
involved in plant defense mechanisms by cleaving and hydrolyzing chitins in the
filaments of fungi and in insect peritrophic membranes, thus causing an—eventually
lethal—abrasion of the insects’ gut lining. Genes coding for chitinases have been
cloned and expressed in plants mainly with the intention to enhance their resistance
against pathogenic fungi. Noël et al. (2005) expressed a fungal chitinase in black
spruce and hybrid poplar and Pasonen et al. (2004) did so in silver birch to enhance
resistance against fungal pathogens. Moreover, in view of the importance of chitins
in an insects body, Yang et al. (2013a) made transgenic Populus cathayana
expressing a Manduca sexta (Lepidoptera: Sphingidae) chitinase together with a
Buthus martensii scorpion toxin (BmIT).
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Avidin and Streptavidin are biotin-binding proteins, the former from birds’
eggs, and the latter from Streptomyces bacteria. They have been shown to have
antimicrobial activity, and expression of these proteins has been tested as a means
to elevate plants’ resistance to microbial infections. It however has also been found
to additionally enhance resistance against insects, which, upon ingestion of this
protein, develop biotin deficiency and eventually perish from malnutrition. The
application of avidin in pest control has been reviewed by Christeller et al. (2010,
and references therein). Data published by Marwick et al. (2003) suggest that avidin
and streptavidin expression in apple trees conferred a high level of resistance
against larvae of the light brown apple moth (Epiphyas postvittana, Lepidoptera:
Tortricidae) with mortality being significantly higher, and the larvae’s weight gain
being significantly lower. While it appears questionable whether a fruit potentially
causing a vitamin B deficiency in the consumer would find a market easily, the
example is still of considerable interest for being a tree-model. Testing the appli-
cability in a non-food tree crop Burgess et al. (2005) produced avidin-expressing
rose gum Eucalyptus grandis plants.

Another target in insect metabolism is the functionality of their digestive
enzymes. α-Amylase inhibitors are proteins that affect hydrolysis in the gut of
insects, rendering them unable to digest starch. α-Amylase inhibitors are therefore
attractive candidates for reducing plant tissues digestibility to herbivore insects.

Analogously, proteinase inhibitors bind digestive proteases rendering them
unable to cleave peptide bonds and therefore nonfunctional. Ingestion of such
proteins may thus lead to malnourishment and eventually the starvation of the
targeted insect.

Cysteine proteinase inhibitors in poplars have been shown to convey resistance to
the leaf beetles Chrysomela tremula and Chrysomela populi (Coleoptera:
Chrysomelidae), respectively, to a varying degree (Leplé et al. 1995; Delledonne
et al. 2001). The cysteine protease inhibitor oryzacystin I was expressed together with
a Bt gene in hybrid poplar Populus alba × glandulosa by Zhang et al. (2011a, b), who
found in feeding experiments a significantly higher mortality in the coleopteran target
pest. Less obvious are the effects of trypsin proteinase inhibitor overexpression
published so far. Confalonieri et al. (1998), upon expressing a Kunitz trypsin pro-
teinase inhibitor in black poplar Populus nigra, found no significant effect on larval
mortality, growth or pupal weight in Lymantria dispar (Lepidoptera, Lymantriidae)
and Clostera anastomosis (Lepidoptera: Notodontidae) feeding on this material.
Zhang et al. (2002) however found an elevated insect resistance in poplar lines
expressing a cowpea trypsin inhibitor. Also, a hybrid triploid poplar
[(P. tomentosa × P. bolleana) × P. tomentosa] genetically engineered with a cowpea
trypsin inhibitor (CpTI) grown in the field for 2 years was shown by Zhang et al.
(2005) to have efficient resistance against the forest tent capterpillar Malacosoma
disstria (Lepidoptera: Lasiocampidae), the gypsy moth, Lymantria dispar
(Lepidoptera, Lymantriidae) and the willow moth Stilpnotia candida (Lepidoptera:
Lymantridae). Maheshwaran et al. (2007) expressed in apple trees a precursor protein
that, in the course of processing, gives rise to chymotrypsin and trypsin inhibitors.
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They fed the resulting transgenic material to the light brown apple moth and found as
a result a reduced body weight in larvae and morphological deformities.

A further method to target insect digestive systems is provided by agglu-
tinins such as lectins, a group of carbohydrate binding proteins for which genes
have been cloned from numerous sources, including various plant species. Lectins
as for instance the Galanthus nivalis snowdrop lectin (GNA) work insecticidal by
binding to epithelial cells in the midgut tract and causing disruption of their
membranes. In contrast to Bt toxins, lectins can be used to target sap sucking
insects such as aphids. The gene coding for Galanthus nivalis agglutinin has been
tested in heterologous expression systems for its potential to enhance tolerance of
plants to insects as well as other pests and diseases. Galanthus nivalis GNA genes
have been expressed in various crop plants to enhance resistance against inverte-
brate herbivores. McCafferty et al. (2008) used it in Papaya (Carica papaya), a
plant that is for its single-stemmed habitus, a height of several metres and a lifetime
of several years to some extent tree-like, and that is grown in monoculture plan-
tations, and hence lends itself for a comparison with trees used in short-rotation
plantation forestry. As for truly lignified woody species, as far as is evident from the
current body of literature, heterologous expression of plant lectins has been
experimentally performed mainly in species of ornamental or horticultural value.
Yang et al. (2000) for example engineered grapefruit (Citrus paradisi) with a
Galanthus nivalis agglutinin (GNA) gene and Shang et al. (2008) report such work
on an ornamental cultivar of the Japanese Spindle Tree Euonymus japonicus. No
comparable work however appears to have been published on any ‘true’ forest
trees.

Anionic peroxidases catalyze the oxidation of aromatic compounds and are
involved in polymerizing phenolic monomers. The fact that they are induced as a
consequence to wounding of a plant is in accordance with the assumption that the
respective oxidation products may be more toxic to the herbivore causing the
wounding, or to microbes infecting the wound than the original substrate. Thus the
expression of these enzymes in a crop plant can enhance resistance to insects. In
trees the effect of expression of a tobacco peroxidase in American sweetgum
(Liquidambar styraciflua) on insect herbivory has been tested early on by Dowd
et al. (1998). Although sweetgum is a highly interesting experimental system, it
remained rather the exception. More work has been published on phenol oxidases in
the poplar model. One example is the work by Wang and Constabel (2004), who
expressed a Populus trichocarpa × P. deltoides polyphenol oxidase in Populus
tremula × P. alba. Forest Tent Caterpillars fed with such polyphenol oxidase
overexpressing poplar leaf material showed reduced growth rates in first instar
larvae in autumn and in fourth instar larvae in winter (Wang and Constabel 2004;
Barbehenn et al. 2007). Such experiments on the lymantriid caterpillar Orgyia
leucostigma (Lepidoptera: Lymantriidae) found in one case decreased growth rates,
but not in another (Barbehenn et al. 2007), leading the authors to the conclusion that
this system may on its own be insufficient to achieve a satisfactory protection of a
plant against lepidopteran caterpillars.
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1.3 Neurotoxic Trees

‘Getting on the insects nerves’ rather than delivering a toxic or enzymatic ‘punch
into the gut’ is another approach to protecting a plant from insect herbivory.
Engineering a plant to produce neuroactive substancesmay thus be a way to impact
herbivorous insects also in a plantation forestry context. One such substance whose
content can be enhanced in a transgenic plant is tryptamine, namely by expression of
tryptophan carboxylase genes. Some tryptamines such as serotonin have a function
as neurotransmitters. Others are known as psychoactive drugs, underlining their
strong effect on neuronal functioning. In 2003, Gill et al. published the results of
bioassays on hybrid aspen (Populus tremula × P. alba) overexpressing a tryptophan
carboxylase gene cloned from the ‘happy tree’ Camptotheca acuminata. They found
larval growth and leaf consumption being reduced in forest tent caterpillars feeding
on the transgenic plants and these parameters actually being inversely correlated
with tryptamine levels in the transgenic tissue.

Yet tryptamines are among the more benign compounds affecting neuronal
systems. Increasingly, work is published that makes use of neurotoxic proteins of a
highly fascinating origin: scorpion venoms. The infamously lethal scorpion
Androctonus australis (Buthidae) for example, whose natural geographic range
stretches from northern Africa to India, boasts one of the most potent scorpion
toxins known to science, making it popular in the pet trade. Some of the proteins
isolated from its venom show an insect-specific toxicity, which promises a potential
for biotechnological applications, including work on insect resistance in crop
plants. Expression of a gene called Androctonus australis Insect Toxin (AaIT)
cloned from this scorpion species in a hybrid poplar (P. deltoides × P. simonii) was
reported in 2000 by Wu et al. According to this work a wide resistance was
achieved. More specifically, the gypsy moth (Lymantria dispar, Lepidoptera:
Lymantriidae) showed upon feeding on this transgenic material a lower weight gain
and a higher larval mortality (Wu et al. 2000).

A relative of Androctonus is Mesobuthus martensii (Buthidae), the Asian
Golden Scorpion, which equally holds a store of potentially useful polypeptides in
its venom and is a stock of traditional Chinese medicine. From this venom highly
insectotoxic peptides referred to as Buthus martensii Insect Toxins (BmIT) have
been purified (Escoubas et al. 2000) and the respective genes cloned. Expression in
poplar has been reported by Yang et al. (2010, 2013a).

Venoms quite en par in toxicity to the scorpion ones are found in several spiders
such as Atrax robustus, Australia’s notorious Sydney funnel-web spider. From this
venom ω-atracotoxins have been found to selectively affect insects by blocking
voltage activated channels (Chong et al. 2007). These peptides have been expressed
in crop plants, including woody species. Zhan et al. (2001) report expression of a
spider insecticidal peptide gene in birch (Betula platyphylla). Cao et al. (2010)
describe expression of a fused gene containing an ω-atracotoxin and the Bt CryIA
(b) gene C terminal in Populus simonii × P. nigra and finding a strong effect against
Gypsy moths larvae. This paper gives an example of work in which two different
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resistance genes, Bt and a non-Bt resistance gene, several of which are discussed
below, have been combined. Similarly, Tian et al. (2000) who transformed a hybrid
poplar with two genes coding for insecticidal proteins, the Bt Cry1Ac and an
arrowhead (Sagittaria sagittifolia) proteinase inhibiting API gene, found an
increased mortality with insects feeding on the leaves of these plants. Interestingly,
additive effects could be shown in the second generation of a lepidopteran target
pest, Clostera anachoreta (Lepidoptera: Notodontidae) being grown on a trans-
genic poplar that combined expression of both, an arrowhead proteinase inhibitor
and Cry1AC (Yuan et al. 2011). The combination of different genes that are thought
to enhance insect resistance however does not always lead to an added effect, as
illustrated in work by Zhan et al. (2001).

2 Transgenic Insect-Resistant Trees and Their Potential
Ecological Impact

The currently available literature suggests a future trend of expansion of areas
planted with insect-resistant transgenic plants, and a further extension of the use of
such technologies into the forest sector. The long discussed question of potential
risks is therefore as relevant as ever.

Proponents point out that application of transgenic methods will reduce the use
of pesticides and suggest that the technique may further contribute to conservation
aims and environmental targets by enhancing a timber and fibre source that spares
natural forests. It also has been argued further that, with exotic insect pests con-
tinuing to reach new ecosystems, transgenic approaches can be useful to preserve
native forests and to rescue endangered native trees (Adams et al. 2002; Merkle
et al. 2007).

Opponents argue that it involves incalculable risks, such as negative effects on
non-target organisms, including other herbivores, or predatory organisms that may
be affected via the food chain. Also discussed are effects on decomposition of leaf
biomass and thus nutrient cycles, which may also have an impact on aquatic
ecosystems (Gatehouse et al. 2011; Carstens et al. 2012).

2.1 Unwanted Effects of Bt—Hitting, Yet Missing the Target

In parallel to the largest number of studies on transgenic trees designed to have
enhanced resistance to insect making use of Bt genes, also the largest number of
studies on biosafety aspects of transgenic insect-resistant trees are taking Bt
transgenic lines into the focus, and again it is transgenic poplar lines on which most
work has been published so far.
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Hu et al. (2007) in their work on a Bt transgenic Populus nigra plantation in
China report that “the variety, number and parasitic ratio of the natural enemies of
insects in the transgenic poplar plantation… were more than those in the non-
transgenic poplar plantation”. Zhang et al. (2011b) found that their Bt-Cry3A
transgenic poplar line had no effects on non-target insects, i.e. non-coleopterans.
This however does not answer questions concerning other herbivorous beetles,
which certainly would be expected to be susceptible to this particular Bt too.

Few studies appear to look at on-target species of the same order as of the target
insects, i.e. which non-target coleopterans are affected by Cry3Aa, which non-target
lepidoptera are affected by Cry1Ab and so forth. There may be an underlying
thinking of any leaf-eating insect being by nature a pest and hence intended to be a
target. However, it ought to be kept in mind that often only a very small segment of
the insect biocenosis feeding on a plant cause in fact significant damage, as shown
for example for radiata pine by Furniss and Carolin (1977).

With the high specificity in individual Bt toxins being already well known for a
long time it does not come as a surprise that coleopterans are not affected by a
specific anti-lepidopteran toxin. However, in some cases Bt toxins may fail to have
an effect even on their particular target group. In a study by Axelson et al. (2011) on
leaf litter in a stream it was found that aquatic detritus feeding beetles were not
affected by dead leaves of a transgenic poplar expressing Cry3Aa, i.e. the ‘beetle Bt’.

2.2 Insect Communities—Impacts on a Delicate Balance

Even if non-target insects may not be directly impacted it is plausible that due to a
competitive advantage being created for non-susceptible taxa a shift in species
composition may occur. This may lead to the original target being indeed reduced
in its impact, but secondary pests moving up the scale of importance, resulting
potentially in a similar economic damage as in conventional crops.

Axelsson et al. (2012) found that a high expression Cry3Aa-Bt line of a trans-
genic hybrid poplar was indeed subject to lower herbivory, but at the same time
there was no positive effect of this in terms of biomass accumulation. There was no
effect on hymenopterans or lepidopterans found, suggesting no non-target effect.
Also there was a target-species, the beetle Byctiscus populi (Coleoptera,
Attelabidae) that was seemingly unaffected by the beetle-specific Bt toxin, quite
similar to the above mentioned case reported by Axelsson et al. (2011).

Zhang et al. (2011b) found that the density of sucking pests on the Bt transgenic
hybrid poplars increased in comparison to the wild type. However, also other
non-targeted insects, including two lepidopterans, decreased in their density. One
explanation for this given by Zhang et al. (2011b) is linked to an increase in two
predatory coccinelid beetles on these Bt-Cry3A (i.e. coleopteran-targeted) lines.
Their presence in larger numbers than on the wild type plants may be due to shifts
towards a higher density of sucking insects that are expected to be an attractive prey
for these beetles.
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2.3 The Food Chains—Handing Down the Toxins?

Hu et al. (2007) carried out experiments with inoculating pupae of Apocheimia
cinerarius (Lepidoptera: Geometridae) and Orthosia incerta (Lepidoptera:
Noctuidae) collected from Bt transgenic Populus nigra plantation in China with the
wasp Chouioia cunea (Hymenoptera: Eulophidae), and found that there was no
effect of the host pupae coming from the transgenic plantation on wasp hatching
rate. Barraclough et al. (2009) however found a reduced survival of the endopar-
asitic braconid Meteorus pulchricornis (Hymenoptera Braconidae) on the New
Zealand native pine looper Pseudocoremia suavis (Lepidoptera: Geometridae)
feeding on Bt transgenic Pinus radiata. Lei et al. (2011) studied the development of
the parasitoid Microplitis pallidipes (Hymenoptera: Braconidae) on larvae of the
oriental armyworm Mythimna separata (Lepidoptera: Noctuidae) feeding on an
artificial diet containing different levels of Cry1Ab toxin and found that the toxin
caused a slower development of the larvae leading to a decrease weight of cocoons
and the imago of Microplitis pallidipes (Hymenoptera: Braconidae). This result
suggests a downstream effect of the Bt toxin in the food chain, potentially harming
parasitoids.

3 Leaf Litter Decomposition and Potential Effects
in Terrestrial and Aquatic Ecosystems

The potential impact of transgenic plant material onto the environment does not end
with the death of the transgenic tissue. Decomposition and litter breakdown are
central processes in terrestrial and aquatic ecosystems and are dependent on
detritus-feeding organisms, in particular arthropods and microbes.

Results on whether Bt leaks into the soil from roots of Bt transgenic plants are
ambiguous. Saxena and Stotzky (2000) showed that the Bt toxin was released from
roots of Bt corn into the soil, while Head et al. (2002) could not find the toxin in soil
on which Bt cotton had been grown for several years.

LeBlanc et al. (2007) studied rhizosphere soil samples taken from the one
Canadian field trial of Picea glauca expressing Cry1Ab and indeed discovered a
significantly different composition of microbial communities in the rhizosphere of
the transgenic trees. Differences could not only be shown between the Bt lines and
the wild type, but also between Bt lines, wild type and transgenic lines expressing
only GUS and the selectable marker NPTII. However, when Lamarche and Hamlin
(2007) studied nitrogen fixing microbial communities in the soil of the same field
trial, they found no difference in comparison to soil collected in plantations of
spruce expressing only GUS and the marker gene or such consisting only of wild
type plants.

In decomposition experiments in a natural stream in Sweden, Axelsson et al.
(2011) found a strongly altered insect abundance on transgenic Cry3Aa expressing
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poplar leaf litter submerged in mesh bags, as compared to wild type leaves subject
to the same treatment. Quite unexpectedly, the insect abundance on the transgenic
material was much higher, with the composition of the insect community being
virtually unchanged, and beetles, against which Cry3Aa is targeted forming only a
small part of the sample and appearing unaffected too.

There are several publications (Pasonen et al. 2004; Noël et al. 2005; Stefani and
Hamelin 2010) on expression of chitinases and other genes that are expected to
enhance resistance to fungal pathogens in trees. Lamarche et al. (2011) found in
greenhouse experiments no difference between fungal communities in the soil in the
rhizosphere of Picea glauca expressing a Trichoderma harzianum chitinase, a line
created in the first place to render it resistant against fungal pathogens.

As addressed above, chitinases can have an insecticidal effect suggesting that a
potential non-target effect on insects cannot be excluded. However, as yet there are
no studies on this question available.

4 The challenge of Insect Resistance Management

As mentioned above, insect resistance management is a hot and controversial topic,
given the as yet uncertain effects on resistance development. Critics quote evidence
from non-woody plants that transgenic work will lead eventually to insect resis-
tances—which in turn is denied by supporters. Questions concerning potential
problems in insect resistance management thus are still unanswered.

A line in Cao et al. (2010) saying that “a recent study demonstrated transgenic
plants expressing Bt genes have developed insect resistance” nicely captures the
situation for it remains in the greater picture unclear whether it is the plants or the
insects that are rendered resistant in the end.

Large-scale plantations may potentially turn out as effective tools to involun-
tarily select for insect strains with high resistance against the only widely applied
and applicable environmentally friendly biocontrol, the Bt toxin. This concern is
supported by the history of resistance development in crop plants. In 2003 still no
cases of a resistance in insects having developed as a consequence to exposure to Bt
crops in the field had been reported. “Resistance to Bt toxin surprisingly absent
from pests” is the title of a news piece in Nature Biotechnology of that year (Fox
2003). What this headline states however is, strictly speaking, false, since at that
time a resistance against conventional Bt spray had already been found in the
diamondback moth Plutella xylostella (Lepidoptera: Plutellidae). Bt resistant corn
borers and other insect had already been generated and grown in laboratory
experiments, proving already then that the emergence of a resistance against the Bt
toxin was certainly within the realm of the possible. Not surprisingly it did even-
tually happen. In 2007, Van Rensburg reported a field-evolved resistance to
Bt-transgenic corn in the stem borer, Busseola fusca (Lepidoptera: Noctuidae) in
South Africa. Soon field-evolved resistance to a Bt transgenic crop and an increased
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frequency of resistance alleles was also confirmed in the corn earworm Helicoverpa
zea (Lepidoptera: Noctuidae) (Tabashnik et al. 2008). Bt transgenic corn is grown
on a much larger area and also for a longer time than any Bt-transgenic tree.
Therefore it is plausible that, depending on the management strategies,
Bt-resistances in insects that are relevant to forest trees will emerge at a later point
in the future.

Hu et al. (2007) found the insect resistance remaining stable between 1997 and
2001 in Bt transgenic Populus nigra in plantations in China. Zhang et al. (2011a)
take the lower numbers of coleopteran pests in a plantation of transgenic hybrid
poplars expressing Bt together with a proteinase inhibitor in comparison to wild
type plantations, assessed in a 3-year period as an indication for the transgenic
poplar retaining their resistance against the coleopteran targets. Zhang et al. (2011b)
also, having performed an assessment over three years, argue that, as in Bt trans-
genic hybrid poplar plantations fewer of the targeted insects were observed, this is
an indication of the plants retaining their insect resistance.

One way to address the problem of resistances arising is to introduce multiple
resistance genes. However, it is a question of whether this just buys time rather than
preventing the arising of resistances efficiently and long term.

5 Non-Bt Approaches and biosafety

The body of literature concerning the safety aspects of insect-resistant transgenic
trees in the environment is largely focusing on Bt transgenic lines. Although non-Bt
approaches are on the rise there are few studies looking at transgenic trees
expressing other proteins for enhanced insect resistance.

5.1 Chitinases

Birch is a source of high-value timber and is important as a forest tree, in particular
in the northern countries, and a host plant to a multitude of herbivorous insects.
Work to develop approaches to reduce herbivory on commercially grown silver
birch (Betula pendula) includes expression of chitinase. Vihervuori et al. (2008)
studied insect communities on lines of transgenic birch (Betula pendula) that were
expressing a sugar beet chitinase gene and were originally made to test the potential
for enhancing fungal resistance. They found indeed a shift in insect communities on
transgenic trees compared to the wild type ones, with the surprising result being,
given the anti-insect effect of chitinases shown elsewhere, that the transgenic
lines in fact turned out to be generally more attractive to the main group of insect
present on birch here, the aphids. The insect diversity appeared to be unaffected by
the level of transgene expression.
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5.2 Proteinases

Protease inhibitors act in a highly unspecific manner and affect a range of prote-
olytic enzymes. Given that proteases do not only play an important role in the insect
gut, but in many other compartments of many other organisms, it does not seem
unreasonable that overproducing these proteins in a plant system may lead to
non-target effects. As reviewed by Schlüter et al. (2010, and references therein)
results on non-target effects of protease-inhibitor expressing transgenic plants are
ambiguous. With positive, negative and insignificant effects being observed on
different non-target organisms, it cannot be excluded that non-desirable effects on
ecosystems may arise upon a larger scale use of such plants.

Until now, no transgenic trees that overexpress solely protease inhibitor genes
have been tested in the field. A change in protease activity and a resultant resistance
of the insects can be observed already in greenhouse experiments and in work in
crop plants (e.g. Dunse et al. 2010).

5.3 Lectins

As yet, no studies as to the non-target effects of lectin expression are reported from
transgenic trees. However, there is indication from crop plants that there may be
downstream effects in the food chain. In an example of work on agricultural crops
Hogervorst et al. (2009) studied imagines of parasitoid wasps feeding on honeydew
excreted by aphids on an artificial diet containing GNA. They found that the life
span of these wasps was significantly reduced. However, this observation could not
be repeated with wasps fed on honeydew excreted by aphids feeding on a GNA
transgenic wheat line. Given that GNA expression was generally very low in these
plants this finding does not exclude an effect being present in other cases or in the
field. For trees as yet only a very limited amount of work with GNA expressing
lines has been published. However, a potential combination of an aphid developing
resistance and, in addition, the parasitoid effectiveness in aphid control being
weakened due to the toxin being delivered via the honeydew would surely give
reason for concern. Hogervorst et al. (2009) point out a need to study honeydew as
a potential route of exposure of non-target organisms to transgenic products, such
as GNA and other toxins. Honeydew producing insects are found on a large number
of forest trees, as illustrated by the commercial production of honey from their
sugary excretions in many parts of the world.

5.4 Avidin

Christeller et al. (2006) found that avidin readily binds to the surface of soil par-
ticles and further maintained its insecticidal activity, as tested in bioassays using the
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light brown apple moth (Epiphyas postvittana, Lepidoptera: Tortricidae). In work
reviewed and summarized by Christeller et al. (2010), effects of avidin-transgenic
tobacco on non-target organisms were absent or non-significant. The authors
(Christeller et al. 2010) however, in view of the potential lower nutritional value
suggest that the technique should be applied preferably in non-food crops, explicitly
naming pine, eucalyptus, poplar and willow.

5.5 Tryptamine

Tryptamines are neuroactive substances that may affect a wide range of organisms,
provided they do possess neurons. Gill et al. (2003) point out that “Elevated
tryptamine levels can be expected to have positive and/or negative impacts on other
organisms that depend on their interaction with poplar to successfully complete
their life cycle”. However, there is altogether an insufficient amount of literature to
draw further conclusions.

5.6 Scorpion and Spider Toxins

It is not unlikely that biomass of transgenic trees would in a plantation situation not
only be a potential source of feed to insects and other invertebrates, but also to other
herbivores. Yang et al. (2013a) present a study that found no effect in rabbits that
were fed green fodder from transgenic Populus cathayana Rehd. leaves expressing
aManduca sexta chitinase and a Buthus martensii scorpion toxin (BmIT). The same
authors also performed a study in which the transgenic material was fed to the
animals in the form of dried leaf pellets, and, as before neither found an effect on
weight or any pathological symptoms nor morphological changes in the rabbits
(Yang et al. 2013b).

The risks of bringing recombinant spider neurotoxins into the environment are
likely to be comparable to those associated to the use of scorpion derived genes.
However, no studies on this topic have yet been published.

5.7 Effects of Non-anti-insect Transgenic Trees on Insects

While in the previous sections work on transgenic trees specifically engineered to
have phenotypes that enhance insect resistance, it is worthwhile to consider what
effects other transgenic lines of forest trees, carrying genes that may at times be
combined with Bt or other insect resistance enhancing genes, may have on the
insect fauna. Other transgenic lines that do not target insect may equally have
effects on invertebrates, as “Changes in herbivore preference or performance on
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genetically modified plants could result from transgene expression, either though
the primary… or secondary (pleiotropic) functions … of the novel protein” (Post
and Parry 2011, and references therein).

Again there is little data to build on. As yet no studies are available on the effects
of transgenic material expressing antifungal polypeptides further down the food
chain. It is imaginable that effects onto fungal symbionts may affect social insects
and thus have wider implications onto ecosystems—a potential risk that is to the
author’s best knowledge as yet completely unstudied (Robischon 2006b).

A study by Post and Parry (2011) found that fitness in gypsy moth fed on
genetically modified American chestnut that expressed a wheat oxalate oxidase
gene (a gene which, if expressed in Zea mays resulted in a reduction of feeding by
European corn borer (Ostrinia nubialis, Lepidoptera: Pyralidae; Ramputh et al.
2002) was positively affected by this diet.

There is a general concern in parts of the public that marker genes that are
involved in most transformation events, such as NPTII may have unpredicted
environmental or health effects. Schnitzler et al. (2010) studied invertebrates in a
field trial consisting of transgenic Pinus radiata lines expressing said marker gene as
well as different genes studied for their role in development, such as CONSTANS,
LEAFY and APETALA. Given that NPTII is not known to be entomotoxic it does not
come as a surprise that no significant difference in invertebrate communities col-
lected from the transgenic trees as compared to the wild type trees could be found.

Hjältén et al. (2007) studied transgenic hybrid aspen clones (P. tremula ×
P. tremuloides) that were transformed for what was believed to be a non-insect
resistance trait, the overexpression of a maize sucrose phosphate synthase. The
original aim of this work was to enhance biomass production. However, it turned
out that by introducing this gene also levels of endogenous phenolics and nitrogen
were altered. In a line that stood out by having high levels of salicin, tremuloidin,
condensed tannins and nitrogen, but at the same time lower concentrations of
coumaric acid and several flavonoids a lower level feeding by a leaf beetle
(Phratora vitellinae, Coleoptera: Chrysomelidae) than in the wild type was
observed. Kosonen et al. (2012), working on a transgenic poplar engineered to have
high levels of condensed tannins by expression of a MYB134 transcription factor
leading to a high expression of the corresponding MYB134 gene, found that the
brassy willow beetle Phratora vitellinae (Coleoptera: Chrysomelidae) preferred the
transgenic line over the wild type, but appeared to be particular attracted by sali-
cylates which are feeding stimulants to this beetle.

High tannin levels have been observed to be correlated with reduced herbivory
in forest trees, and therefore high tannin content has been at times considered to be
part of defense systems, with the empirical evidence however being inconsistent.
A study by Boeckler et al. (2014) found that forest tent caterpillars (Malacosoma
disstria, Lepidoptera: Lasiocampidae) and gypsy moth (Lymantria dispar,
Lepidoptera: Lymantriidae) show an enhanced preference for transgenic aspen
material that expressed a tannin regulatory gene and had as a result significantly
elevated foliar condensed tannin levels. Given that the insects also showed an
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increased weight gain, faster pupation and other indicators of fitness this system
does not appear as a suitable way to enhance resistance.

Hjältén et al. (2013) also compared feeding by Phratora vitellinae in two hybrid
aspen clones (P. tremula × P. tremuloides and P. tremula × P. alba) that were both
transformed either with a cry3Aa Bt gene or had an altered lignin composition due
to overexpression of caffeic acid 3-O-methyltransferase (COMT) or Cinnamyl
Alcohol Dehydrogenase (CAD). While in the Bt lines a negative effect on the
feeding could be found, this was not the case in the COMT or CAD lines. Tiimonen
et al. (2005) fed leaves of a transgenic silver birch (Betula pendula) expressing a
COMT (caffeate/5-hydroxyferulate O-methyltransferase) gene and displaying a
phenotype of altered lignin composition to a range of, but found no significant
difference in feeding preference of growth performance between wild type control
and transgenic line.

Depending on the future development and future expansion of transgenic
plantations it can however not be excluded that there may be effects on insect
populations within a suite of larger scale ecological effects. For example, it seems
natural that large-scale Eucalyptus plantations in the southern USA, made possible
solely by the development of transgenic freeze-resistant lines, would harbour
drastically altered insect communities than the original, native forest cover. This is
demonstrated already by eucalyptus plantations worldwide. Work on freezing
resistance in transgenic poplar has been reported by Zhou et al. (2010).

6 Conclusions

Effects thatwere so far scientifically provendonot suggest all toodrastic consequences
of the use of transgenic insect-resistant trees, as far as the direct impact of the respective
transgene is concerned. It would however be premature and in fact imprudent to give
all-clear signals. Thenumber of studies on trees is very small. Thenumber of studies on
agricultural crops is much larger, but the scope for comparisons is limited due to the
entirely different structure of production systems, and any conclusions drawn from
observations in agriculture are only of limited meaning to forestry.

Finally, transgenic methods make it increasingly possible to grow plant species
not only outside their original and natural geographic range, but also in completely
different climatic zones, as for example in the case of the cold-resistant Eucalyptus
trees. It can also be expected that transgenes combining several aspects, such as
insect resistance, cold resistance or salt tolerance will greatly enlarge the area in
which a particular clone can be planted, hence expanding the effects of the
large-scale monocultures, and also including more naturally occurring insects into
the ‘unplanned’ exposure trials. The emergence of insects that are resistant against
their specific Bt-toxin in Bt-transgenic trees is therefore only a matter of time, and,
according to current knowledge, can only be delayed by appropriate management
strategies.
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It is, in spite of past research, difficult or impossible to estimate what further
‘unwanted effects’ may potentially emerge in the wake of the use of insect resistant
transgenic forest trees.

Kosonen et al. (2012) emphasize that “transgenic plants are powerful tools, but
that enhancing one secondary pathway may lead to unexpected effects on other
pathways, and thus impact characteristics such as plant resistance against herbi-
vores, especially in changing climate conditions”. Post and Parry (2011) add on that
matter that “the imprecise nature of transgenesis may inadvertently alter tree
phenotype, thus potentially impacting ecologically dependent organisms”. With an
increasing number of transgenic lines expressing multiple foreign genes in com-
bination there will be an increased complexity of environmental effects and impacts
on entomocenoses and zoocenoses in general, making an assessment of potential
non-target effects increasingly difficult.

The problem of unwantedly affecting non-target organisms in tree biotechnology
may however change with the advent of new technologies, which allow a shift away
from the overexpression of transgenes under foreign promoters to modulating the
expression of the plants own, native genes. A new tool of tree transgenesis is
emerging with the development of the clustered regulatory interspaced short
palindromic repeats (CRISPR) associated nuclease (Cas) system (CRISPR/Cas).
Tools to design CRISPR/Cas9 constructs for targeted genome editing are now
available for Populus trichocarpa (Heigwer et al. 2014).

Whichever technology however is applied to generate genetically altered trees, it
has to be considered in risk assessment that classical mechanistic thinking is
unsuitable to study living systems that are prone to yield phenomena that are
unexpected and that may at first even appear paradox.

At a time when the long-term effects even of “simple” transgenes expressing
only a Bt gene are hardly satisfactorily studied, we are looking at much more
complex constructs with proteins interacting in unknown ways and having poten-
tially very different effects on target and non-target organisms. Therefore, a con-
tinuous monitoring at a high level is needed to ensure phytophagous insects in
non-natural stands with a non-natural genotype will not become a factor unpre-
dictable to future foresters.
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Potential Impacts of GM Trees
on the Environment and on Plant
“Omics”: Questionnaire-Based Responses
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Debora C.M. Glandorf, Jeremy Sweet and Fernando Gallardo

Abstract A questionnaire has been formulated among the participants of the
COST action FP0905 “Biosafety of forest transgenic trees” and other scientists in
order to collect comments and personal opinions on some general aspects of the
impact of the introduction of transgenic forest trees and on the use of “omics”
strategies for environmental risk assessment (ERA). Beyond the personal opinions
in perceiving the complexity of the topic, some interesting hints have emerged.
Almost all responders agree that important biosafety issues can only be addressed
by conducting field releases of transgenic trees. Despite the recent publication of
numerous “omics” studies in relation to GM crop assessment, large-scale methods
that can be internationally certified and accepted are presently not available.
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1 Introduction

Transformation or genetic modification is a modern plant biotechnology technique
for the transfer of genes from one organism into almost any other one, producing
what we call a genetically modified (GM) or genetically engineered (GE) organism.
However, concerns have been raised that this breakdown of species barriers could
lead to novel and unpredictable rearrangements of genetic information in the
genome of the resulting GM organisms. In the past 20 years, plant breeders have
taken advantage of these new techniques to insert new characteristics that are either
unattainable by traditional agricultural methods or require long time periods along
the whole breeding process.

The benefits of GM plants for plant breeders as well as farmers have been
considerable, e.g. by providing novel forms of plant protection that can replace the
use of agrochemicals. A large proportion of maize, soybean and cotton produced
worldwide are GM. However, there is a current debate whether GM plants might
contain unexpected, potentially undesirable changes in overall metabolite compo-
sition, as a direct consequence of the introduction of (a) new gene(s) into the
genome. The concept of unintended effects in GM plants encompasses all effects
that go beyond those intended by the original modification and that might impact
primarily on health or the environment. Predictable and unpredictable unintended
effects may or may not prove to have relevance in terms of safety, but must be taken
into account when assessing risk parameters. However, appropriate analytical
technology and acceptable metrics for full compositional similarity may require
technology and tool development.

The targeted approach for analysis of single compounds with special focus on
important nutrients and critical toxicants has been widely accepted by international
bodies as part of the concept of ‘‘substantial equivalence’’. It has been successfully
applied to the safety assessment of the first generation of GM crops. While the
selection of compounds for such analysis is the first step in the targeted approach,
there are no generally accepted and harmonised guidelines that define the full extent
of analyses required to fulfil statutory risk assessment (RA) procedures.

The major plant genome sequencing projects (Arabidopsis, poplar, rice, etc.) can
be considered as huge reference books and are important sources of information.
Microarrays, next generation sequencing (NGS; RNASeq), and proteomics, how-
ever, measure components that are subject to constant change. These changes may
be cyclical, developmental, or responses to changes in the environment. The
approaches provide comprehensive ‘snapshots’ of the cell, tissue or organ at the
level of messenger RNA (the expressed genes or transcriptome) and protein (pro-
teome), respectively, and will eventually reveal how the components function and
interact as working parts of the cell machinery. The entire collection of metabolites
in the cell is called the metabolome and the science of measuring it (metabolomics)
forms the third of the new “omics” technologies. It uses established methods of
analytical chemistry such as flow injection electrospray ionisation mass spec-
trometry (FIE-MS), Fourier transform ion cyclotron resonance mass spectrometry
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(FT-ICR-MS), Fourier transform infrared (FTIR) spectroscopy and nuclear mag-
netic resonance (NMR), by seeking to measure “everything at once” rather than
isolating single compounds of interest. The results again reflect a changeable
composition measured at a specific moment in time. The development of these three
technologies allows us to think in terms of whole biological systems, leading to
understanding and prediction of how a change in one part of the system will affect
other parts and ultimately the whole system. Without doubt, all these techniques are
capable of generating volumes of data that are far greater than anything that biol-
ogists have faced before.

In applying these techniques to plants, it is essential that multiple reference sam-
ples are studied in order to assess inherent environmental variability, thus enabling the
experimental samples to be evaluated in the context of the baseline situation as a
whole. Variable patterns in transcriptome, proteome or metabolome depend on
growth conditions, geography, season or variety. It is worth noting that comparisons
of GM trees with “omics” platforms are expected to be less complicated than com-
parisons of annual GM crops. In fact, annual GM crops have been so far selected by a
process based not only on the suitable expression of a new trait but they have also
undergone a number of crosses and backcrosses to introgress the new trait into elite
lines and to obtain homozygosity of the transgene. With forest trees, self-fertilisation
is not a viable approach for obtaining homozygous single-copy clones (the genotypes
usually selected for commercialisation) due to long juvenile period, high level of
heterozygosity leading to inbreeding depression and to self-incompatibility and
sterility phenomena. As a consequence, in GM trees, the transgene is harboured by
only one of the two homologous chromosomes, and is expected to remain unchanged
during the whole transgenic clone’s lifetime. Also, backcrossing is not normally used
to produce large quantities of transgenic woody plants due to the long time needed to
produce and test large numbers of transgenic progenies and because backcrossing
breaks up the genetic constitution of the elite variety that was transformed. Therefore,
to maintain the traits of the original untransformed cultivar and the additional features
conferred by the transgene, GM trees must be vegetatively propagated on a large scale
for field plantations. With plants like forest trees that propagate vegetatively, com-
parative analyses would include the parental variety used to produce the transgenic
lines. This is different from crops that reproduce sexually andwhere the comparator is
a near-isogenic line that is genetically different from the GM variety at many loci
throughout the genome. In the “omics” approach, the choice of the appropriate
comparator is of fundamental importance to disaggregate the natural genetic vari-
ability of the conventional plant from that induced by the GM.

2 Questionnaire on Opinions

In considering these differences between trees and crop plants, the opinion of some
participants involved in research on transgenic organisms was sought on factors
which could affect the procedures for testing and RA (risk assessment) of GM trees.
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Specifically, they were asked what they consider as the most relevant environmental
impacts of GM trees and what information they believe can be obtained from
“omics” analyses that could be useful in the ERA. The resulting information would
then help in contributing to the debate on potential impacts of GM trees and to
inform policy makers.

A total of 20 participants responded, most of them having direct experience with
GM plants, RA and/or regulation of GM plants.

First of all, some responders, before answering the specific questions, made
some remarks which should be pointed out, even if the comments were not nec-
essarily shared by all the participants.

• There are now hundreds of studies (the European Community spent 300 million
Euros already) showing that transgenic plants are not inherently more risky for
the environment than classically bred hybrids, just because they are GM.
Therefore, a case-by-case approach should be followed.

• Exotic species, and new varieties obtained by classical breeding, might pose
risks for the environment and for human health (e.g. allergies) that could be far
greater than those caused by GM plants, because the differences in the genome
of new hybrids compared to their parents are typically greater, and therefore
more unpredictable, than those of GM plants that usually have only a few extra
genes introduced.

• Transgenic plants have already been cultivated for decades, and they appear to
be safe and predictable. Every year, 150 million ha of transgenic plants are
cultivated, and none of the alarming scenarios have come to reality.

• For the above reported reasons (i) the safety measures that have been taken,
starting from early days of cultivating GM crop and increasingly so up to today,
need to be reconsidered, (ii) the fact that GM plants are treated differently from
classically bred hybrids is scientifically not defendable.

• If no safety measures are taken for non-GM hybrids, then the extreme safety
measures for GM plants have to be reconsidered.

• It would be worth deregulating particular classes of GM plants for which the
safety and environmental impact is negligible, e.g. promoter–reporter constructs,
genome editing, knock-outs of endogenous genes, etc. One can then spend time
and money on GM plants, and classically bred plants, which cultivation may
interfere with the environment or human health (e.g.: when cultivating a new
potentially toxic plant variety engineered for non-food uses close to other stands
of the same species that are used for human food and animal feed).

Taking into consideration the above mentioned premises the answers of the
participants on the following questions are given below:

Which of the potential adverse effects of GMO (section C2, EU Directive 2001/18/
EC) are most relevant to consider in the case of GM trees?
Several participants pointed to the difficulty in answering this question without
taking into consideration the inserted trait. To this aim, it should be underlined that
this survey has been specifically targeted at the evaluation of “omics” strategies as a
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tool for environmental risk assessment. Therefore, comments and suggestions
should be focussed on a general point of view, but additional information on a
“case-by-case” basis would be considered when there is an indication of a potential
hazard or impact on the environment or when a risk to the environment had been
identified in the ERA.

Generally speaking, considering the fact that woody plants (and thus GM trees)
survive for many years on the same spot, most concerns expressed by the partici-
pants were related to the putative modifications of the dynamics of populations in
the receiving environment. In this respect, the presence of wild relatives and the
ability of the GM tree to outcross with them must also be taken into consideration
when evaluating the invasiveness or persistence of the GM tree in a specific
environment. Many responders outline that such characteristics should also be
assessed when breeders bring any new varieties onto the market. New varieties
(GM or not) are often selected for higher resistance/tolerance to biotic and abiotic
stresses, and these resistance alleles can also affect allele frequencies of natural
stands of related species in the neighbourhood.

Other aspects to be taken into consideration as a potential adverse effect are: an
altered susceptibility to pathogens (possibly due to the onset of hyper resistance)
and the impacts on soil biogeochemistry due to the residuals of the GM trees in the
soil.

With a root system exploring deeply into the soil and persistent for many years,
woody plants (and thus GM trees) could modify the carbon and nitrogen biological
cycles, modifications which cannot be easily monitored. Less concern has been
raised by the responders about the putative toxicity or allergenicity to man and
animals and risks related to the potential spread of antibiotic resistance marker
genes from trees to soil microorganisms.

Which of the following mechanisms do you consider most probable in potential
adverse effects of GM trees?

• The spread of the GMO(s) in the environment
• The transfer of the inserted genetic material to other organisms, or the same

organism whether GM or not
• Phenotypic and genetic instability
• Interactions with other organisms
• Changes in management, including, where applicable, in agricultural practices

Most answers show that horizontal and vertical gene transfer are exposure
pathways to be taken into consideration, followed by the issue that containment
strategies will not be able to limit the establishment and spread of the GM trees in
the environment.

Also the interactions of GM trees with other organisms possibly modifying
microbial, plant and animal communities constitute a concern for some of the
responders.
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Only a few participants stressed the occurrence of phenotypic and genetic
instability in the GM trees related to the long life span of these organisms and even
fewer raised problems about the changes in management and cultivation practices.

Questions about relevance of plant “omics” in ERA
According to the Directive 2001/18/EC (annex II, D.2.) information has to be
provided on immediate and/or delayed environmental impact resulting from direct
and indirect interactions of the GM plant with the environment. One of the ques-
tions debated is whether measurable indicators correlated to the requested infor-
mation can be drawn from an “omics” approach.

(a) To determinate a potential adverse effect, do you think that “omics” variations
between a GM tree and its non-GM parents are relevant to/can be used in the
ERA of GM trees?

Metabolomic approaches reveal new metabolites being synthesised in both GM
and new hybrid plants in comparison to their parents, some of which might be toxic
to humans or animals. For example, each interspecific hybrid will make numerous
metabolites of which the abundance is different from that in the parents, or which
are not at all present in either of the parents. Plants contain an estimated number of
5000–10,000 metabolites. For 10 % of these metabolites, the structure is known;
however, from the majority of the metabolites, the structure is unknown. For almost
none of these known metabolites we have sufficient knowledge on what effects they
have on humans and animals, and if they do, whether it is positive or negative and
in which doses, and if these supposed activities depend on the type of
human/animal gut flora or not. Also, the occurrence of these new metabolites will
depend on the organ analysed, its developmental stage (juvenile, adult) and its
interaction with the environment. Thus, while in some cases it might be good to do
a targeted metabolite profiling, an “omics” approach is not advisable.

Studies in Arabidopsis on the effects of knocking out individual genes of the
lignin biosynthesis pathway have shown that many new metabolites, that are absent
or below the detection limit in wild type, are being made in mutants, which are not
necessarily transgenic, but could be caused by a spontaneous mutation or a
mutagen. Also dozens to hundreds of genes are typically differentially expressed in
mutants (e.g. Vanholme et al. 2012).

Therefore, even if “omics” studies in some cases can assist in the identification
of changes and new traits in GM trees (Yanfang et al. 2011; Xu 2014) most
participants did not recommend an “omics” approach for ERA of GMOs.

The main difficulty with the “omics” approach is that, in the current state of
knowledge, it is very difficult to identify the biological relevance of the observed
changes. It is crucial to have substantial information on the natural variation
(baseline data) in wild-type or “traditional” plants in order to be able to interpret
“omics” data correctly.

Furthermore, most changes at the “omics” level do not penetrate to the pheno-
typic level. In other words, whether a plant induces or represses the expression of
dozens of genes, this does not necessarily have any consequences on the
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development of these plants. This is called “phenotypic buffering” (Fu et al. 2009;
Boerjan and Vuylsteke 2009).

(b) Do you think that a change in plant “omics” can be correlated to indicators
given above for ERA?
Most participants pointed out that “omics” technologies represent promising
tools for the detection of unintended effects, but these methods must be val-
idated and harmonised and, at present, no “omics” output can be correlated to
indicators for potential adverse effects on the environment (though this
opinion was not shared by some participants). Several studies have shown that
the extent of natural variation of gene expression is larger than the variation
due to the insertion and expression of the transgenes. Furthermore, blindly
looking for changes in molecular profiles can give misleading answers.

Please note that according to the Directive 2001/18/EC (Annex II, D.2.) infor-
mation and indicators have to be provided on intended and unintended changes
to the GM plant in order to determine the potential impacts of genetically mod-
ified plants (GMP) and such information was considered for the ERA of crop
plants. Do you think that additional information or indicator(s) have to be
considered for a potential environmental effect of GM trees?
For most participants, the indicators listed in the Directive 2001/18/EC (annex II,
D.2.) are valid for GM crops and also fully applicable to GM trees because these
indicators are broadly defined. To conduct an ERA for GM trees, the indicators may
be tailored to specific biological characteristics of trees, in particular those related to
the life span of trees: the long cohabitation in the same environment for several
decades can affect the impact on the environment (ecosystem) and biodiversity
(most concerns were related to the stability of the transgene and to the long-term
effects on the fauna and soil microbial communities).

It should be added that concerns were expressed about the fact that the genetic
diversity in next generation forests will be eroded if the local varieties are driven out
of the market and superseded by GE trees and their products as only a limited
number of commercial varieties will be grown. In this context, the beneficial
functions of genetic diversity in populations ought to be considered. Of course, the
same holds for classically bred (non-GM) varieties that are deployed at large scale.

What are your general recommendations for post-release monitoring of potential
environmental impacts of GM trees?
About this question, different opinions were voiced: (i) if no adverse effect is
revealed from the comparison of the GM trees with their non-GM comparator, there
is no need for any post-release monitoring for these GM trees as is the case for
non-GM tree plantations. (ii) if post-release monitoring is done for GM trees, it
should also be extended to new conventionally bred varieties as well. Very few
participants believed that GM trees should not be released on the market.
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Most respondentsmade some recommendations and suggested specific topics to be
monitored: first of all, monitoring will be affected by the longevity of the trees.
Monitoring platforms in this case diverge from GM crops. Looking at the following
recommendations, it should be taken into account that monitoring should be propor-
tionate in time and space, and consider already identified risks on a case-by-case basis:

• It was suggested to monitor the soil communities and/or their functions
underneath GM trees to detect whether there are any differences compared with
plantations of non-GM trees.

• Behaviour of insects and other animals (survival, feeding patterns and repro-
duction) associated with GM trees should also be monitored.

• Initially, monitoring studies of GM trees can be performed in contained envi-
ronments (e.g. glasshouses). Subsequently long-term, controlled field testing of
GM trees compared with their parental lines and related wild types should be
conducted at several sites. Traceability of GM trees is another additional
concern.

• If risks or uncertainties are identified in the ERA, the effects of climate change
on these risks of GM and conventional forest reproductive material should be
considered both during the ERA and during monitoring.

What are the main research topics that the EU has to support to cope with
potential adverse effects of GM trees on the receiving environment?
Almost all responders agree on the importance of research to address concerns
related to biosafety and that the issues that are central to safe deployment can only
be addressed by conducting field release of transgenic trees.

Many participants outline the need for a deeper knowledge of the biology of
transgenic higher plants, including GM trees and have suggested several topics on
which research should be focused:

Improvement of RA technologies

• Developing of appropriate tools to assist collecting data which is relevant to
determining changes and impacts of trees cultivated at large scale, be it GM or
non-GM. This could include “omics”.

• Collecting baseline data on how trees interact with their receiving environment
and other organisms.

• Establishing base line data on rates of gene flow and gene introgression from
cultivated into wild type trees.

Gene flow and fitness assessment

• Seed and pollen dissemination, impact on non-targeted species and environ-
ment, be it for GM or non-GM trees.

202 S. Biricolti et al.



• Potential invasiveness of trees cultivated at large scale, be it GM or non-GM
trees.

• Development of genetic containment strategies for suppressing transgene dis-
semination (inducible germination, sterility, control of transition between
juvenile and reproductive phase).

Biotic Interactions

• Field trials and silvicultural management of GM trees, ecological impact and
biodiversity conservation evaluation

• The assessment of the possible impacts of GM plants on soil microbial com-
munities and functions in comparison to those induced by non-GM trees.

Human Health

• Monitoring of literature originating from clinical research regarding possible
allergenic effects on human health.

Legislation Policy

• To support policy level in EU countries regarding/reviewing of legislation/laws
for GMOs, with the aim of providing safe scientific atmosphere for GM tree
research.

Improving genetic transformation methods

• To avoid pleiotropic adverse effects and reduce risks in the receiving environ-
ment, multigene co-transformation, targeting of regulator genes and plastid or
mitochondrial transformation should be investigated, in addition to the use of
gene-editing techniques such as CRISPR/Cas9 system.

Participants were also invited to make any additional comments that they con-
sidered relevant to the topic of this survey.

In addition to the comments reported at the start of the questionnaire, only one
participant made two main comments

• More opportunities should be created to finance educational projects with the
aim of making people more aware of the need for objective and critical thinking
regarding GMOs (i.e. to explain the differences and similarities between tradi-
tional breeding and biotechnology)

• A recommendation for national and EU funders to support research initiatives
for establishing ethical-based platforms and transparent committees for trans-
genic biotechnology and research on national levels.
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3 Conclusions

Despite the recent publication of numerous “omics” studies in relation to GM crop
assessment, large-scale methods that can be internationally certified and accepted
are presently not available. Using metabolomics as data generation instrument
(measuring more metabolites but with less precision) for GM forest trees assess-
ment would provide little or no added value, since it does not yet substitute the
currently used analytical methods.

Basic research should be carried out to improve analytical methods and evaluate
the reliability of the results. A weight-of-evidence approach for a better determi-
nation of the consistency of the observed differences, and determination of their
non-transient nature and of their biological relevance, are all recommended.
Modelling is needed to analyse observed differences in various metabolic pathways.
Subsequently, a tiered approach to the potential use of “omics” could be proposed,
which would follow a decision tree incorporating parameters from traditional safety
assessments and establish, on a case-by-case basis, whether “omics” use is helpful
or not at a later stage.

Therefore, it seems unlikely that a new GM plant would exhibit extensively
altered gene expression, protein or metabolite profiles if the key metabolome as
well as phenotypic characteristics like growth, flowering, fruit development, or seed
production are equivalent to non-GM counterparts. Nevertheless, biological vari-
ability is a common phenomenon from a systems biology point of view. Differences
attributed to transgenesis have already been reported in the published “omics”
studies. However, when a larger set of references was included in the comparative
assessments (i.e. beyond the pairwise comparison of a GM line and its near isogenic
line), the most pronounced differences were consistently found between the various
conventional varieties, a trend basically linked to the crop diversity maintained or
created by plant breeders. This should be put in perspective, taking into account that
conventional breeding is generally regarded safe, despite the fact that the nature of
the changes in new conventional cultivars is usually unknown.
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Abstract Decisions related to the use of genetically modified (GM) forest trees
could be more rational if they would take into account socio-economic consider-
ations in addition to environmental risk assessment. This chapter presents an
overview of available socio-economic approaches and tools for assessment of GM
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forest crops and presents options for their implementation. In particular, it explores
the suitability of Cost–Benefit Analysis (CBA), a well-known method in the field of
economics, for aiding the decision-making process that regulates the experimental
and/or commercial release of GM forest crops. A generic catalogue of potential
positive and negative externalities that can reasonably be expected as a result of
commercial application of GM forest trees and which are specifically connected to
modified traits was compiled to form the basis for CBA. Cost and benefit variables
were grouped according to two criteria (i) the sustainability type of variables,
namely environmental, economic and social variables and (ii) the affected party.
The latter is particularly useful as it is related to the distributional equity of costs
and benefits of GM forest trees. Finally, results from a focus group study that was
organized as part of COST Action FP0905 in order to identify the most important
positive and negative externalities of GM forest plantations in connection to
modified traits is also presented. CBA can make a significant contribution to a more
rational decision-making process towards the potential release of GM forest trees,
as it would add a measure of potential contributions to social welfare. However,
further research is required to provide more information on the range of potential
positive and negative externalities, their quantification, and predictions at different
spatial and temporal scales.

1 Introduction

The potential use of GM forest trees in commercial plantations has been predicted
by a number of authors to contribute to increased forest productivity, improved pulp
for paper, biofuel production, reduced need for or more efficient use of energy,
pesticides and fertilizers, climate change mitigation and preservation of biodiversity
(Sedjo 2006; Chapotin and Wolt 2007; FAO 2008, 2010; Hinchee et al. 2009;
Flachowsky et al. 2009; Harfouche et al. 2011). However, to date no commercial
GM forest crops are grown anywhere in the world with the exception of China. This
lag in the commercial utilization of GM technology in forestry has been largely
blamed on current biosafety regulations (Van Frankenhuyzen and Beardmore 2004;
Valenzuela et al. 2006; Harfouche et al. 2011; Aguilera et al. 2013; Häggman et al.
2013, www.cost-action-fp0905.eu).
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In the European Union (EU), regulating decisions in relation to GM forest crops,
similarly to GM agricultural crops are based on environmental risk assessments.
Clearly, potential risks of GM forest trees, particularly those related to biodiversity
and the environment as well as to human and animal health are essential to be taken
into account in making biosafety decisions. However, consideration solely based on
such criteria may not lead to rational public decisions regarding the approval of GM
forest crops for experimental or commercial plantings. Current restrictive legislation
runs the risk of unintentionally hampering innovation as evidenced through
non-approved cases where the risks might be low and the expected damages small,
or of closing the door on developments where the benefits associated with culti-
vation of GM forest trees might be well worth accepting potential risks.

In order to improve the decision-making process in relation to biosafety of GM
forest trees both potential benefits of their cultivation and public acceptance should
be considered through socio-economic assessments in addition to risk assessments
(Greiter et al. 2011; Spök 2011; Wesseler et al. 2011; Du 2012; Horna et al. 2013;
Jorge et al. 2014).

Such socio-economic assessments are not new to the EU where the European
GMO Socio-Economics Bureau (ESEB) was established with the aim to organize
the frame of socio-economic assessments of GM crops within the EU territory. At
the international level, concerns for socio-economic considerations of living
modified organisms are reflected in Article 26 of the Cartagena Protocol on bio-
safety (Falck-Zepeda 2009).

This chapter presents an overview of approaches and tools for ex-ante
socio-economic assessments and how these can be utilized for decisions about the
experimental and/or commercial release of GM forest trees with particular emphasis
on Cost–Benefit Analysis (CBA). To assist with such CBAs, a list of positive and
negative externalities that can be reasonably expected as a result of GM forest tree
cultivation is presented. Cost and benefit variables are grouped according to two
criteria, (i) the type of variable, that is, economic, environmental or social, and
(ii) the affected party. Information concerning the affected parties is particularly
useful when performing CBAs, because it is related to distributional equity issues of
benefits and costs.

Finally, we present results from a focus group study that was conducted as part
of COST Action FP0905 to identify the most important positive and negative
externalities related to GM forest tree plantations and specific modified traits.

2 Approaches and Tools for Socio-economic Assessment
of GM Forest Tree Biosafety

There are two main approaches that can be used for socio-economic assessments of
GM forest tree biosafety, “Cost–Benefit Analysis” (CBA) and “Multiple Criteria
Analysis” (MCA). Both approaches have been successfully used for many years for
assessing non-GM forest tree plantations. However, their potential use for
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socio-economic assessments of GM forest trees in support of decisions about
biosafety requires special insight with regard to scope and potential methodological
advantages and limitations.

Both CBA and MCA are tight to a portfolio of alternative projects or policy
scenarios and are appropriate to be used in cases where social benefits and social
costs should be considered in a specific decision-making environment (Hall and
Moran 2003; Flannery et al. 2004; Charlier and Valceschini 2008). Formulation of
alternative projects may relate to regulation options, that is, to grant or not to grant
approval for a specific investment in a plantation, or various investments that may
differ depending on a specific GM trait, timescale, and GM plantation area or
management type. Alternative policy scenarios can also be formulated on the basis
of a combination of different issues of interest, particularly regulation procedures
and controls, consumer acceptance of specific GM forest products, timescale, GM
forest coverage, forest management and technology type.

In assessing GM forest tree biosafety, CBA analysts should first decide whose
benefits and costs of GM forest tree plantations are most important, and then record
potential impacts and select measurement indicators. Predictions on potential quan-
titative impacts need to be made over the life of each alternative project or policy
scenario, and money values need to be attached to each impact. Finally, in order to
determine present values, a discount rate needs to be included when adding up
benefits and costs and a sensitivity analysis needs to be conducted. The social dis-
count rate is the rate at which the CBA analysts should discount the benefits and costs
accruing at different times over the life of each alternative project or policy scenario.
However, different theories suggest different values for the social discount rate.
Therefore, sensitivity analysis is most often required for the value of the social
discount rate. The alternative with the largest net social benefits would be deemed to
be the “best GM forest tree biosafety decision” and should be recommended to the
appropriate authority.

In contrast, a decision based on MCA would not necessarily determine “the best
decision” as this would take into account trade-off information to help decision
makers arriving at a decision (Kazana et al. 2003). MCA requires decision makers
to develop such trade-off information, which necessitates more active participation
of all affected parties in the decision-making process. MCA algorithmic procedures
are more complex than those used for CBA and often the computational burden of
input values is much more demanding. However, when using MCA no monetiza-
tion of the perceived benefits and costs is required.

Both approaches can be used for socio-economic assessments of GM forest tree
biosafety particularly at ex-ante level, depending on the specific decision-making
environment. However, since CBA has been a requirement for investment planning
and analysis under the EU cohesion policy since 2000 for both the private and
public sectors (European Commission 2008) it was used as a basis for our pre-
liminary work within the frame of COST Action FP0905.

Although CBA is conceptually rather simple, its implementation in the context
of socio-economic assessments of GM forest tree plantations presents specific
difficulties. These difficulties are related to the distributional equity of costs and
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benefits, that is, the question of who are potential winners or losers under each
alternative project or policy scenario. Also, potential impacts and their measure-
ment indicators are difficult to determine, as these are the subjects of ongoing
research in particular with regard to GM forest tree cultivation methods and their
impacts. Predictions of quantitative impacts over time might also be problematic as
forest trees are long-lived organisms and potential impacts of GM forest tree cul-
tivation may extend over very long periods of time.

The most difficult aspects of CBA in the assessment of GM tree biosafety relate
to the monetization of all benefits and costs. In particularly, this is the case for
determining environmental, health and/or social benefits and costs that have no
tangible market value and for which specific methods need to be developed to set
such values. One commonly used method uses the concept of “Willingness To Pay”
(WTP), that is the value of the impact under concern that is related to what people
are willing to pay for a specific product. In this approach people’s “revealed
preferences” are determined by observing their actual behaviour or through their
“stated preferences” by simply asking people what they would be willing to pay for
a certain resource. Also the “Contingent Valuation Method” (CVM) is a
well-known method, where through a survey, people are asked how much they
would be willing to pay for a certain positive externality (gain) (for example of a
GM forest tree crop), or how much they would be willing to pay to prevent a certain
negative externality (loss) from occurring or how much they would be “Willing To
Accept” (WTA) to face a loss. Using CVM studies all types of used values, such as
direct, indirect and option values, as well as non-use values, such as bequest,
existence and intrinsic values can be estimated (Pearce and Moran 1994).

An overview of methods used to evaluate WTP for GMOs in agriculture has
been presented by Marks et al. (2003), distinguishing between three different cat-
egories, opinion surveys, choice experiments and experimental auction market
methods, with the latter recommended as the most reliable method.

To date, comparable studies have not been undertaken for GM forest tree
plantations, as presently no commercial plantations are grown anywhere in the
world except China. This needs to be addressed once CBA is implemented in the
assessment of GM forest tree biosafety, and to this end experiences and relevant
published work from GMOs in agriculture might prove very useful.

3 Identification of Potential Benefits and Costs of GM
Forest Tree Crops

One important consideration for CBA is the ranking of potential beneficiaries and/or
parties that are expected to bear the costs of a specific project or policy scenario. To
address these questions, a catalogue of potential benefits (positive externalities) and
costs (negative externalities) of GM forest tree plantations was compiled in relation
to specific modified traits. Information in this catalogue was based on scientific
literature searches, official reports and online sources from around the world.
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Identified benefits and costs were allocated to three sustainability impact cate-
gories (environmental, economic and social; Tables 1 and 2). To address issues
related to distributional equity of costs and benefits, these were further dissected
within each category in relation to affected parties, including potential GM producers,
consumers, local communities, industry and the natural environment in general.

In order to rank identified positive and negative externalities according to their
relative importance, a focus group study was conducted as part of COST Action

Table 1 Potential benefits of GM forest plantations for CBA assessments

Type of
variable

Benefit description/trait Party affected

Environmental Less chemicals when isolating cellulose from wood
(modified lignin content)

Industry/natural
environment

Less energy when isolating cellulose from wood
(modified lignin content)

Industry/natural
environment

Less pulp mills pollution Industry/natural
environment

Fewer insecticides/pesticides/herbicides resistance in
forest plantations (Insecticide/pesticide/herbicide
resistance)

GM
producers/natural
environment

Avoidance of transgene escape (transferred genes
become inactive)

Natural environment

Less trees harvested for consumption needs (modified
lignin content)

Consumers/natural
environment

Less old growth logging (high yield of GM forest
plantations)

Natural environment

Higher weed control efficiency (herbicide resistance) GM producers

Better forest tree adaptability to suit different forest
management practices

GM producers

Restoration of highly contaminated soils (increased
tree stress tolerance)

Natural environment

Economic Higher pulping efficiency (modified lignin content) Industry

Better timber quality higher value product (modified
lignin content)

Consumers

Higher biofuel production efficiency (modified lignin
content)

Industry

Stronger timber construction materials (modified
lignin content)

Industry/consumers

Lower input costs for tree production (pesticide
resistance)

GM producers

Higher tree productivity (disease resistance) GM producers

Higher overall market value of GM forest trees
(modified lignin content)

GM
producers/consumers

More production (if GM forest trees could be grown
in other locations outside their natural distribution)

GM
producers/consumers

Social Protection and conservation of culturally important
tree species that are declining due to diseases (disease
resistance)

Natural
environment/local
communities
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Table 2 Potential costs of GM forest plantations for CBA assessments

Type of
variable

Cost description/trait Party affected

Environmental Trees less fit (modified lignin content) GM
producers/natural
environment

Forest trees more vulnerable to viral diseases
(modified lignin content)

GM
producers/natural
environment

Higher rates of soil decomposition (modified lignin
content)

Natural
environment

More pesticide resistant forest species (insect
resistance)

GM
producers/natural
environment

Less phytophagus and pollen-feeding resistant
species (insect resistance)

GM
producers/natural
environment

Toxication of insectivores (insect resistance) Natural
environment

Increased number of secondary pests (insect
resistance)

GM
producers/natural
environment

Smaller exposure of non-pest insects to pesticides
(specifically targeted insecticides)

GM
producers/natural
environment

Loss of biodiversity (genetic flow between
transgenic and wild trees)

Natural
environment

Adverse effects on biotrophic processes of host
ecosystems (if new genetic traits enter these
ecosystems)

Natural
environment

Manifestation of forest tree abnormalities (clonal
variation)

GM producers

More selection pressure for resistant weed biotypes
(herbicide resistance)

GM
producers/natural
environment

More use of broad spectrum herbicides (herbicide
resistance)

GM
producers/natural
environment

Higher tree mortality (change of lignin levels may
lead to less tree viability)

GM producers

Economic Loss of socio-economic values of non-modified
natural forests (use of high yield plantations instead)

Local economy

Higher cost of pest outbreak control (if pest species
become resistant to currently effective chemical and
biological control methods)

GM producers

Higher economic risk of GM forest plantations due
to long periods of obtaining approval

GM producers

Higher cost of new seeds GM producers
(continued)
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FP0905. This focus group consisted of 30 scientists with different scientific
expertise and representing 17 member countries from across the COST Action
FP0905 network. Represented member countries included Albania, Argentina,
Austria, Belgium, Bulgaria, Czech Republic, Estonia, FYROM, Germany, Greece,
Israel, Italy, Romania, Serbia, Slovakia, Slovenia and Spain. Details of the profile
of this focus group with regard to the age, years of experience and field of expertise
of participants are presented in Table 3.

The majority of focus group participants were highly experienced scientists in
their respective fields of expertise.

The focus group members were provided with a questionnaire and were asked to
rank in terms of importance both the potential benefits and costs of GM forest
plantations using a five-point Likert scale. This is the most often used type of rating
scale in surveys (Boone and Boone 2012).

In terms of potential benefits of GM forest tree plantations included in Table 1,
eight were rated by the majority (more than 60 %) of focus group participants’ as
very important or extremely important in their country context for consideration in
relevant CBA studies (Fig. 1).

Table 2 (continued)

Type of
variable

Cost description/trait Party affected

Social Restricted access of poor producers to the new seed
type markets (higher cost of new seeds)

GM producers

Cultural adaptation to changing biodiversity status
(transgene escape may change species composition,
number of species, etc.)

Local communities

Less adaptable local systems to GM forest trees GM producers

The society becomes dependent on outside inputs
because of GM forest trees

Local/national
economy

Table 3 Profile of focus group members

Variable Percentage of focus group

Age 25–35 24

36–45 14

46–55 52

56–65 10

Years of experience <10 17

10–19 40

20–29 37

>30 7

Field of expertise Molecular biology/forest tree genetics 70

Ecology/silviculture 13

Management/policy/economics 17
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Fig. 1 Response percentage of the COST Action FP0905 focus group indicating the most
important benefits of GM forest tree plantations
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The avoidance of transgene escape, which is technically achieved by rendering
transferred genes inactive through flowering suppression or sterility genes, was
rated by the great majority of focus group experts (response rate of almost 86 %) as
a very important consideration in decisions about the potential release of GM forest
trees in plantations.

GM forest tree plantations with modified lignin content or composition were
seen by the majority of focus group participants as very important for inclusion in
CBA as processing of such trees would require less energy during the process of
isolating cellulose from wood (60 % response rate), because a smaller number of
trees would need to be harvested to satisfy consumption requirements (response rate
73 %) and because of an expected higher pulping efficiency (response rate 57 %).
Modifications related to insect and pesticide tolerance or herbicide resistance were
also rated very important as they would lead to reduction in the use of insecticides,
pesticides and herbicides in forest tree plantations (response rate 73 %) and con-
sequently lower input costs for tree production (response rate 57 %) not to mention
potential environmental benefits. Finally, GM forest tree plantations with modifi-
cations related to disease resistance were rated as very beneficial as these might be
characterized by higher tree productivity (response rate 63 %) and aid the protection
and conservation of culturally important trees that are declining due to diseases
(response rate 83 %).

Potential costs of GM forest tree plantations as identified by the focus group are
shown in Table 2. Five issues were rated by the majority of the focus group experts
(response rate over 60 %) as very important or extremely important (Fig. 11.2).

Loss of biodiversity due to potential genetic flow between transgenic and wild
trees was considered by 80 % of focus group participants as an extremely important
negative externality.

A further potentially negative externality includes possible adverse effects on
biotrophic processes of host ecosystems that may occur if new genetic traits enter
these ecosystems. This was rated as very important by 63 % of focus group experts.
Higher tree mortality was also rated as very important by 73 % of the focus group
experts. This type of negative externality was seen as a possible result of altered
lignin levels or composition which in turn could lead to reduction of tree viability.

Finally, two negative social externalities were identified. First, the need for
cultural adaptation to changing biodiversity status which could result following a
potential transgene escape. Such an escape was seen to potentially affect species
composition and number which 73 % of focus group experts saw as a negative
externality. The second negative social externality (with an agreement level of 57 %
of the focus group experts) involves the degree of dependency of society on outside
inputs because of GM forest trees.

In summary, sustainability categorization of positive and negative externalities
related to the GM forest tree plantations (Tables 1 and 2) by COST Action FP0905
focus group experts, identified 4 environmental, 3 economic and 1 social positive
externalities as well as 3 environmental and 2 social negative externalities for use in
Cost–Benefit Analyses.
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4 Conclusions

The aim of this chapter was to present and discuss potential approaches and tools
for a socio-economic assessment of GM forest tree biosafety.

Two general approaches, “Cost–Benefit Analysis” (CBA) and “Multiple Criteria
Analysis” (MCA), were discussed, with the main focus on CBA. A preliminary
generic catalogue of potential positive and negative externalities that are reasonably
expected to occur as a result of commercial application of GM forest trees was
compiled to underpin CBA assessments. Grouping of cost and benefit variables was
attempted with respect to sustainability variables, including economic, environ-
mental and social variables as well as the affected party. Such information is

Fig. 2 Response percentage of the COST Action FP0905 focus group indicating the most
important costs of GM forest tree plantations

Approaches and Tools for a Socio-economic Assessment … 219



intended to aid Cost–Benefit Analyses as part of a broader risk assessment of the
experimental and/or commercial release of GM forest tree crops with respect to
distributional equity of costs and benefits.

A ranking of relative importance of positive and negative externalities was
attempted based on a focus group study involving participants ofCOSTAction FP0905
including 30 scientists of different expertise and representing 17 member countries.

The most important positive externalities that were identified included (i) avoid-
ance of transgene escape by rendering transferred genes inactive, (ii) use of less energy
when isolating cellulose from wood, (iii) a smaller number of trees harvested for
consumption needs, (iv) higher pulping efficiency, (v) use of less insecticides, pes-
ticides or herbicides in forest tree plantations, (vi) lower input costs for tree produc-
tion, (vii) higher tree productivity and (viii) the protection and conservation of
culturally important tree species that are declining due to diseases. Themost important
negative externalities that should be taken into account in CBA studies were identified
as (i) potential loss of biodiversity due to the risk of potential flow between transgenic
andwild trees, (ii) adverse effects on biotrophic processes of host ecosystems, because
of the risk the new genetic traits to enter these ecosystems, (iii) risk of higher tree
mortality, (iv) cultural adaptation to changing biodiversity status due to the risk the
transgene escape leading to changes in species composition and number, and (v) de-
pendency of societies on outside inputs because of GM forest tree plantations.

Because it efficiently allows such external factors to be taken into consideration
and thereby add an evaluation of potential impacts on social welfare, CBA can
make an important informative contribution to a more rational decision-making
process in the assessment of GM forest tree biosafety. However, further research
should be undertaken to provide more detailed information on the full range of
potential positive and negative externalities, their quantification with measurement
indicators and predictions at different spatial and temporal scales. Finally, in order
to complete the picture, also “Willingness To Pay” (WTP) and/or “Willingness To
Accept” (WTA) studies will be required for different types of GM forest tree crops
and their potential impacts, taking into consideration public acceptance in the GM
biosafety decision-making process.
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Abstract Information on public awareness and acceptance issues regarding the use
of Genetically Modified (GM) trees in forestry is lacking, although such informa-
tion is available for GM organisms in agriculture. This is mainly due to the fact that
in Europe there is no authorization for commercial planting of GM forest trees. To
address this issue and within the frame of a European COST Action on the
Biosafety of Transgenic Forest Trees (FP0905), a KAP (Knowledge Attitude
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Practice) cross-country pilot survey was conducted among university students of
different disciplines as sampling subjects. In total, 1920 completed questionnaires
from 16 European and non-European countries were evaluated. The results pro-
vided novel cross-country insights into the level of public knowledge, particularly
of young people and their perceptions on safety issues related to the use of GM
forest trees, as well as on their attitude towards the acceptance of GM forest trees
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cultivation. The majority of the respondents, which was more than 60 % in all
countries, approved the use of GM forest trees for commercial plantations,
excluding natural forests. The majority of respondents also appeared willing to buy
products from such plantations, such as wood products, pulp and paper. Over 80 %
of the respondents from all countries were in favour of using labelling to identify
products of GM origin, while more than 80 % of those would prefer that this
labelling be legally mandatory. The top three benefits that were rated as very
important in all countries involved the potential lower demand of the GM forest
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plantations for pesticides, the potential of GM forest trees for restoration of con-
taminated soils and the potential higher GM forest tree productivity. The top three
GM forest tree risks that were perceived as serious hazards in all countries included
the potential loss of biodiversity due to gene flow between transgenic and wild
trees, the adverse effects of biotrophic processes on host ecosystems and the cultural
adaptation to changing biodiversity conditions due to transgene escape. Overall,
lack of knowledge regarding the potential benefits and potential risks of the cul-
tivation of GM forest trees was observed in almost all surveyed countries.

1 Introduction

At the current state of biotechnology science, it is feasible to grow Genetically
Modified (GM) forest trees on a commercial scale (Van Frankenhuyzen and
Beardmore 2004;Williams 2006;Häggman et al. 2013,www.cost-action-fp0905.eu).
The most typical genetic modifications include alterations of lignin content and
composition, insect resistance and disease resistance, herbicide tolerance, abiotic
stress tolerance, growth improvement and reproductive development. It has been
argued that the use of GM forest trees in commercial plantations would contribute to
increased forest productivity, improved pulp for paper, biofuel production, climate
change mitigation, preservation of biodiversity and reduction of energy, pesticides
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and fertilizers utilization (Sedjo 2006; Chapotin and Wolt 2007; FAO 2008, 2010;
Hinchee et al. 2009; Flachowsky et al. 2009; Harfouche et al. 2011). Despite these
potential advantages, nowadays GM forest trees are not commercially grown any-
where in the world, except China. The main difficulties for the commercialization of
GM forest trees are connected to technical limitations, restrictive regulation frame-
works, biosafety and socioeconomic considerations (Valenzuela et al. 2006; Farnum
et al. 2007; Harfouche et al. 2011; Häggman et al. 2012, 2014).

Technical limitations relate to the required scientific advances in biotechnology,
particularly to issues related to gene stability, mass propagation, genetic deploy-
ment and ecological impacts. Regulation frameworks impose extensive approval
processes on the deliberate release of GM forest trees. These frameworks require
comprehensive safety assessments but risk analyses differ between countries.
Within the European Union member countries, the rules for the deliberate releases
of GM forest trees, mainly implemented through the 2001/18/EC directive, aim at
providing high levels of protection for human health and the environment (Aguilera
et al. 2013; Häggman et al. 2013). As a result, the approval process for deliberate
releases is very time-consuming and expensive (Harfouche et al. 2011).

Socioeconomic considerations are mainly related to potential markets for
products deriving from GM forest trees, the costs of patenting and their public
acceptance. The latter in particular is influenced by environmental, public health
and sociocultural concerns, which have been raised mainly by opinion influencing
groups, such as several NGOs. Concerns often focus on potential gene flow
between GM and wild trees and consequent implications for the natural environ-
ment, increased use of broad spectrum herbicides due to potential increased
selection pressure for resistant weed biotypes, potential increase in pesticide
resistant forest trees, negative effects on forest tree fitness, potential higher vul-
nerability of forest trees to viral and other diseases, increased soil decomposition,
adverse effects on biotrophic processes in host ecosystems if new genetic traits enter
these ecosystems and flowering suppression (El-Lakany 2004; Van Frankenhuyzen
and Beardmore 2004; Williams and Davis 2005; Sedjo 2006; Farnum et al. 2007;
FAO 2008, 2010). Moreover, concerns focus on the unintentional development of
insect and herbicide resistant species as a result of transgene escape that might alter
species composition and reduce the number of species present in a given location,
thus forcing cultures to adapt to changing biodiversity conditions (Peterson et al.
2000).

The focus of this chapter relates to the public acceptance issue of GM forest tree
commercialization. This is due to the fact that information on public attitudes
towards the use of GM forest trees in plantations is completely lacking, particularly
in Europe, although relevant information is available for the use of GMOs in
agriculture (Ferguson et al. 2002; Hossain et al. 2002; Grice et al. 2003; Magnusson
2004; Pereira de Abreu et al. 2006; Shehata and Cox 2007; European Commission
2010; Buah 2011; Pew Research Center 2015). To address this lack of information
and to identify the level of public knowledge and perceptions of safety issues, as
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well as the public acceptance towards the use of GM forest trees in plantations, a
cross-country pilot survey was coordinated within the frame of the European COST
ACTION FP0905. This COST-ACTION was related to various biosafety aspects,
e.g. analyses of the efficiency of existing gene containment strategies to avoid or to
minimize gene flow or evaluation of methods to monitor GMTs in the entire pro-
duction chain (Fladung et al. 2012; Vettori et al. 2014). The pilot survey in par-
ticular was focused on young people and it aimed to identify: (i) their level of
knowledge about the use of GM forest trees in plantations, (ii) their perceptions
about the potential benefits and risks of GM forest tree cultivation and (iii) their
attitude towards acceptance of GM forest tree cultivation. Focusing on young
people aged 18–35, it was decided, because commercial GM forest plantations are
not currently grown and therefore, such a focus group represents the future con-
sumers, developers and/or policy makers.

2 Materials and Methods

A Knowledge Attitude Practice (KAP) pilot survey was conducted during 2012 and
2013 in order to detect novel preliminary cross–country information on the level of
public knowledge and perceptions on safety issues related to the cultivation of GM
forest trees, as well as the public attitude towards acceptance of GM forest tree
cultivation. The KAP survey was focused mainly on the young population. KAP
studies are highly focused social surveys usually limited in scope and tailored to a
specific problem. They have been used for several types of problems, such as public
health problems and water resource and waste management problems (Goutille
2009; Grace et al. 2009; Siwakoti 2009; Vivas et al. 2010). They provide infor-
mation on what people know about a certain topic (Knowledge), how they feel
towards a subject and the ideas they have towards it (Attitude) and the ways they act
to demonstrate their knowledge and attitudes (Practice). The KAP pilot survey that
is presented in the current article was carried out in 16 countries among University
students of three different categories of study fields. These included students of
(i) forestry, (ii) other environment-related disciplines, such as botany, biology,
agriculture, landscape architecture and environmental science, and (iii) economics
including related disciplines, such as accounting, business administration, financial
management, management science and marketing. University students were
selected as subjects, because in addition to financial survey implementation con-
straints and ease of access issues, it was considered that they would have a larger
potential to advance our understanding of young people’s attitudes towards
acceptance of GM forest tree commercialization, due to their higher education level.
Recent research has shown that the level of education is a much more important
factor in determining people’s acceptance of GMOs compared to political and/or
religious convictions or other demographic factors (Pew Research Center 2015).
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Selection of students from different fields of study was decided in order to enhance
the data analysis possibilities, particularly in terms of exploring relationships
between young people’s potential acceptance of GM forest tree cultivation and field
of study and/or the year of studies attendance. Furthermore, university students
have been widely used as subjects of research also in many other studies, partic-
ularly in the fields of social psychology, marketing and consumer research
(Peterson 2001; Druckman and Kam 2009).

A questionnaire was designed for this survey with questions organized in four
sections (i) socio-demographic questions, (ii) questions of yes/no type related to
knowledge about transgenic forest trees, (iii) questions related to the nature of
safety concerns about the cultivation of transgenic forest trees and (iv) questions of
yes/no type concerning issues relevant to public acceptance of the cultivation
of transgenic forest trees.

Two questions of Section 3 included a number of options with a qualitative
rating scale of a level of importance in a country context. One of the questions of
Section 3 in particular prompted evaluation of different types of potential benefits
deriving from the use of transgenic forest crops. For this evaluation, a four-level
rating scale was used: “very important”, “slightly important”, “not important” and
“I do not know”. Listed potential benefits of GM forest trees included the reduced
need for chemicals and energy to process cellulose from wood, the harvesting of a
smaller number of trees for consumption, the reduced use of insecticides, pesticides
and herbicides, the restoration of contaminated soils, reduction in old growth
logging, higher pulping efficiency, better timber quality, more efficient biofuel
production, stronger timber for construction and the potential for higher tree
productivity.

Another question of this section asked to evaluate options from a list of potential
risks related to the release of GM forest trees. Options included the risk of GM
forest trees to be less fit, more vulnerable to viral diseases, generate higher rates of
soil decomposition, become pesticide resistant, increase the use of broad spectrum
pesticides, lead to the loss of biodiversity due to gene flow between transgenic and
wild trees, generate adverse effects on biotrophic processes of host ecosystems,
increase the costs of controlling pest outbreaks and force cultural adaptation to
changing biodiversity conditions due to transgene escape. For this question, a
four-level rating scale was used presenting the options “serious hazard, “slight
hazard”, “no hazard” and “I do not know”.

The questionnaires were translated in the national languages of the participating
countries and were handed to students, who completed them on-site, following all
the necessary clarifications on the questions’ technical aspects. A total of 1920
questionnaires were finally collected from across 16 countries located in four
continents, Europe (13 countries), South America (1 country), Australia (1 country)
and West Asia (1 country) and subjected to statistical analysis. European partici-
pants were weighted towards countries in south-eastern, Central and south-west
Europe. The number of respondents by country of origin is portrayed in Fig. 1.
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3 Results and Discussion

3.1 Respondents’ Demographic Information

The respondents’ demographic characteristics, in particular gender and average age
by country of origin are displayed in Table 1. In general, the age of respondents by
country ranged from 20 to 27 years of age (all were university students) but was
somewhat higher in Argentina (31) and Bulgaria (35), because postgraduate stu-
dents were included in the sample population for these countries.

3.2 Respondents’ Knowledge of GM Forest Trees

The detailed sample results for cross-country comparison of respondents’ positive
answers about their knowledge of the meaning of GM forest trees, the commercial
cultivation of GM forest trees and the market availability of GM forest tree products
are portrayed in Fig. 2. More than 60 % of respondents in all countries stated that
they knew the meaning of transgenic forest trees, with the exception of Israel,
where almost 60 % stated that they did not know what was meant by this term
(Fig. 2a).

The highest percentage of respondents, who stated that they knew what trans-
genic forest trees were, was recorded in Argentina (100 %).

A very high percentage of positive responses (95 %) were also recorded in
Portugal. Overall, the high degree of the knowledge to the meaning of GM forest

AL

4.1%
AR

0.8%

AU

6.4%

BA

9.6%

BG

3.2%
CZ

3.7%

DE

6.1%

ES

18.1%
GR

8.1%

HR

9.2%

IL

2.9%

IT

2.5%

PT

5.6%

SI

9.4%

SK

6.3%

SR

4.1%

Fig. 1 Distribution of
respondents by country of
origin. (AL) Albania; (AR)
Argentina; (AU) Australia;
(BA) Bosnia and
Herzegovina; (BG) Bulgaria;
(HR) Croatia; (CZ) Czech
Republic; (DE) Germany;
(GR) Greece; (IL) Israel; (IT)
Italy; (PT) Portugal; (SR)
Serbia; (SK) Slovakia; (SI)
Slovenia; (ES) Spain
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trees is attributed to the subjects’ high level of education, since they were all
university students.

In contrast, more than half of the respondents across most countries stated that
they did not know whether GM forest plantations were grown commercially
(Fig. 2b). The lowest number of positive responses to this question was recorded in
Australia (26 %) and Israel (22 %). In most of the remaining surveyed countries, the
number of positive responses was higher ranging from 30 % to around 50 % of the
sample population. More than 50 % of the cohort responded positively to this
question in Argentina, Portugal, Albania and the Czech Republic (Fig. 2c).
Furthermore, about 50 % or more of the respondents in most countries declared that
they did not know whether any final products from GM forest plantations, such as
wood, biofuel, pulp and paper, were sold on the market. The highest number of
positive responses with regard to this question was recorded in Spain and Albania
(65 % in both countries), while the lowest level of awareness was recorded in Israel
(13 %) and the Czech Republic (29 %).

3.3 Respondents’ Attitude About the Importance of the GM
Forest Tree Benefits

The response ratings expressed as percentage of the cohort for each of the prompted
potential GM forest tree benefits classified as “very important”, “slightly important”
and “not important” by country of origin are reported in Table 2 under columns
A, B and C respectively. In almost 40 % of the surveyed countries about half of the

Table 1 Respondents’
demographic profile by
country of origin

Countries Gender and average age Years

Male (%) Female (%)

Albania 34 66 23

Argentina 47 53 31

Australia 45 55 23

Bosnia and Herzegovina 84 16 22

Bulgaria 44 56 35

Croatia 37 63 20

Czech Republic 39 61 22

Germany 43 57 24

Greece 46 54 22

Israel 55 45 27

Italy 50 50 23

Portugal 29 71 22

Serbia 75 25 20

Slovakia 37 63 22

Slovenia 37 63 21

Spain 43 57 22
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respondents—even more in a few cases––stated that they had no knowledge of the
potential benefits of GM forest plantations. Therefore, they were not able to rate
the importance of the prompted potential benefits in their country context. The
detailed distribution of the respondents’ “do not know” answers for each potential
benefit by country of origin is displayed also in Table 2 under column D for each of
the recorded GM forest tree benefits.

(a)

(b)

(c)

Fig. 2 Respondents’ responses on knowledge of GM forest trees a meaning b commercial
cultivation and c market availability of products. (AL) Albania; (AR) Argentina; (AU) Australia;
(BA) Bosnia and Herzegovina; (BG) Bulgaria; (HR) Croatia; (CZ) Czech Republic; (DE) Germany;
(GR) Greece; (IL) Israel; (IT) Italy; (PT) Portugal; (SR) Serbia; (SK) Slovakia; (SI) Slovenia; (ES)
Spain
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The remaining respondents, who rated the prompted potential benefits of GM
forest plantations in almost half of the surveyed countries, rated as very important
for their countries the potential lower demand of the GM forest plantations for
pesticides (B3), the potential higher GM forest tree productivity (B11), the lower
demand for chemicals and energy to process cellulose if GM forest trees will be
used (B1), the need to harvest a smaller number of trees for consumption needs, if
GM forest trees will be used (B2) and the potential of GM forest trees for
restoration of contaminated soils (B5). Four of the five potential GM forest tree
benefits that were rated as very important by the respondents of the survey were
environmental in context and one was economic.

To rank the potential GM forest tree benefits an overall importance index was
calculated for each potential benefit and each rating scale for the cohort from all the
participating in the survey countries following a weighting normalizing procedure.

The results are displayed in Table 3. It is evident that the overall ratings of the
potential GM forest tree benefits rated as very important were much higher than
those rated as slightly important. On the other hand, the overall ratings of the
potential GM forest tree benefits rated as not important were very low.

The top three potential benefits that were rated as very important in all countries
involved the lower demand for pesticides in the GM forest plantations, the potential
of GM forest trees for restoration of contaminated soils and the potential high
productivity of GM forest trees.

3.4 Respondents’ Attitude About the Importance of the GM
Forest Tree Risks

In contrast with the general pattern recorded in the cohort of students regarding the
knowledge of potential benefits of GM forest plantations, in most of the surveyed

Table 3 Overall importance
indices of GM forest tree
benefits (all countries)

Benefits Very
important

Slightly
important

Not
important

B1 1.89 0.65 0.25

B2 1.78 0.68 0.24

B3 2.07 0.57 0.20

B4 1.73 0.73 0.29

B5 1.97 0.52 0.25

B6 1.24 0.68 0.33

B7 1.17 0.94 0.32

B8 1.52 0.83 0.38

B9 1.57 0.80 0.36

B10 1.38 0.86 0.38

B11 1.91 0.58 0.30
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countries the respondents appeared to be more aware of the potential risks of GM
forest plantations and to be able to rate the importance of the prompted potential
risks in their country context. This is evident in the detailed distribution of the
respondents’ “do not know” answers for each potential risk by country of origin
displayed in Table 4. The respondents who rated the prompted potential risks of
GM forest plantations in almost half of the surveyed countries stated that the loss of
biodiversity (R6), the adverse effects of biotrophic processes on host ecosystems
(R7), the higher vulnerability of GM forest trees to viral diseases (R2), the increased
use of broad spectrum herbicides (R5) and the cultural adaptation to changing
biodiversity conditions (R9) would constitute potential serious hazards for their
countries. From the five potential GM forest tree risks rated as serious hazards by
the respondents of the survey four were environmental and one social in context.
The percent cohort response ratings for each of the prompted potential GM forest
tree risks rated as “serious hazard”, “slight hazard” and “no hazard” by country of
origin are reported in Table 4 under columns A, B and C respectively.

The overall importance indices of each of the potential GM forest tree risks and
each rating scale were calculated for the total population sample from all the
participating countries in the survey following a weighting normalizing procedure
in order to rank the potential risks. The results are displayed in Table 5. It is evident
that the overall ratings of the potential GM forest tree risks perceived as serious
hazards were higher than those perceived as slight hazards, although for some risks
the importance ratings are quite close. On the other hand, the overall ratings of the
potential GM forest tree risks perceived as no hazards were very low compared with
the ratings of the other two categories. The top three GM forest tree risks that were
perceived as serious hazards, in all countries, involved the loss of biodiversity, the
adverse effect of biotrophic processes on host ecosystems and the cultural adap-
tation to changing biodiversity conditions.

3.5 Respondents’ Attitudes Towards Acceptance of GM
Forest Tree Cultivation

The distribution of positive responses by country of origin, with respect to the four
questions concerning: (a) agreement to the approval of GM forest tree commercial
cultivation, (b) willingness to purchase forest products of GM tree origin, (c) pref-
erences towards GM forest tree labelling policy and (d) agreement with the
mandatory labelling of forest products of GM origin are provided in Figs. 3, 4 and 5.
The respondents appeared very positive about the approval of GM forest trees being
planted in plantations, excluding natural forests for all the countries that were
involved in this survey. Even in the countries with the lowest numbers of positive
responses to the relevant question, such as Bulgaria, Croatia, Greece and Serbia,
almost 60 % of the respondents would agree with permission to be granted for
commercial GM forest tree plantations.
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The majority of respondents also appeared willing to buy products from such
plantations, such as wood products or pulp and paper. These findings were com-
parable with the results of a recent study, which attempted to explore consumers’
potential buying behaviour towards transgenic forest products in Greece
(Tsourgiannis et al. 2015).

Over 80 % of respondents from all countries were in favour of using labelling to
identify products of GM origin. The great majority of those respondents, also over
80 % in all countries, argued that this labelling should be legally mandatory.

Table 5 Overall importance indices of GM forest tree risks (all countries)

Risks Serious hazard Slight hazard No hazard

R1 1.36 1.06 0.37

R2 1.65 0.89 0.31

R3 1.33 1.12 0.33

R4 1.17 1.06 0.43

R5 1.69 0.82 0.28

R6 2.09 0.62 0.17

R7 1.86 0.82 0.23

R8 1.44 1.09 0.39

R9 1.77 0.91 0.28

R1 Forest trees less fit, R2 Forest trees more vulnerable to viral diseases, R3 Higher rates of soil
decomposition, R4 More pesticide resistant forest species, R5 More use of broad spectrum
herbicides, R6 Loss of biodiversity, R7 Adverse effects on biotrophic processes of host
ecosystems, R8 Increased cost of controlling pest outbreaks, R9 Cultural adaptation to changing
biodiversity conditions

Fig. 3 Distribution of respondents’ positive responses by country of origin regarding their
agreement with the approval of commercial cultivation of GM forest trees. (AL) Albania; (AR)
Argentina; (AU) Australia; (BA) Bosnia and Herzegovina; (BG) Bulgaria; (HR) Croatia; (CZ)
Czech Republic; (DE) Germany; (GR) Greece; (IL) Israel; (IT) Italy; (PT) Portugal; (SR) Serbia;
(SK) Slovakia; (SI) Slovenia; (ES) Spain
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Fig. 4 Distribution of respondents’ positive responses regarding their willingness to purchase GM
forest tree products by country of origin. (AL) Albania; (AR) Argentina; (AU) Australia; (BA)
Bosnia and Herzegovina; (BG) Bulgaria; (HR) Croatia; (CZ) Czech Republic; (DE) Germany;
(GR) Greece; (IL) Israel; (IT) Italy; (PT) Portugal; (SR) Serbia; (SK) Slovakia; (SI) Slovenia; (ES)
Spain

(a)

(b)

Fig. 5 Distribution of respondents’ positive responses by country of origin regarding their
agreement with A) the labelling policy and B) the mandatory labelling of forest products of GM
origin. (AL) Albania; (AR) Argentina; (AU) Australia; (BA) Bosnia and Herzegovina; (BG)
Bulgaria; (HR) Croatia; (CZ) Czech Republic; (DE) Germany; (GR) Greece; (IL) Israel; (IT) Italy;
(PT) Portugal; (SR) Serbia; (SK) Slovakia; (SI) Slovenia; (ES) Spain
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4 Conclusions

In this article the preliminary results of a KAP cross-country pilot study on the
public knowledge, perceptions and attitudes towards the potential risks and benefits
related to the GM forest tree cultivation are presented. The results were based on
responses from young, educated people aged 20–35 years. The respondents were
university students of different fields of study from 16 countries including Albania,
Bosnia & Herzegovina, Bulgaria, Croatia, Czech Republic, Germany, Greece, Italy,
Serbia, Slovakia, Slovenia, Spain and Portugal located in Europe, Argentina located
in South America, Israel in West Asia and Australia.

The results of our KAP pilot survey constitute a significant contribution to the
establishment and advancement of our understanding regarding young people’s
knowledge, perceptions and attitudes towards the potential risks and benefits
associated with the use of GM forest trees in plantations. Several reasons add more
value to this work. First, it is a pioneer cross-country pilot study that has brought to
publicity information on issues related to public knowledge, perceptions and atti-
tudes towards the potential risks and benefits that may accrue if GM forest tree
cultivations would be authorized. Second, the study focused on young educated
people, who are expected to be the future consumers, developers or policy makers,
as no commercial GM forest plantations are currently grown any where in the world
except China. Third, it provided the required preliminary information on the
knowledge gaps of the young population regarding the potential risks and benefits
of GM forest cultivations, so as to stimulate appropriate awareness efforts. The
main findings of our study can be summarized as follows.

More than half of the respondents in all countries stated that they knew the
meaning of GM forest trees, but they did not know whether GM forest plantations
were grown commercially or whether any final GM forest, such as wood, biofuel,
pulp and paper were available in the market. However in at least half of the
participating in the study countries, more than 50 % of the respondents were not
familiar with the prompted potential benefits of GM forest plantations and, there-
fore, were not able to rate their importance in their country context. Based on the
ratings of the overall importance indices of the GM forest tree benefits, three
potential benefits were rated as very important in all countries. These included the
potential lower demand of the GM forest plantations for pesticides, the potential of
GM forest trees for restoration of contaminated soils and the potential GM forest
tree higher productivity.

In contrast with the general pattern recorded in the cohort regarding the
knowledge of potential benefits of GM forest plantations, most of the respondents
appeared to be more aware of the potential risks of GM forest plantations and able
to rate the importance of the prompted potential risks in their country context.

Based on the ratings of the overall importance indices of all the GM forest tree
risks, three potential risks were perceived as the most serious hazards in all
countries. These involved the loss of biodiversity due to gene flow between
transgenic and wild trees, the adverse effects of biotrophic processes on host
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ecosystems and the cultural adaptation to changing biodiversity conditions due to
transgene escape.

Overall, the young educated people that took part in the KAP study appeared to
approve the GM forest tree cultivation. This might become a driver for future
market adoption of GM forest tree products. The majority of respondents also
appeared willing to buy products from such plantations, such as wood products or
pulp and paper. Over 80 % of respondents from all countries were in favour of
using labelling to identify products of GM origin, while the great majority of these
(over 80 %) would prefer that this labelling be legally mandatory.

The results of the study presented in the article contribute to the improvement of
the scientific basis that is required in order to establish safe tree plantations and
implement appropriate policy directives. However, our study was limited in scope,
particularly due to financial constraints. The main limitation concerns the focus
group, which included only young educated people. There is certainly a need for
more elaborated and larger scale socioeconomic research that will advance further
the scientific knowledge on the general public attitudes towards the GM forest tree
cultivation. Moreover, due to time constraints our data analysis was confined at this
stage to the identification of the general pattern of people’s perceptions and attitudes
towards the potential risks and benefits of GM forest plantations. Exploration of the
relationships between the acceptance of GM forest tree cultivation and other factors,
such as the different field of studies, the year of study attendance, the gender and
age has already begun and it is planned the new findings to be brought soon to
publicity.

Finally, the findings of our study suggest that more can be done to increase
peoples’ awareness, particularly about the potential benefits of GM forest planta-
tions. Any effort that should be initiated to increase public awareness, most likely it
will be the driving force in determining market opportunities for GM forest tree
products.
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A Comparative Analysis of Consumers’
Potential Purchasing Behaviour Towards
Transgenic-Derived Forest Products: The
Greek Case

Lambros Tsourgiannis, Vassiliki Kazana and Valasia Iakovoglou

Abstract Transgenic forest products are not currently purchased in the markets
mainly due to lack of transgenic forest plantations. This is partly associated with the
early stage of development of GM trees and also due to biosafety concerns and the
existing regulation frameworks, particularly in Europe. However, due to the
increased global demand for wood products and bioenergy applications, there is an
increased interest in the improved characteristics associated with transgenic forest
plantations. In order to determine the future demand and the market potential for
transgenic forest products there is a need for scientific information for policy
makers and developers about the potential purchasing behaviour of consumers.
A study was conducted of the potential purchasing behaviour of consumers to three
major categories of transgenic-derived forest products: (a) paper, (b) woody bio-
mass energy and (c) wood products. In particular the study, (i) examined the main
factors influencing consumers’ potential purchasing behaviour towards the three
types of transgenic forest products, (ii) classified consumer groups with similar
buying behaviour towards each category of transgenic forest products and
(iii) profiled each consumer group according to their attitudes towards the use of
biotechnology in the forestry sector. Field interviews were conducted in a randomly
selected sample consisting of 418 consumers throughout Greece in 2011. Principal
Components Analysis (PCA) was performed to identify the main factors that might
have affected the consumers’ potential purchasing behaviour towards the three main
categories of products. Further, Discriminant Analysis was implemented to assess
how these factors could predict cluster membership, while the Hierarchical and
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non-hierarchical cluster techniques were employed to classify the consumers with
similar behaviour for each transgenic product. This study indicated that in Greece
there are potential buyers for transgenic-derived products, such as woody biomass
for energy production. Marketing issues such as the attractiveness of the packaging
could positively influence consumers’ potential purchasing decisions towards those
products. However, there were concerns such as the possible negative health issues
from the transgenic-derived products. This study indicated the potential purchasing
behaviour of consumers and is of value to developers and policy makers. It is
recommended that the results of this pioneer study should be used to stimulate
further investigation, both in Greece and other parts of Europe.

1 Introduction

The global consumption of forest products, such as wood, paper and woody biomass
energy products expanded rapidly between 1965 and 2007 (UNECE 2012). The
annual average growth rate for paper products consumption over this period was
approximately 3 %. Despite the fact that since 2008 when the economic crisis
started, an approximate decline of 2–3 % was observed in the USA, Canada and the
EU countries, the use of paper products increased by 5–10 % in Russia, China and
the countries of South America (Jonsson 2012; UNECE 2012). Econometric mod-
elling indicated that demand for paper products for countries such Russia and China
will keep increasing even more (Jonsson 2012). Forest wood biomass also has been
used to address multiple energy needs in the form of firewood, chips, charcoal,
briquettes and pellets, as well as feedstock needs for the industry biofuels (Hinchee
et al. 2009; Sedjo 2010; Harfouche et al. 2011). However, long-term economic
feasibility for forest wood biomass utilization for energy production depends to a
great extent on its productivity rate. This should reach 8–10 dry tons/acre/year for
industrial energy applications (Hinchee et al. 2009). Forest trees are in general slow
growing, with low productivity rates and conventional breeding and selection is
unlikely to greatly increase their productivity or utilization efficiency.

Under these circumstances, much discussion by plant breeders and the industrial
private sector has focused on the potential of transgenic forest trees to help meet the
projected increased worldwide demand for forest products, such as wood, paper and
energy associated with woody biomass (Gartland et al. 2003; Van Frankenhuyzen
and Beardmore 2004; Carman et al. 2006; Sedjo 2006, 2010; FAO 2008, 2010; Zhu
and Pan 2010; Harfouche et al. 2011, www.cost-action-fp0905.eu).

Transgenic forest trees are genetically modified (GM) or genetically engineered
(GE) trees that through DNA insertion from other species manifest specific traits
(www.forestguild.org). Such traits mainly concern higher growth rates, reduced
lignin levels and increased resistance to herbicides and/or pests (Harfouche et al.
2011). However, despite the fact that for the past 20 years much research has been
conducted on field trials for transgenic forest trees, there is no current commercial
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production of GM trees in Europe, the USA or other parts of the world, with China
the only exception (Häggman et al. 2012).

There are three main elements that are considered important for the commer-
cialization of GM forest trees: (i) technical issues, (ii) the regulatory framework and
(iii) public acceptance. Technical issues concern the required biotechnology
research to improve traits, such as growth, quality, site adaptability and stress
tolerance, to improve GM forest plantations productivity and use efficiency, par-
ticularly for bioenergy applications. Considerable progress has been achieved
already in this direction, with a limited number of forest species (poplar, eucalyptus
and pines) that have been grown as experimental crops in North and South America
and some countries of Northern and Central Europe. Also, the private sector shows
increased interest in funding research related to GM forest trees. For example,
ArborGen, which is a private company, has developed three varieties of GM forest
trees: fast growing pines (Pinus taeda) and freeze-tolerant Eucalyptus species for
the southern USA and low lignin Eucalyptus species for plantations in South
America (Farnum et al. 2007; Hinchee et al. 2009).

Regulatory frameworks are established in relation to the biosafety and risk
assessment that is required prior to commercialization that differs among countries. In
the European Union Directive 2001/18/EC regulates releases of GM forest trees at 2
levels: (i) releases for placing the product in the EU markets and (ii) releases for
experimental purposes (field trials). In the first case, applications must include an
Environmental Risk Assessment, whose structure is outlined in the Directive
(Aguilera et al. 2013). Different legal documents regulate all aspects of GMO’s, such
as safety assessments, labelling, marketing, transport, sampling, detection and
post-marketing environmental monitoring. Applications for experimental field trials
require assessments only at a national level. All the GMO applications in the EU for
marketing and/or cultivation are assessed by the European Food Safety Authority
(EFSA). Overall, regulations in the EU are aiming at providing high levels of pro-
tection for human health and the environment, while ensuring the consumer’s interests
and the promotion of competitive market. However, political interference with the
decision making and authorization of GM plants is the main reason that applications
take a long time to be processed and licenses granted for deliberate release of GM
plants. This is likely to cause considerable problems for the approval of GM trees.

Public acceptance as related to the consumers’ consumption behaviour towards
transgenic-derived forest products reflects the public perspective regarding the
utilization of other GM plants. These perspectives involve environmental concerns,
such as the potential spread of trans genes from GM trees to other species, the
potential for spatial and temporal long-distance pollen spread from long-lived trees,
as well as the possible adverse effects on biodiversity levels and scientific uncer-
tainty (Gartland et al. 2003; Sedjo 2006; FAO 2008).

Empirical studies have shown that the consumers’ buying attitudes towards
forest products are influenced by factors, such as cost and availability (DuPuis
2000). Moreover, consumers’ purchasing behaviour is dynamic and is influenced
by many factors including information, social and cultural norms, beliefs, values
and perceptions (Ajzen 1991; Ajzen and Fishbein 1980; Beckett and Nayak 2008).
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Claims made by respected people such as opinion leaders contributed significantly
to the development of consumers’ attitudes towards a certain product (Ajzen 1991;
DuPuis 2000). Therefore, information that consumers might receive through
labeling, branding or other promotional and marketing efforts can influence their
response towards forest products (Tokarczyk and Hansen 2006; Ajzen 1991).

There are numerous studies that have been carried out on the consumers’ atti-
tudes towards GMOs, but a very limited number for transgenic forest products.
Some evidence comes from the USA, where a study indicated that the industrial
users and processors of wood and timber were generally satisfied to use transgenic
forest trees. By contrast, consumers of transgenic wood products showed higher
levels of concern (Sedjo 2004). However, to our knowledge, no research has been
conducted regarding the consumers’ potential buying behaviour towards
transgenic-derived forest products in Europe.

Although forest products from transgenic trees might not be in the market for the
next 10–15 years, scientifically based information on the anticipated attitudes of
consumers is extremely important both for developers and policy makers. For the
developers, this type of information is very important because, without the
expectation of viable markets, investment is unlikely to be forthcoming. For the
policy makers this information is important, because it can help them to develop
appropriate regulatory and decision-making tools.

This paper reports a pioneer survey study conducted in Greece and presents
comparative results of consumers’ potential buying behaviour towards three cate-
gories of forest products: paper products, wood products and woody biomass
energy products of transgenic origin. Also, the study profiled the consumers
according to their responses towards the future establishment of transgenic forest
plantations. This study was initiated under the frame of the EU COST Action
FP0905 (www.cost-action-fp0905.eu).

2 Methodology

2.1 Research Hypotheses

This study aimed to reject the following null hypotheses:

• Ho1: Consumers are not influenced by similar factors regarding their potential
purchasing behaviour towards paper products, woody biomass energy products
and wood products of transgenic origin.

• Ho2: Consumers cannot be classified into similar groups according to their
potential purchasing behaviour towards paper products, woody biomass energy
products and wood products of transgenic origin.

• Ho3: Consumers’ opinions towards the establishment of transgenic forest
plantations are not significant in relation to a particular buying behaviour (group
of consumers) towards paper products, woody biomass energy products and
wood products of transgenic origin.
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2.2 Analysis Methods

A survey with face-to-face interviews was conducted throughout Greece to gather
the necessary information. Cluster sampling was used to form the sample. In par-
ticular, the general population was stratified into two levels: regions and prefec-
tures. Based on the methodology presented by Oppenheim (2000), in order to have
a representative sample for the geographical area of Greece, 9 regions were ran-
domly selected from a total of 13. In the second stage, one prefecture was randomly
selected from each studied region. The sampling took place at the capital of each
prefecture at highly utilized areas such as shopping malls and supermarkets. Based
on a systematic random sampling, every sixth person who visited the sites was
questioned (McCluskey et al. 2003). The total number of consumers who were
questioned at each sampled prefecture was 50 consumers.

A total productive sample of 418 consumers came up from the survey
methodology, as 32 were missing data because some respondents refused to answer
all the questions mainly due to time constraints. The sample was considered rep-
resentative of the total population since all the sample characteristics did not differ
from those of the total population, based on Census data of 2011 (Chen 2007;
Tsourgiannis et al. 2008). Prior to the main sampling, a pilot survey took place in
October 2011 to test whether the research objectives could be met by the designed
questionnaire. The pilot survey was performed for a total of 30 consumers based on
Census data of 2011 (Chen 2007; Tsourgiannis et al. 2008). Analysis of the pilot
results indicated that no modification of the questionnaire would be required and
therefore the survey sample was considered as adequate in order to conduct the final
survey. The main survey took place in November and December of 2011.
Consumers were asked to answer questions concerning the factors that would affect
their potential purchasing behaviour towards the products that could be derived
from transgenic forest trees in accordance with their opinion about the establish-
ment of transgenic forest plantations, based on the Likert scale from 1 to 5. Box 1
presents the variables used in this study.

Box 1: List of Variables Used in This Study

(A) Variables describing consumers potential purchasing behaviour towards
products that could be derived from transgenic trees

I. Paper Products

1. Attractiveness of the packing
2. Advertisement
3. Production methods
4. Special characteristics of the product
5. Health safety issues
6. Possible negative environmental impact of transgenic plantations
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II. Woody Biomass Energy Products

1. Attractiveness of the packing
2. Advertisement
3. Special characteristic of the woody biomass energy product
4. Quality of the product
5. Certification of the product’s origin
6. Labelled as products made by wood derived from GM plantations
7. Health safety issues

III. Woody Biomass Energy Products

1. Attractiveness of the packing
2. Advertisement
3. Quality of the product
4. Special characteristic of the product
5. Brand name
6. Labelled as products made by wood derived from GM plantations
7. Certification of the product’s origin

(B) Variables describing consumers’ opinions towards the establishment of
transgenic forest plantations

1. Transgenic forest plantations will increase job flexibility
2. Transgenic forest plantations will reduce cost production
3. Transgenic forest plantations will increase income
4. Transgenic forest plantations will reduce production losses
5. Transgenic forest plantations will have negative environmental

impacts
6. Transgenic forest plantations will have a negative impact on

biodiversity
7. Transgenic forest plantations will have negative impacts on non GMO

products
8. Transgenic forest plantations may harm human health
9. Transgenic forest plantations are not important

10. Transgenic forest plantations will have a negative impact on climate
change

11. Transgenic forest plantations will be important for biomass energy
production

Multivariate analysis techniques were applied in three stages to the responses for
the total of 418 consumers to reveal the key information these contained. More
specifically, these were applied separately to the 205 consumers, who declared that
they would buy transgenic paper products, to the 231 consumers, who were willing
to buy transgenic wood products and to the 220 consumers, who were willing to
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buy transgenic woody biomass energy products. Principal Component Analysis
(PCA) was used to identify the variables that accounted for the maximum amount
of variance within the data in terms of the smallest number of uncorrelated variables
(components). The anti-image correlation matrix, the Bartlett’s test of sphericity
and the Measure of Sampling Adequacy (MSA) were also used in order to check
the fitness of the data for subsequent factor analysis. The variables with a high
proportion of large absolute values of anti-image correlations and MSA less than
0.5 were removed before analysis. An orthogonal rotation (varimax method) was
conducted and the standard criteria of eigenvalue equal to 1, scree test and per-
centage of variance were used in order to determine the factors in the first rotation
(Hair et al. 1998). Different trial rotations followed, where factor interpretability
was used to compare the reduced through PCA variables to a smaller set of
underlying factors that related to consumers’ purchase behaviour towards forestry
products of transgenic origin.

These PCA scores were then subjected to cluster analysis to group consumers
with similar patterns of scores into similar clusters of buying behaviour. Both
hierarchical and non-hierarchical methods were used (Hair et al. 1998) in order to
develop a typology of the consumers’ buying behaviour. Quadratic Discriminant
Analysis (QDA) was performed to assess how accurately the identified key factors
could predict and discriminate cluster membership through factor analysis.
Furthermore, the Friedman one way test was performed to identify the relationship
between the consumers’ opinion towards establishment of transgenic forest plan-
tations and their particular buying behaviour.

3 Results and Discussion

The results of the study were analyzed initially for the factors that influenced
consumers in their potential purchasing behaviour towards transgenic paper prod-
ucts, wood products and woody biomass energy products. Next they were analyzed
for the classification of consumers into groups according to their buying behaviour
towards each of these categories of forest products. Finally, the analysis explored
how the buying attitudes of the consumers willing to buy transgenic forest products
were affected by their opinion towards establishment of transgenic forest
plantations.

3.1 The factors that influenced consumers in their purchasing behaviour towards
transgenic paper products, wood products and woody biomass energy products

PCA and factor analysis was conducted to reduce the variables that addressed the
consumers’ potential purchasing behaviour towards paper products, wood products
and woody biomass energy products to a smaller set of key factors. The latent root
criterion (eigenvalues = 1), the scree plot test and the percentage of variance were
used to determine the number of factors for each category of products (Tsourgiannis
et al. 2013).
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The analysis indicated that three factors may affect the consumers’ buying
behaviour towards each of the three forest product categories of transgenic origin,
paper products, wood products and woody biomass energy products. These are
detailed in Table 1.

Consumers’ potential purchasing behaviour was influenced by two similar fac-
tors: (a) marketing issues and (b) product features, towards all transgenic forest
product categories under study. In particular, attractiveness of the packing, pro-
duct’s advertisement and special characteristics of the product mainly affected
consumers’ potential buying behaviour for all three product categories. Health

Table 1 Key factors influencing the consumers’ purchasing behaviour towards transgenic paper
products, wood products and woody biomass energy products

Paper products Woody biomass energy
products

Wood products

Key attitude
dimensions

Factor
loading

Key attitude
dimensions

Factor
loading

Key attitude
dimensions

Factor
loading

Marketing issues Marketing issues Marketing
issues

Attractiveness of the
packing

0.873 Attractiveness of the
packing

0.868 Attractiveness of
the packing

0.819

Advertisement 0.856 Advertisement 0.826 Advertisement 0.807

Product features Product features Product features

Production Methods 0.788 Special
characteristics of
woody biomass
energy products

0.859 Quality of the
product

0.802

Special characteristics
of paper products

0.704 Quality of the
product

0.663 Special
characteristics of
the wood product

0.719

Certification of the
product’s origin

0.609 Brand name 0.614

Environmental impact
of established
transgenic plantation

Health safety issues Labelling

Health Safety issues 0.747 Labelled as product
derived by GM
plantations

0.863 Labelled as
product derived
by GM
plantations

0.873

Possible negative
environmental impact of
transgenic plantations

0.741 Health safety issues 0.748 Certification of
origin

0.811

KMO MSA:0.613 KMO MSA:0.614 KMO MSA:0.638

Bartlett test of
sphericity = 183.366, P < 0.001

Bartlett test of
sphericity = 301.725, P < 0.001

Bartlett test of
sphericity = 223.017,
P < 0.001
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safety issues were an important factor that influenced only the potential buyers of
paper or woody biomass energy products of transgenic origin, whilst certification of
products’ origin and labeling regarding the transgenic origin of the product had
significant impact on consumers’ buying preferences towards transgenic woody
biomass energy and wood products. Finally, the potential purchasers of paper
products of transgenic origin paid attention to the possible negative environmental
impact of those plantations and the health safety issues.

Thus the research hypothesis “Ho1: Consumers are not influenced by similar
factors regarding their potential purchasing behaviour towards paper products,
woody biomass energy products and wood products of transgenic origin” was
rejected.

3.2 Consumers’ classification into groups according to their purchasing beha-
viour towards transgenic paper products, wood products and woody biomass
energy products

Consumers of paper products of transgenic origin were classified in three groups:
(a) opportunists, (b) those who were interested in marketing issues and (c) those
who were concerned about the environmental impact of biotechnology in forest
trees. Consumers of transgenic woody biomass energy products were also classified
into three groups: (a) opportunists, (b) those who were interested in marketing
issues and (c) those who were influenced by the product related health safety issues.
Moreover, consumers of wood products were classified in the following three
groups: (a) opportunists, (b) those who were interested in marketing issues and
(c) those who were interested in products’ features. Hence, most of the potential
consumers of the three transgenic forest product categories under study exhibited a
similar purchasing behaviour, as they were either interested in marketing issues or
they were not influenced by any identified factor and therefore their buying
behaviour towards those products was opportunistic (Table 2).

More particularly, the potential consumers of transgenic paper products who
were interested in marketing issues were influenced in their purchasing decision by
the attractiveness of the paper products packing, as well as the products’ adver-
tisement. Also, they paid attention on the products’ special characteristics and the
production methods employed, including the cultivation techniques, pulp and paper
production. On the other hand, they were concerned of the environmental impact of
the biotechnology use in forest trees. Furthermore, the potential consumers of
transgenic biomass woody forest products who were interested in marketing issues
would be attracted by the products’ packing and advertisement. These consumers
would also be influenced in their purchasing decision by the products’ quality,
special characteristics and brand name, but surprisingly not by the products’ health
safety issues. The potential consumers of transgenic wood products, who were
influenced by marketing issues, would prefer the products to be labelled, so as to
indicate that they were derived from GM plantations. These potential consumers
were also interested in the origin of the products, the attractiveness of packing and
their advertisement. On the other hand, they were not interested in the product
features.
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From the paper products’ potential consumers 39 % seemed to pay attention to
the possible negative environmental impact of the use of transgenic trees. They
were very cautious regarding the establishment of such plantations and their
products due to their potential negative impact on human health, the environment
and biodiversity. Marketing issues and products’ characteristics did not affect the
purchase decision of those consumers. From the woody biomass energy products’
potential consumers 40 % were influenced by the health safety issues. These
consumers would like the products to be labelled as products derived from GM
plantations, in order to have adequate information prior to any purchasing decision
they would make. They would also be influenced to a smaller extent by the
products’ quality features and marketing issues. Moreover, 40 % of the wood
products potential consumers were interested in products’ features. In particular,
they were influenced in their purchasing decision by the quality of the product, its
special characteristics and brand name. They were also interested in the attrac-
tiveness of its packing and its advertisement, while they were not interested in the
labelling issues (Table 2).

These findings coincide with the results of other studies related to consumers’
purchasing behaviour towards non-transgenic forest products (DuPuis 2000;
Tokarczyk and Hansen 2006). Furthermore, the findings of this study regarding the
purchasing behaviour of the consumers who were mainly interested in the possible
negative impacts that the establishment of transgenic forest plantations might have
on biodiversity and the environment, support the arguments of other researchers
(Gartland et al. 2003; Sedjo 2006). A summary of the cross-validation classification
derived through QDA is presented in Table 3. It is evident that the attitude
dimensions could accurately predict and discriminate consumers’ group
membership.

Therefore, the hypothesis “Ho2: Consumers cannot be classified into similar
groups according to their potential buying behaviour towards products that can be
derived from transgenic forest trees” was rejected.

3.3 The purchasing behaviour of consumers towards transgenic paper products,
wood products and woody biomass energy products in relation to their opinion
about the establishment of transgenic forest plantations

The typology of the consumers’ potential buying behaviour towards the transgenic
forest products under study in relation to their opinions towards the establishment
of transgenic forest plantations is portrayed in Table 4. Most of the consumers who
would buy paper, woody biomass energy and wood products of transgenic origin
had similar attitudes towards the development of transgenic plantations. Most of the
transgenic paper, woody biomass and wood potential consumers who were “in-
terested in marketing issues” expressed the view that the development of transgenic
forest plantations will reduce the production losses and production cost and will
contribute to an increase of job elasticity and of farmers’ income.
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Moreover, most of the paper products’ potential consumers who “were con-
cerned about the environmental impact of the biotechnology use in forest trees” had
the view that the development of transgenic forest plantations might harm human
health and have negative environmental impact, but it could be important for
biomass energy production. Besides, most of the woody biomass energy products

Table 2 Classification of consumers according to their buying behaviour towards products that
could be derived from transgenic forest trees

Groups of Consumers of Paper Products

Factors Opportunists Consumers concerned about the
environmental impact of
biotechnology use in forest trees

Consumers
interested in
marketing
issues

p-value

Environmental
impact of
biotechnology use in
forest trees

−1.12004 0.63788 0.46880 0.001

Marketing issues
relevant to paper
products

−0.12989 −0.66380 1.10833 0.001

Products
characteristics

−0.12032 −0.20738 0.44450 0.001

Number of
consumers
(N =205)

69 80 56

Groups of consumers of woody biomass energy products

Factors Opportunists Consumers who are influenced by
products’ health safety issues

Consumers
interested in
marketing
issues

p-value

Marketing issues −0.82390 0.34919 0.45351 0.001

Product quality
features

−0.74820 0.29285 0.44586 0.001

Products’ health
safety issues

−0.03854 0.80178 −1.08095 0.001

Number of
consumers
(N = 220)

71 87 62

Groups of consumers of wood products

Factors Opportunists Consumers interested in product
features

Consumers
interested in
marketing
issues

p-value

Promotion issues −1.073330 0.56800 0.33152 0.0001

Product features −0.4886 0.77177 −0.97946 0.0001

Labeling −0.4994 −0.6862 0.59869 0.0001

Number of
consumers
(N = 231)

70 92 69
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Table 3 Summary of Classification with Cross-validation

Predicted groups of consumers of paper products
Actual classification of
consumers of paper
products

Opportunists Consumers concerned
about the environmental
impact of biotechnology
use in forest trees

Consumers
interested in
marketing
issues

Opportunists 68 2 0

Consumers concerned about
the environmental impact of
biotechnology use in forest
trees

0 76 0

Consumers interested in
marketing issues

1 2 56

Total N 69 80 56

Corrected N 68 76 56

Proportion of corrected
classification

98.6 % 95 % 100 %

N = 205 N correct = 196 Proportion correct = 0.956

Predicted groups of consumers of woody biomass energy products
Actual Classification of
Consumers of Woody
Biomass Energy Products

Opportunists Consumers influenced by
products’ health safety
issues

Consumers
interested in
marketing
issues

Opportunists 66 2 0

Consumers who are
influenced by products’
health safety issues

5 82 0

Consumers interested in
marketing issues

0 3 62

Total N 71 87 62

Corrected N 66 82 62

Proportion of corrected
classification

93.0 % 94.3 % 100.0 %

Predicted groups of consumers of wood products
Actual Classification of
Consumers of Wood
Products

Opportunists Consumers interested in
products features

Consumers
interested in
marketing
issues

Opportunists 68 0 2

Consumers interested in
products features

1 70 2

Consumers interested in
marketing issues

0 0 88

Total N 69 70 92

Corrected N 68 70 88

Proportion of Corrected
classification

98.6 % 100.0 % 95.7 %
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potential consumers who “were influenced by health safety issues” mainly believed
that forest plantations may harm human health. On the other hand, the majority of
the potential consumers of wood products who were influenced by products’ fea-
tures thought that the establishment of transgenic forest plantations will increase job
elasticity and reduce the production cost and production losses.

Hence the hypothesis, Ho3: “The consumers’ opinion about the establishment of
transgenic forest plantations is not significant in relation to a particular buying
behaviour (group of consumers) towards paper products, woody biomass energy
products and wood products that could be derived from transgenic forest planta-
tions” was rejected.

4 Conclusions

The results of this study contribute significantly to the understanding of the con-
sumers’ potential purchasing behaviour towards forest products that could be
derived from transgenic forest plantations. In particular, the study indicated that
there might be potential buyers in Greece for products originating from transgenic
forest plantations, such as paper and woody biomass energy products.

Marketing issues including attractiveness of the packing, advertisement, as well
as special characteristics of the products influenced consumers in their potential
purchasing decisions towards paper, woody biomass energy and wood products that
could be derived from transgenic forest trees. Furthermore, most of the potential
consumers of transgenic woody biomass energy and wood products paid attention
to the product’s quality, certification and the labelling regarding the product’s
transgenic origin. Health safety issues influenced the potential consumers of both
transgenic paper products and woody biomass energy products, whilst the pro-
duction methods and the possible negative environmental impact of transgenic
plantations were crucial factors for the potential buying behaviour of the transgenic
paper products potential shoppers.

In general, most of the potential consumers of forest transgenic products in
Greece would be willing to purchase such products based on their buying decisions
on marketing issues, such as advertisement, packing, quality, labelling and
branding. Taking into consideration that most of this types of products are not
directly linked with human health impacts, there is a potential for a market
development for such products, particularly nowadays that an economic depression
is experienced. Hence, from the managerial perspective, this study shows a market
segmentation of potential buyers of transgenic origin forest products.

Although forest products from transgenic plantations might not be in the market
in the near future, scientifically based information on the anticipated purchasing
behaviour of consumers is extremely important both for developers and policy
makers. For the developers such information is important, because the expectation
of viable markets will motivate investments. For the policy makers, this type of
information will help them to develop appropriate decision-making positions and
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respond more adequately through regulation and programs. In this respect, the
empirical results of this pioneer study should trigger further investigation, both in
Greece and other parts of Europe.
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Socio-Economic Considerations
for Decision-Making on GM Tree
Cultivation
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Abstract In the European Union (EU) genetically modified (GM) trees—like all
genetically modified organisms (GMO)—are regulated based on the process and
product, not on the phenotype alone. The regulatory system includes a risk
assessment which is science-based and concentrates on the assessment of risks
rather than benefits. Lately consideration of socio-economic (SE) assessments are
planned to get a more prominent role in EU decision-making. Several institutions of
the EU and the Member States (MSs) are attempting to clarify the role of SE
considerations in decision-making on GM plant cultivation. The SE assessment will
typically be a multidisciplinary and iterative process to address all relevant costs
and benefits with as little bias as possible. There is a high likelihood that there will
be divergent views the methods for SE and evaluating costs versus benefits. This
could lead to further delays on decisions on GM plant authorisations.
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1 Introduction: EU Regulations and Socio-Economics

In the EU, GMOs are regulated based on the process and product, not solely on the
phenotype of the organism or its products. The regulatory system—as an expression
of early policy making at the beginning of this millennium—is laid down in
Directive 2001/18/EC1 and Regulation 1829/2003/EC.2 The approval process is
science based and concentrates on the assessment of risks rather than benefits. The
final scientific risk assessment opinion for placing on the EU market is produced by
the European Food Safety Authority (EFSA) in cooperation with competent
authorities from the 28 MSs and some associated countries such as Norway and
Switzerland. The EU Commission (COM) then takes over the process and can give
an authorization unless a qualified majority of MS votes against.3 More than 50 GM
crop products can now be legally imported and used, but currently one GM plant is
authorised for cultivation4 as another authorised GM plant has been withdrawn. The
current regulatory process for authorising GMOs in the EU only requires risk (to
human/animal health and the environment) related information from applicants.
Experience from EU funded biosafety research and the scientific literature has not
shown any biologically relevant effects of approved GM products or the cultivated
GM plants in comparison with existing non-GM products and crops (Sweet and
Bartsch 2012). These studies have confirmed the comprehensive scientific assess-
ment of potential risks carried out by EFSA and shown that the scientific quality of
their scientific opinions is beyond reproach (Müller-Röber et al. 2013). Despite that,
the authorization process for GM plant cultivation has been hampered by political
conflicts that have delayed or cancelled several approval procedures.

A new discussion was started by The Netherlands (COGEM 2009) and Austria
(Greiter et al. 2011; Spök 2011) to broaden the scope of GMO assessment and
regulation by considering SE aspects. These considerations could provide
decision-makers with more options to cope with political influences on the
decision-making process. However, a series of additional requirements (e.g. risk–
benefit analysis or economic modelling) for applicants may potentially make the
regulatory process even more complex and cause further delays to decision-making
of approvals.

1Directive 2001/18/EC of the European Parliament and of the Council of 12 March 2001 on the
deliberate release into the environment of genetically modified organisms, http://eur-lex.europa.eu/
LexUriServ/LexUriServ.do?uri=OJ:L:2001:106:0001:0038:EN:PDF.
2Regulation (EC) No 1829/2003 of the European Parliament and of the Council of 22 September
2003 on genetically modified food and feed, http://ec.europa.eu/food/food/animalnutrition/
labelling/Reg_1829_2003_en.pdf.
3Formore details see http://ec.europa.eu/food/plant/gmo/authorisation/cultivation_commercialisation_
en.htm.
4See http://ec.europa.eu/food/dyna/gm_register/index_en.cfm.
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2 The Scope of SE for GM Plants

SE evaluations concern the interaction of social and economic factors: how econ-
omy is affected and shaped by social processes and vice versa. There is as yet no
clear definition of the scope (and implementation) of its possible use in GMO
regulation. Since SE considerations include a wide range of subjects, a number of
international activities have attempted to clarify their use.

2.1 Copenhagen EEA Conference

A workshop “Framing SE assessment in GMO and chemicals regulation” held on
6th and 7th December 2012 with 35 experts from the European Environment
Agency, the COM, the European Chemicals Agency, representatives of academia
and regulatory experts from MSs discussed pending questions related to the prac-
tical application of SE assessment in GMO and chemicals regulation, and specifi-
cally questioned how to frame and implement SE assessments (Eckerstorfer and
Gaugitsch 2014).

The workshop aimed to provide conceptual clarity for stakeholders involved in
SE assessment. A working definition for SE assessment was developed: “Other
legitimate factors in the context of decision making going beyond an environmental
risk assessment including risks to human health, such as (a) Environmental and
human health benefits, (b) social risks and benefits, (c) economic risks and benefits
and (d) ethical issues”.

One general conclusion of the discussion was that the SE assessment should be a
tool to inform, but not replace decision-making. SE assessment developed for the
purpose of supporting decision-making will necessarily be restricted in time and
resources, so that it provides timely inputs. SE assessment would need a high level of
transparency, clear communication of the applied approaches and focussed con-
clusions directed towards decision-makers and the general public. However,
uncertainties are also inherent to the SE assessment due to the specific approach (e.g.
integrated and systematic ex-ante or post-ante analysis of economic, social and/or
environmental impacts) taken and due especially to lack of data availability (e.g. due
to confidential business information) to address issues regarded as important.
A further general conclusion was that the task of producing an SE assessment can be
highly complex leading to ambiguous results. The outcome of a SE assessment is
very dependent on the methodology used and assumptions taken. However, the
smallest scale or unit of SE assessment might well be a certain crop/trait combi-
nation, and not the GMO event as used in the risk assessment process. Further
difficulties were identified during the conference including (a) availability of data for
taking management decisions, (b) anticipated costs of coexistence, (c) foreseen
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overestimation of costs and underestimation of benefits and (d) clarification of ‘re-
ceiving environment’. EU food law requires (GMO) safety as the basis for all further
action. There is a need to draw a line between the risk-focused GMO authorization
and SE assessment, the latter could have added value when used after authorization.

The SE assessment should enable a systematic analysis of the main impacts of an
application or risk management measures. It should be proportionate to the problem
that is addressed, i.e. scope and depth will require case-by-case considerations.
The SE assessment will typically be a multidisciplinary and iterative process to
address all relevant costs and benefits with as little bias as possible. It should be
taken into account that SE assessment is a tool to support decision-making, thus it is
very important to define the purposes of its application.

2.2 The European GMO SEs Bureau (ESEB)

In 2011 the COM published a report on SE implications of cultivation of GM plants
describing the state of knowledge (EC 2010a). The report called for an advanced
reflection at the European level, with a sound scientific basis, and the objective of:

• Defining a robust set of indicators to capture SE consequences of cultivation of
GM plants from seed production to consumers across the EU

• Exploring approaches to make use of the increased understanding of these SE
factors in the management of the cultivation of GM plants.

One of the initiatives towards this goal was the introduction of the European
GMO SEs Bureau (ESEB).5 The ESEB consists of scientific experts nominated by
the MSs and experts from the COM. The mission of the ESEB is to organise and
facilitate the exchange of technical and scientific information regarding the SE
implications of the cultivation and use of GMOs between MS and the COM. The
Bureau develops Reference Documents that enable a science based assessment of
these impacts in the MSs and across the EU.6 The ESEB agreed to predominantly
focus on SE assessment of GM crop cultivation in the EU.

The structure of ESEB’s outputs, in the form of reference documents, will be
based on crop/trait combinations. Given the limited resources available and the
need to establish a 2-year work programme, the work will focus on crops that are
cultivated in the EU or are in the regulatory pipeline, which will currently exclude
GM trees (Lusser et al. 2012). Potential crop/trait combinations are thus limited to
maize, soybean, cotton and sugar beet with either herbicide tolerance or insect

5See https://ec.europa.eu/jrc/en/eseb.
6See minutes of first meeting: https://ec.europa.eu/jrc/sites/default/files/Minutes_first_ESEB.pdf.
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resistance traits. Crops with other traits such as enhanced nutritional composition or
drought tolerance will be considered in a later period.

The ESEB recently published the first reference document describing the
framework for the socio-economic analysis of the cultivation of genetically mod-
ified crops (Kathage et al. 2015). Specific documents for different crop trait com-
binations are in preparation.

2.3 International Considerations: WTO, CBD and Others

The last Conference of the Parties to the Convention on Biological Diversity7 took
place in October 2014 and addressed the outcome of an expert working group for
SE considerations (CBD 2014). The EU position stresses that any outcome of the
discussions in which SE considerations would be incorporated in risk assessment,
and/or become a compulsory and systematic element to consider in the GMO
authorization process, would be incompatible with the EU legislation. However,
there is little experience with the interface between risk assessment and interna-
tional obligations that may be relevant to SE considerations. It is clear that the scope
of SE considerations includes economic, social, ecological,
cultural/traditional/religious/ethical and human health related issues. Based on the
complexity of the scope proper methodology should be used in order to get the best
study outcome regarding:

• Situational analysis and baseline information
• Scenario planning
• Ex-ante and/or Ex-post studies
• Quantitative and/or qualitative studies
• Public consultation and participation modalities
• Multi-criteria analysis
• SE assessments
• Valuation of biological diversity

Unfortunately a number of complex factors depending on the organism, trait and
intended use will affect SE considerations in detail. The resulting uncertainty or
insufficient information on SE considerations will be challenging for decision-
makers. Given the contrasting views of stakeholders involved in the design of SE
considerations assessment (see e.g. Eckerstorfer and Gaugitsch 2014), any weight
of evidence approach might well end finally in court actions where external expert
opinion and the availability of evidence (or absence of evidence) will shape the
possibility to take a decision.

7Conference of the Parties serving as the Meeting of the Parties to the Cartagena Protocol on
Biosafety, the 7th meeting, (COP-MOP 7) 29 September–3 October 2014, Pyeongchang, Republic
of Korea, see http://www.cbd.int/doc/?meeting=mop-07.
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More investigation is (still) required on recent World Trade Organization
(WTO) case law which could provide some more guidance on what kind of SE
considerations would be in line with sanitary and phytosanitary measures, technical
barriers to trade, or the general agreement on tariffs and trade (Spök 2011), see also
Dederer (2010). In addition, SE issues and public awareness are important for
developing countries in order to harmonise their efforts towards utilisation of GM
products (Malboobi 2012).

3 New Opt-Out Regulation for EU MSs in the Pipeline

In 2009, 13MSs asked the COM to provide a sound legal basis in the related EU legal
framework in order to allow MSs to restrict or prohibit cultivation of GMOs, which
have been authorised or are under authorisation at the EU level, in all or part of their
territory. In response the COM proposed in 2010 new rules for the authorisation of
GM crops for cultivation (EC 2010b). The final proposal was adopted by the EU
Parliament (EU 2014a, b) and contains a non-exhaustive list of possible grounds that
can be used by MSs to restrict or prohibit cultivation of GMOs, including, notably,
environmental policy objectives, SE considerations, land use, town and country
planning, agricultural policy objectives and public policy issues, etc.8 All restriction
measures shall be in conformity with the EU law, reasoned, proportional and
non-discriminatory and, in addition, shall be based on compelling grounds.

With the adoption of the new regulation9 MS can now ban GMOs on policy
grounds other than the risks to health and the environment already assessed by
EFSA, However, it is still not clear how this proposal would work in regulatory
practice. For example, there is no internationally agreed definition of what is meant
by SE considerations.

According to Dederer (2010) the establishment of general GMO-free areas is a
violation of basic EU law concerning right of property, economic or entrepreneurial
freedom, free movement of goods and freedom of research. However, in his opinion
the construction of specific GMO free areas might be possible taking into account
environmental policy, nature conservation or coexistence considerations. In this
respect farm level restrictions might be more legally defendable than wider pro-
hibitions of GMO use.

It is difficult to align political intentions and objectives one-to-one with these
compelling grounds. Data would need to be generated to establish specific GMO-free
areas on regional/geographic levels using differentiated and GMO specific reasoning.
It is economically and administratively simpler to establish and control general

8See http://www.europarl.europa.eu/news/en/news-room/content/20150109IPR06306/html/
Parliament-backs-GMO-opt-out-for-EU-member-states.
9Based on the new article 26b in Directive2001/18/EC, implemented through Directive
(EU) 2015/412 as regards the possibility for the Member States to restrict or prohibit the culti-
vation of genetically modified organisms (GMOs) in their territory
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GMO free areas within greater political borders. However, basic EU and international
law may be the guiding force based on reasoned arguments to cope with legally
defendable arguments.

4 Outlook

Consideration of SE impacts, if implemented, are challenging as the basis for
making decisions on the cultivation of GM plants, including trees. One important
issue is that very little experience exists on the SE of GM trees. In China poplars
expressing transgenic Cry1 and Cry3 proteins10 providing resistance to
Lepidopteran and Coleopteran pests, have been cultivated for several years for
environmental restoration and timber production. Commercialisation occurred in
2002 and now well over one million insect resistant GM poplars have been planted.
According to official statistics from the Chinese Forestry Academy, Bt poplars are
currently being commercially grown on around 200–300 ha. There are a further
300 ha of small research sites, distributed over several provinces.11

These trees have improved the area where they have been established by trap-
ping rain, reducing water runoff, and preventing soil erosion. They are also more
productive as they are not defoliated by insects each year. Therefore a range of
environmental, economic and social benefits can be identified as well as some
environmental hazards associated with non-target effects of the cry toxins.

A GM fruit tree, the GM ring-spot virus resistant papaya, has been authorised in
the US (State of Hawaii), and has been commercially grown since 1999. According
to Brookes and Barfoot (2014), 77 % of the Hawaii’s papaya was GM (395 ha of
fruit bearing trees). There was a significant increase of yields relative to conven-
tional varieties. Compared to the average yield in the last year before the first GM
papaya cultivation in 1998, the annual average yield increase of GM papaya has
been within a range of +15 % to +77 % (17 % in 2012) relative to conventional
crops. The total papaya production increased by 12.7 %. Economically, the net
annual impact has been an improvement per ha between $2400 and $11,400, and in
2012, this amounted to a net farm income gain of $2420/ha and an aggregate benefit
across the state of $0.95 million. According to Brookes and Barfoot (2014), the
cumulative farm income benefit was $23.9 million since 1999. Overall, the data
presented by these authors cover basically only farm income as economic value and
very few social considerations. Virus resistant papaya are also reported to have been
grown in China, (4500 ha in 2012) and are being field tested in other Southeast
Asian countries. However, more data on economic and environmental impacts of

10There is little information publically available at http://www.gmo-safety.eu/science/woody-
plants/316.seeing-once-studying-thousand-times.html.
11http://www.gmo-safety.eu/en/wood/poplar/325.docu.html.
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GM papaya cultivation are not to be yet available from China or other Southeast
Asian countries (Brookes and Barfoot 2014).

Independent of this papaya example, in the EU a trade-off is foreseen between
legal restrictions as consequence of broad public concerns and the freedom of
public institutions or private companies to develop and use the new technology. The
economic importance of GM trees is not (yet) a big issue, especially for multina-
tional companies, but small and medium enterprises as well as public institutions,
such as national forestry and tree fruit institutes and breeding programmes, would
benefit from balanced SE considerations.
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Value Communication in the Field
of Agri-Food

Guido Nicolosi

Abstract European surveys show that Europeans are not technophobic. At the
same time for some Europeans, the jury is still out on biotechnology. All the
surveys carried out to measure public perception on the topic of technoscientific
innovations demonstrate a certain ambivalence in the judgment of public opinion. It
is generally positive with respect to medical applications (diagnosis, prevention and
cure of disease). On the contrary, biotechnological innovation in the agricultural
and food sector is a source of anxiety and considerable fear. The case of agri-food is
emblematic. It is an entity that is at the crossroads between territory and technique
and it highlights well the need we have to update the ‘toolbox’ for the appraisal of
environmental and development problems. This is because agri-food products are
perceived as substances of physical–biological maintenance, pharmacological
remedy and ‘cultural object’ able to channel important symbolic meanings. The
cultural and symbolical value of agri-food practices implies that agri-food and
communication are strongly intertwined. Presenting a theoretical background and
some evidences emerging from empirical research, this chapter suggests some
guidelines for a value-based system for risk and benefit communication in agri-food
applications.

1 Introduction

1.1 Public Opinion on Agro-Biotechnology: Fears, Anxiety
and Symbolic Value in the Agri-Food Sector

European surveys (for example Eurobarometer) show that Europeans are not
technophobic. The greater majority thinks that telecommunications, computers and
IT, the Internet, solar and wind energy and mobile phones will improve our way of
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life over the next 20 years. Trend data since 1991 show little change in this
optimism for telecommunications, computers and information technology.

At the same time for some Europeans, the jury is still out on biotechnology.
Around 20 % said ‘Don’t know’ when asked whether it would improve our way of
life or not. By contrast amongst those who expressed an opinion, 53 % of
Europeans were optimistic and 20 % pessimistic about biotechnology
(Eurobarometer 2012).

In the period 1999–2002, optimism has increased to the level seen in the early
1990s after a decade of continuously declining optimism in biotechnology. An
index of optimism shows an appreciable change from the declining trend of the
years 1991–1999. This rise in optimism holds for all the EU Member States with
the exception of Germany and the Netherlands, where such a rise was only
observed between 1996 and 1999.

1.1.1 Attitudes to Medical, Industrial and Agri-Food Applications
of Biotechnology

All the surveys carried out to measure public perception on the topic of techno-
scientific innovations demonstrate a certain ambivalence in the judgment of public
opinion. An attitude that has been defined by some commentators as ‘utilitarian’
(Cerroni et al. 2002) seems to govern opinion formation. In consequence, medical
applications (diagnosis, prevention and cure of disease) are generally appreciated.
On the contrary, biotechnological innovation in applications in the agricultural and
food sector is the source of anxiety and considerable fear.

Judgments about six applications of biotechnology—genetic testing for heredi-
tary diseases, cloning human cells and tissues, GM enzymes for soaps, transgenic
animals for xenotransplantation, GM crops and GM foods show that Europeans
continue to distinguish between different types of applications, particularly medical
in contrast to agri-food applications. Genetic testing for hereditary diseases is seen
as useful, morally acceptable and worth to be encouraged (supported), the same
holds for cloning human cells and tissues, even though this application is also seen
as a risk. These two applications are supported in all the EU member states.

A majority of Europeans do not support GM foods. These are judged not to be
useful and to pose a risk for society. For GM crops, support is lukewarm, while they
are judged to be moderately useful they are seen as almost as risky as GM foods.
While GM crops are supported in Spain, Portugal, Ireland, Belgium, UK, Finland,
Germany and the Netherlands, with the exception of Belgium, all the countries
which called for the extension of the de facto moratorium on the commercial
exploitation of GM crops (France, Italy, Greece, Denmark, Austria and
Luxembourg) have publics that are, on average, opposed to GM foods
(Eurobarometer 2003). Why are GM technology applications with an emphasis on
agri-food so differently perceived? We will suggest some cultural and symbolical
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explanations requiring specific communicative strategies for the different fields of
biotechnology.

For example, the main fears of Italians, according to the findings of Censis (Social
Investments Study Centre) are those where foods play a primary role (Censis 2001).
Closely correlated to these data, according to Censis, is the exponential increment in
the growth of the market share of biological products and of quality alimentary
products certified by PDO (Protected Denomination of Origin) and PGIs (Protected
Geographical Indications) which are estimated at 7 million euro. The consumption
of biological fruit and vegetable products is around 5 % of the market. The anxieties
shown by Italian consumers reflect those found in a broader European context, i.e.
that fear and pessimism are not connected to biotechnologies in general, but are
mainly focused on agri-foods.

In the agri-food sector the more anxiety-inducing aspects practically coincide
with the fear of contaminating one’s own body. An important aspect emerging is
that biotechnology innovation in the agri-food sector becomes more acceptable if
the ‘contaminating’ products (for example GMOs) are accompanied by informative
labels. Indeed, 61 % of those interviewed stated that they were ‘favourable to the
introduction on the market of biotechnological products if the relative information
were indicated on the label’ (Cerroni et al. 2002). Highly interesting is the inter-
pretation that Cerroni gives to this data. In his view, labelling does not so much
perform an informative role (as the supporters of the cognitive approach would
have believed), but rather realizes an essentially psychological task. Cerroni cites
various empirical researches to show that the value of labelling does not consist in
assuring an effective increase in the power of control over technology by the
consumer, because in the background persist:

(a) a profound informative asymmetry between producer and consumer;
(b) a fundamental emotional and symbolic dimension that cannot be resolved in a

mechanistic manner (or hydraulic) through the mere ‘pumping’ of
information.

According to these researchers, citizens perceive science and technology as
hazardous for health and the environment due to their inability to analyze the risks
and thus develop an understanding of the technology. The profane, therefore, would
react in a ‘non-scientifically rational’ way because they are ignorant of the tech-
nology. According to this view, there is an information deficit (deficit model) at the
roots of the unwarranted anxieties of contemporary society. It has been suggested
that increasing the amount of information available to people would resolve this
problem of the widespread resistance to change and progress (Lupton 2003).
However, this point is challenged by Wynne (1994).

The greater propensity of the consumer to GMOs in the presence of labelling is,
instead, explicable by a control illusion. Interpreting the work of Slovic, Cerroni
asserts that through labelling it is possible to reduce ‘the subjective component of
unknown risk’. The existence of such a component is demonstrated, a contrario, by
the disavowal or the scant importance attributed to the danger of day-to day haz-
ardous behaviours (domestic incidents, cars, etc.). In particular, Cerroni quotes the
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renowned distinction between dread risk and unknown risk: the former definable as
a fear of unimaginable effects; the latter owing to the fear of ‘the hidden nature of
the process’.

The interpretation proposed in the following argument is that this special
attention towards biotechnological applications in foods may be explained by
recognizing that food continues to hold, even in complex contemporary societies, a
decisive symbolic weight. Unfortunately, science (in particular medicine) obsti-
nately continues to underrate this aspect.

For such a reason, doctors and scientists are often vexed by the broad spread of
alimentary fears; and they are critical of the behaviour of consumers which is
defined ‘irrational’. In the magazine Salute (weekly insert magazine of the daily
paper ‘La Repubblica’) 16 February 2006, n° 479, Riccardo Crebelli, renowned
toxicologist of the Higher Institute of Health, in an interview on the theme of
banning Teflon and Pfoa (with particular reference to so-called ‘non-stick frying
pans’), emblematically, asserted:

[…] Pfoa have been found everywhere: in 92% of American non- exposed citizens [… ]
they enter into the atmosphere, they are concentrated, they end up in the alimentary chain,
the aquifers and become ubiquitous and persistent [… ] as a toxicologist I always ask
myself why people’s attention is pathologically concentrated on food, while one never
thinks of air or water. We breathe approximately 15 kilos of air a day, drink 2 litres of
water, we only eat 1 and a half kilos of food, yet our main worry…

Prof. Crebelli’s question expresses the mechanistic and rationalist perspective so
widespread in the medical–scientific field. The main thesis developed within this
chapter takes a contrasting view: for or against, we will never understand the
widespread fears and consequent resistance to biotechnological innovations in the
food if not by starting off from a serious reflection on the symbolic importance of
the agri-food sector.

2 Theoretical Background

2.1 Technological Innovation and the Crisis of Trust:
The Case of Agri-Food Applications and the Role
of Communication

2.1.1 Technique, Territory and Culture

The public debate on environmental conditions is to a large extent founded on
judgments, appraisals, forecasts and desires that concern two key dimensions of the
life of Man: technique and territory. The disagreeable sensation pervading some of
those following this debate is that it is marred by a serious error of perspective.
I refer, in particular, to the consolidated tendency to think of technique and territory
as neutral and objective entities; and to the consequential choice of leaving them to
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be dealt with by only those with specific technical–scientific expertise (engineers,
geologists, etc.).

Territory and technique are socially rooted entities and a serious discussion
should always include a deep reflection on the sociohistorical conditions that
determine their definition. Territory is socially rooted to the extent in which it is
defined in a continuous and mutual exchange between ecological, environmental
and sociocultural conditions of human groups that inhabit it. It is technique that is
the main form of mediation implied in such exchange. But far from neutral, tech-
nique is itself produced by Man. By means of technique, Man projects himself, his
culture, to the outside, in time, creating an objective and meaningful world, in
which he lives.

Such a relationship is not determinist, neither unidirectional: by means of
technique Man also expresses the way in which the natural world conditions and
constrains him (Fig. 1).

The relationship with the world needs mediation and this can be done with
material objects (forks, umbrellas), but also with immaterial or symbolic objects
(beliefs, codes…). But the same material objects incorporate symbolic systems and
cultural practices and by mediating Man’s relationship with the world carry out an
important communicative function.

But technique is not only the medium of Man’s relationship with the non-human
and the non-social. Technical action, namely ‘a kind of acting that creates artefacts’,
is also one of the fundamental conditions that determine the very social nature of
Man. Indeed, there are three modalities of technical acting: (a) for the purpose of
employment; (b) directed towards the modification of what is found; (c) and pro-
ductive (Popitz 1990). But to employ, modify and produce imply, next to a subject–
object relationship, also a subject–subject relationship:

In this sense, technique is ‘a form of social relationship and production’. Rather
than the social consequences of technique, we should discuss ‘sociotechnical sys-
tems’, namely: ‘networks of human and technological elements operating jointly in
order to achieve a determined purpose’ (Gallino 1998; Latour 1995). The case of
agri-food is one of the most emblematic. It is an entity that is at the crossroads
between territory and technique, highlighting the need that we have to update the
‘toolbox’ for the appraisal of environmental and development problems.

Time

Technique

Man

Territory

Ecological Environment Socio-cultural Environment

Fig. 1 Model of ecocultural evolution (Nicolosi 2008)
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2.1.2 Agri-Food Between Nature and Culture

To consider nutrition a merely biological fact is reductive. If it is true that Man, like
any other animal, must ingest nourishing substances to live, it is equally true that he
does so only after having transformed them into aliments: natural elements cul-
turally elaborated and consumed within the framework of social codified practices
(Poulain 2002).

The food chain is characterized by three or four fundamental stages: harvest,
(transport), transformation and consumption. The transformation stage is that which
phylogenetically distinguishes the greatest discontinuity between Man and other
animal species. In fact, if some physical–chemical transformations are also done by
other living species, humans are unique in practicing cooking and combining foods.
For this reason, for Man feeding means using natural products from a specific
territory and transforming them through culinary techniques. That is, if the ali-
mentary act unites Man with the animal, the culinary act (which is a technocultural
act), an experience that is exclusive to the human species (Perlés 1979, p. 5).
Already in this, Man shows his specificity: to crossbreed nature and culture with a
techno-transformative action. In this sense, I propose to consider the human con-
dition as ‘physiologically’ biotechnical and biocultural (and therefore biosocial,
biopolitical, etc.): from his very beginning, Man has always lived in a biotechnical
environment, in which nature and culture are continually interwoven.

There is a complex relationship between culture and nutrition. Survival is
guaranteed by satisfying alimentary needs; but, in the case of Man, this is achieved
in different and at times hostile natural environments. This is possible (beyond that
of a specific omnivorous physiology) because Man is a social animal endowed with
culture and symbolic ability to construct more favourable environmental conditions.
For this reason, in the case of the human animal, many anthropologists rightly
speak of biocultural evolution.

Moreover, because of the principle of incorporation1 (Fischler 1988), there is a
complex but essential food–body nexus. There are three dimensions able to specify
such complexity. Food is: substance of physical–biological maintenance; pharma-
cological remedy2; ‘cultural object’ able to channel important symbolic meanings.

These three dimensions, in effect, are traceable to two fundamental spheres: a
material (life, health, energy, etc.) and another immaterial (symbolic projection).

1Founding principle of the relationship between man and food, consists in the banal fact that eating
means incorporating the external world within, breaking the barrier between the interior and
exterior. This implies the fact that, both on a material as well as symbolic level, incorporating food
means incorporating a part or all of its qualities (positive or negative). Much of primitive thinking
is based on such a ‘belief’.
2Indeed, food as of being the main material with which our bodies are made, has always been, in
every society, the first pharmacological remedy (Hippocrates invited making his medicine into
food). But if in archaic societies this fact further augmented its symbolic importance, in modern
western societies it has increased its rationalist reification (nutritional science, etc.).
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Moreover, both may be tinted in an ambivalent way (and in a synchronic or
diachronic sense) by conservative or innovative instances: protect the body
(physical identity), the Self (symbolic identity) or innovate both. Such fundamental
ambivalence is, in the last instance, traceable to the so-called paradox of the
omnivore (Fischler 1998), namely that the human being, in so far as an omnivorous
animal, lives out an elementary anthropological contradiction. On one hand, he
inhabits the reign of freedom, to the extent he is not limited to one food alone, but
can choose from a more or less limitless variety of possibilities. This renders him
particularly flexible, creative and ready to adapt to the changes in the environment
in which he lives (neophilia). On the other hand, as always happens in the reign of
the freedom, he experiences the distressing constraint of choice. He must choose
and decide among infinite possibilities, some of which are irremediably toxic,
corruptive or lethal (neophobia).

For all these reasons, Man does not only feed on food, but also on culture and
must satisfy the two levels that compose him: the material (corporeal) and imma-
terial (symbolic). It may happen that symbolic–cultural requirements provoke
disastrous endemic deficiencies of a nutritional kind.3 In compliance with the
matrix of the anthropological charter of human nature (in which biological, cultural,
individual and social are fused inseparably), the homo sapiens’ relationship with
food is complex and cannot be reduced to one-dimensional readings. If we add the
fact that various cultures respond to alimentary needs in different ways, we can
easily see that in the case of cultural processes it can be misleading to speak of
‘evolution’.4 It would be more correct to admit a good dose of symbolic
arbitrariness.

But it would be wrong for this reason to remove the cultural dimension from the
context of what must be scientifically analyzed. At times, genes adapt more readily
than human cultures to changes. Any kind of new intervention aimed at the
introduction of new practices, technologies or agri-food production must be
able to deal with this aspect.

3It is no accident that the phase of weaning (passage from ‘natural’ to ‘cultural’ nutrition) is the
riskiest moment for babies’ survival.
4For example, with the advent of the Neolithic age the agricultural revolution had the effect of
increasing enormously the amount of food available and the possibility of storing foods, but at the
expense of a slow but significant narrowing of the qualitative spectrum of alimentary consumption
(Gaulin 1979, p. 48). In effect, agriculture marks a paradox: an animal that bases its evolutionary
successes on the condition of omnivore, ‘chooses’ to practice a relative but important alimentary
specialization. Such a choice is evidently cultural and to some extent can be read as a veritable
‘regression’: ‘Agricultural societies, by partially reducing the fluctuation in resources, or at least,
the irregularity of alimentary cycles, introduced the risk of crises with catastrophic consequences’
(Fischler 1979, p. 197). Nevertheless, what from the point of view of mere biological adaptation
might be considered dysfunctional behaviour, from the historical point of view has had exceptional
implications: the affirmation of the earliest kinds of private property by means of production,
construction of cities, foundation of empires, until arriving at the modern industrial era.
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2.1.3 Food and Communication: An Inseparable Binomial

The cultural and symbolical value of agri-food practices implies also that food and
communication are strongly intertwined. Approximately 10,000 years ago, the
introduction of the products of animal origin meant the passage from the condition
of gathering to that of hunting (after a probable stage of necrophagy). Such a
change most likely contributed to make feeding become a collective and sexually
differentiated action. In particular, since Man was not endowed with suitable
‘natural instruments’ (tusks, claws, etc.), there was the need to develop an action of
collective hunting with an advanced level of coordination.5 This implied, besides
lengthening the alimentary process (between need and its satisfaction), also a
meaningful development of the system of communication between the players
involved (Perlés 1979).

The practice according to which feeding became first of all a social action
founded on the division of labour, exchange and reciprocity was consolidated. Most
likely, from this moment on the consuming of meals was to be done in a
non-individualized way, in a shared place and time, becoming, therefore, a fun-
damental practice of community integration. Probably, in this particular moment of
the hominization process food takes on a privileged function of medium of com-
munication, acquiring in such a way an exceptional symbolic charge.6

Many authors have found this charge stimulating for their own reflections; for
example Lévi-Strauss, in the context of his structuralist theory of culture as com-
munication (2002–2004). As is known, moreover, for Lévi-Strauss a society’s
cuisine can be analyzed, exactly like a language, according to structures of oppo-
sition and correlation and based on specific gustemes.

Mary Douglas has often stated that the alimentary dimension is able to go
beyond the border between the sphere of the natural and that of the cultural. Needs
of the body and needs of society are, in food, inextricably interwoven, so much so
that ‘it is culture that creates among men the communication system that defines the
edible, the toxic, satiety’ (Douglas 1979).

With reference to the alimentary problems of development, Douglas emphasizes
how in communities (often rural ones that feed following the close ties with sea-
sonal correspondences) it is utopian to think of introducing important changes in
food practices without deeply affecting their fragile inner equilibrium and what
binds them to the environment. In general, the overly abrupt introduction of new
foods may even provoke serious forms of widespread anxiety. Equally, the forced
realization of a plan of agricultural development foreign to local
ethno-gastronomic traditions can have the same negative effect as the com-
pulsory introduction of a foreign language.

5Also the harvest of vegetable products may not be exclusively individual, but it implies a
decidedly reduced coordination and division of labour.
6For example, meat, the product of hunting becomes a male food par excellence. The distribution
of the venison among the members of the group, moreover follows a logic of social importance
based on roles, hierarchies, exchange and allegiance relationships.
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For Igor De Garine, the food–communication nexus is also central. It is verified
empirically that human groups living in very similar environmental conditions
develop alimentary behaviours and give value, from nutritional and symbolic points
of view, also highly varied foods. This fact demonstrates that feeding represents one
of the main communicative registers that allow asserting the inner cohesion of a
society (De Garine 1979). Alimentary behaviours, in such a perspective, carry out a
demarcative function aimed at boosting cultural heterogeneity. Moreover, accord-
ing to De Garine (1979), valued foods serve to explicate the differential gaps
between groups and categories that cohabit in each culture. The interpretation given
by the French anthropologist is highly evocative. The differential gaps are not found
at a biological level, but at a cultural one that performs a function similar to that
carried out in the field of sexuality by the taboo of incest: by differentiating ali-
mentary behaviours, the inner cohesion of the original groups, as well as the social
heterogeneity between individuals, categories, social groups and cultures is
strengthened at the same time. This makes communication and exchange possible,
rather the main ‘instruments’ by means which human societies are formed and
persist.

In conclusion, I have briefly shown how communication has great importance in
the definition of alimentary processes. These are embedded in a social–cultural
matrix with a twofold valence: on one hand, nutrition (in all its stages: harvest,
transformation, circulation, etc.) always implies a social exchange of a commu-
nicative kind; on the other, food may be interpreted as a symbolic system of
communication in itself. Both levels have been radically overturned by the advent
of alimentary modernity.

2.1.4 Modernity and Communication: The Agri-Food System
as Expert System Generates Alimentary Fears

Our age is characterized by a broad diffusion of alimentary fears. I suggest that they
do not represent a secondary or contingent phenomenon. The case of bovine
spongiform encephalopathy (BSE), the problem of the GMO, the avian flu
crisis, the diffidence towards biotechnologies, etc. are all manifestations of a
much deeper structural phenomenon. The thesis proposed here is that they are
the manifestation of the social affirmation of a rather significant anxiety-inducing
syndrome that expresses the particular symbolic relationship we have established
with food and the body in the contemporary scenario. I describe such a relationship
by defining our society as an orthorexic society.7

7Orthorexia nervosa is a psychocultural syndrome, whose definition is the work of Steve Bratman,
that may summarily be described as the obsession for healthy (opportune) feeding. Although the
clinical picture has still not been definitively established, it represents a condition that affects an
increasing proportion of the western population and, here, serves as a metaphoric representation of
an ‘epoch-making’ condition. The orthorexic spends an important part of his time in search of
dietetic perfection, organizing, researching and selecting food.
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Such a syndrome can be understood with three processes set in motion by
modernity: the distancing, in the agri-food production sector, of the producer from
the consumer (‘opacity’ of food), the erosion of the constraining aspect of norms
regulating a correct diet (the culinary Order) and the closure in an individualist
frame of the human body. Particularly, here, is the first process we have to
underline.

Modernity has inaugurated a series of radical transformations in the production
processes of food. Domestic cooking has been replaced by an industrial conception,
and the new agro-industrial system has rendered food processing opaque. Its
identification, namely in the new order of alimentary production, is increasingly
difficult and an ever greater part of the population consumes food whose history and
origins it does not know. At the same time, the olfactory/taste consistency of a food
has increasingly less of the very nature that identifies it. Its ‘sensible’ characteristics
are increasingly an issue of sign appearance (marketing, packaging, etc.) exposed to
technological sophistication (artificial flavour, additives, preservation techniques,
etc.). Also natural and traditional products are subject to imitation or industrial
elaboration.

In the framework of such epochal transformations (individualisation and
untransparency of the alimentary act), insecurity and alimentary uncertainty rep-
resent an ever more decisive aspect of contemporary society. Only in such a way
can the ever greater demand for informative labelling of food products be understood
(ingredients, nutritional tables, traceability, marks of quality and origin, etc.).

Alimentary modernity and the affirmation of the long globalized chains of
production create a process of uprooting of the alimentary act from the local and
specific ‘eco-biocultural’ (‘techno-territorial’) context. Through the taylorization of
production, transformation and distribution8 food ‘takes off’ from the territory and
it becomes ‘indifferent’ to the characterizations that in the past9 rendered it unique.
In this way, an abstract alimentary system is created. Namely, this is the concrete
application to food of those radical transformations that Anthony Giddens has
described with reference to modernity in general (1994): space-time distanciation,
disembedding and reflexivity.

For Giddens, modernity has lifted out social relationships from the ‘local con-
texts of interaction’, assuring at the same time their restructuring ‘across indefinite
spans of time and space’ (Giddens 1994). The most important examples of such
uprooting processes are the so-called expert systems.10 In my view, the modern
alimentary system must be studied and understood, in its features and social con-
sequences, precisely as an expert system.

8To this should be added the processes of rationalizing alimentary consumption through: (a) the
substantial participation of nutritional science; (b) the taylorist–fordist organization of the food
offer [see the Mcdonaldization of society by Ritzer (1993)].
9Thanks to the earth, climate, seasons and material and symbolic practices.
10Giddens defines systems of technical realization or professional competence that organize wide
areas in material and social ambient in which we live today (ibidem, p. 37).
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The disembedding of the expert system from the local context of interaction
implies that ‘trust’ becomes essential to its workings. That is because social
expectations are created in space-time distanced contexts. As Giddens often states,
such trust is at the same time an article of faith and what Simmel called ‘weak
inductive knowledge’. Because of this dual matrix the confidence entrusted to
expert systems is, at the same time, a quasi-magical component (of symbolic type)
and a pragmatic one (tied to observation and experience). We have confidence in
the expert systems because they are constructed on specialist knowledge that is
inaccessible and mysterious to us, but which some elected few possess (profes-
sionals, technicians). These are considered the clergymen of the churches (with
their own technical and legal apparatuses and, above all, with their own methods of
monopolistic certification). But we also have faith because we know by experience
that such systems generally work and satisfy our expectations. This dual nature can
sometimes provoke important dyscrasia (at times when airplanes crash or cows go
mad) that fracture the confidence that is generally granted to expert systems, cre-
ating a climate of anxiety.

The expert system is prevalently disembodied, founded on functions, roles,
flows, etc. Uprooted from local contexts of human interaction, it works as a pro-
fessional structure that sets aside sympathetic relations. Nevertheless, the same
Giddens recognizes that trust given is not only tied to abstract emblems (anony-
mous); an important part of this trust is conveyed by particular ‘facework com-
mitments’.11 In this sense, a fundamental component of the expert systems is the
so-called access points: points in which the abstract systems open up to the external
world, guaranteeing contact between its representatives and the profane. They are
very important to ensure the maintenance of trust, precisely so that common people
physically meet the operators of the system. These openings to the profane world
represent the interface of the system; in fact, they are literally, spaces of shared
interaction. For this reason, the access point constitutes, for certain aspects, the most
delicate point of the system. The place in which great efforts must be concentrated
in order to limit the onset of ‘friction’ that may throw the entire system into crisis.
A crisis that takes on the guise of ‘crisis of confidence’.

Now, is important, for our scope, to remember that much of this effort is
communicative. All the force or weakness of the expert system depends on the
workings of the communicative processes that drive it. And, equally important,
to a large extent the success of such processes depends on the quality of the
non-verbal dimension of the communication.

This aspect is determinant for understanding the role and influence that mass
media and the ICT (Information and Communication Technologies) have had in
provoking the current crisis of confidence in the expert alimentary system.
Electronic and digital media are able to influence the ‘definition of the situation’

11Facework commitments are defined by Giddens as relationships of trust supported by or
expressed in social bonds instituted in circumstances of simultaneous presence (Giddens, ibidem
p. 85).
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circumventing the material limits imposed by physical structures and geographical
and temporal distances; and to break down the barriers constructed to maintain the
separation between stage and backstage. To what extent did the images of the
staggering cows broadcast by the media during the ‘mad cow crisis’ influence the
propagation of the food crisis? In our view, very greatly indeed. They managed to
circumvent the many official reassurances that, in those troubled times, were issued
by various official operators of the system (veterinary surgeons, ministers, retailers,
breeders, etc.).

This aspect shows the determining role that the third founding characteristic of
modernity plays: reflexivity, that is, ‘the regularized use of knowledge about cir-
cumstances of social life as a constitutive element in its organization and trans-
formation’ (Giddens 1991). And the media performs a key function in diffusing,
accelerating and reinforcing modern reflexivity. Here reflexivity is understood not
so much as an enlightened project of cumulative growth of knowledge at the
expense of the arbitrariness of tradition. It is seen, on the contrary, as a systematic
affirmation of a radical principle of methodological ‘doubting’. With reference to
food, the example of the media coverage of the so-called ‘mad cow’ or BSE crisis
was emblematic.

It is for this reason that the importance of communicative processes must be
stressed. In fact, what we are witnessing, at least since the BSE scandal, is a
ferocious communication war with still uncertain results. The protagonists of this
communication war are various: environmentalist and consumer protection groups,
the assorted stakeholders are the powerful food industry, the public powers, and in
the middle, the media.

In particular, the food industry and the public powers have been creating a
communicative strategy aimed at reducing anxieties heightened by the media rep-
resentation of the crisis in food safety. They have had to touch on what many
sociologists and anthropologists have been saying for a long time: eating unknown
manufactured products, without a past and social roots can mean losing the last
sense of oneself; and eating ‘against nature’ (Genetically Modified Organisms) can
mean symbolically denaturalizing oneself. Therefore, in order to face the current of
modern alimentary anxieties, two paths have been undertaken to restore identity to
food: labelling (traceability, guarantee of origin, etc.) and advertising narration.
Both realize a new artificial form of ‘communicative embedding’.12

It is interesting to notice that advertising strategies carry out a function in many
aspects analogous to that carried out by traceability. In both cases this concerns,
through narration, restoring an identity to ‘objects’ that have become ‘opaque’ and
unrecognizable over time since they are culturally and socially uprooted. Naturally,
they involve different forms of narration. Traceability seeks to tell an ‘objective’

12At the Department of Analysis of Political, Social and Institutional Processes of the University of
Catania, we have been making an empirical diachronic investigation into the narrative strategies
adopted by food advertising (press) that seems to confirm this (see Nicolosi 2007).
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history, a biographical history of a determined food. Publicity, through discourse
and branding, often tells a mythical or fantastic story (stories), so that the consumer
can newly incorporate meanings with the food.

3 Communication, Narration and Symbolic Values:
An Empirical Analysis

The role of narration in order to restore identity of agri-food products has been
shown by research we carried out in 2006 on communication strategies in food
advertising in the Mediterranean area. We used a method elaborated on the basis of
a four quadrants model by Ferraro (1998).

This model is the result of two axes intersecting each other. The horizontal and
vertical axes cover values and issues, respectively, from relative to absolute and
from subjective to objective. ‘Relative’ means that reality is seen as socially con-
structed; ‘absolute’ means that reality is seen as nature, that is independent from
human intervention. On the vertical axis, we have ‘subjective’ which means that
individuals are seen as the most important, and ‘objective’, which means that
society (or the group) is seen as the most important. The horizontal and vertical
axes intersect resulting in four quadrants (Fig. 2). The four quadrants define
(clockwise) four different narrative strategies or regimes: causal, positional,

OBJECTIVE 

Causal Positional

Informative
Practical Origin
Health (diet)  Essence” of things 
Effectiveness  Identity 
Naturalness Tradition
Convenience Being “adequate”
Balance, compromises Being in “the right place”
Demonstrability Conceptual explanation
Measurability  “Definitions” of things 
Concrete data  

Multi-perspectival Perspectival

Communication  Personal identity 
Cooperation Differentiation 
Relation among peoples   Exclusiveness
Interaction and exchange Exclusive passions 
Seduction  Individual desires  
Discourse based with many voices Projections, identification

SUBJECTIVE

R
E
L
A
T
I
V
E

A
B
S
O
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E

Fig. 2 Four quadrants of narrative strategies and regimes based on Douglas (1970, 1996) and
Ferraro (1999) showing the narrative forms and values involved
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perspectival and multiperspectival. Together, the four quadrants classify in a fairly
general and universal manner orientations in societies and cultures. According to
the above-mentioned authors, these four orientations or strategies mutually exclude
each other, which means for example, that it is impossible to use simultaneously the
causal and the positional perspective. The orientations cannot be compromised
because they are incompatible organizing principles, as Douglas (1996) states: ‘Any
choice which is made in favour of one is at the same time a choice against the
others’.

The causal regime is defined by the objective and relative axes: this strategy is
structured in a series of logical steps based on cause and effect relations. The
approach tends towards objectivity, observability and rationality. The central values
of this model are information, effectiveness, force, energy and power. What counts
are the concrete facts and not values associated with images. Advertising in this
field tend to promote the product as a convenient and effective solution capable of
solving even complex problems. In texts belonging to this quadrant, a central role is
played by compromises, that is, the attractiveness of ‘taking into account’ different
and apparently irreconcilable needs like taste and physical fitness, quality and
savings. As Ferraro writes ‘it is not a perfect world that is discussed, but a some-
what improved world, a more rational, significant, comfortable, world, in which we
have more resources and more energy to face the problems that constantly arise’
(Ferraro 1999). He calls this type of advertising ‘informative’. The advertising texts
that belong to this quadrant emphasize the practical, measurable and objective
qualities of food (like the nutritional value and calories.). Rules and measurements
are central aspects and diet (in a broad sense of living healthy with food) is the
texts’ central message. Nature does not dictate what humans should eat, but sci-
entific (human) knowledge about what is healthy and good for us.

The positional regime is located in the objective/absolute quadrant; here the
fundamental value is the intrinsic and ‘objective’ qualities of the product. The
narrative formula used in texts belonging to this quadrant emphasizes the value of
the essence of things, their true nature. For this reason, the food products have
according to this perspective static qualities, referring to their traditional origin.
Authenticity holds a supreme, absolute value (Ferraro 1999). Food advertising
belonging to this regime constantly evokes tradition, nature and the value of tra-
ditional things. Ferraro calls the actual advertising associated with this regime
‘identity advertising’; the message is based on ‘the expression of the full adequacy
of a product to its essence’ (Ferraro 1999), an essence that is usually original, but
can also be the final result of a process.

The perspectival regime is defined by the subjective/absolute axes. This regime
is presented as coming from a specific subject or from a ‘system of values’
expressing a specific (and usually exclusive) ‘world vision’ (Ferraro 1999). The
central aspects of this quadrant are exclusiveness and uniqueness. Products are
associated with prestige and luxury. They are presented as powerfully captivating,
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irresistible, and as the fulfilment of irrepressible desire. There is often use of irony
and smile. Typical objects of this narrative strategy are clothing, jewels and per-
fume. The exclusiveness and uniqueness that define this quadrant are expressed in
the sector of food by the centrality of ‘gourmandize’, the consumer is perceived as a
‘gourmet’. The characteristics of food are not defined as objective elements in the
real world, but presented as dependent on the taste of an exclusive and unique
subject, the gourmet, i.e. the expert and connoisseur of good food.

Finally, the multiperspectival regime of the subjective/relative quadrant is
characterized by a strategy that presents the interaction and integration of different
perspectives as various systems of values are playfully interacting. The wealth of
diversity of food in the world is seen as one continuous conversation between
cultures. ‘Food adventurers’ enjoy the rich variety of cuisines. Food advertising
according to this perspective centres on the deregulation of traditions and associates
with creativity, the ‘de-ritualizing’ of meals, and with cooking innovations, like
new dishes, new origins and new combinations.

3.1 The Empirical Research

In our empirical research we analyzed food advertisements that appeared in 2004 in
3 weekly periodicals (one Italian and two Spanish). The research was based on two
different counting systems. First, we counted how many ads belonged to each
narrative regime. In this case, each ad was counted only once and therefore
repeating appearances of an ad are not counted. The resulting counting shows how
much the advertising world uses the four regimes with a given text (we called this
text ‘models’ in Table 1). Second, we also sought to evaluate the ‘diachronical
impact’ on the readers of the journals, by counting the total number of times the
same ad expressing a given narrative regime, was published (the ‘frequency’ in the
table). Results were analyzed separately for each publication. Third, we analyzed
some representative advertisements more in depth, to highlight some interesting
features of the dominant regime.

Table 1 Models and
frequency—D di Repubblica

Regime Models Frequency

Causal 8 13

Positional 33 96

Perspectival 24 86

Multiperspectival – –

Total 65 195
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3.2 Data from Italy: D di Repubblica

We analyzed a weekly magazine called D di Repubblica: La Repubblica delle
Donne,13 distributed on Saturdays along with the newspaper Repubblica, and tar-
geted at a mainly public female of middle-upper class (the ‘D’ in the title is for
donna, woman). We examined the issues published between 14 March 2004 (n°
392) to 30 April 2005 (n° 447). Research therefore included a detailed analysis of
54 issues14 and 195 total ads. The results were shown in Table 1.

The majority of observed food advertisements belonged to the quadrant we
called ‘positional’. More specifically, as shown in Table 1, 33 out of 65 ads with a
given text (sometimes the same brand and/or product is presented through different
texts) belong to this quadrant. Out of the total 195 texts surveyed, a total of 96
(49 %) belong to this quadrant.15

Quantitative analysis, however, produced an extremely interesting datum: a good
deal of the ads belonging to the positional quadrant also used the typical tools of
causal advertising to suggest the health qualities of the products. There are refer-
ences to the ingredients of the product, often presented in terms of percentages
references to the process of production, or information on the nutritional values
(like minerals and fibres). Specifically, 22 out of 33 advertisements belonging to the
positional narrative regime adopt rational and informative elements in support of
their ‘argument’. If we consider the ‘diachronical impact’ (frequency, counting also
repetitions) this approach is found in 49 out of 96 appearances (51 %). It seems as if
the narrative strategies are not so exclusive vis-à-vis each other as theoreticians
want us to believe!

Another interesting aspect is the frequent use of brands and symbols (such as
logos of consortia for the protection of consumers) that guarantee that the product
has been constantly monitored and its quality and safety have been certified. This
aspect is present in 36 appearances out of 96 belonging to the positional strategy
(38 %). Only one case from the causal regime (13) appeals to brands and symbols
for the protection of consumers.

13This study was done in collaboration with Dr. Venera Trepiccione, University of Catania, Italy.
14The only gap is issue 421 which we were unable to obtain.
15In reality, we are dealing with a rather uncommon discursive ‘polarization’ between positional
regime (48 % of the cases) and perspectival regime (43 % of the cases). The high presence of ads
belonging to the perspectival regime can probably be explained in terms of the social character-
istics of the audience of the magazine: tendentially high social status and high level of education.
This audience looks for highly distinctive, even exclusive, consumer products. This is confirmed
by the analysis of the textual content of the magazine’s columns and articles (fashion, design,
architecture, etc.). It is worth remembering also that many ads belonging to the perspectival
quadrant advertise ice cream and coffee.
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3.3 Discussion of Two Advertisements

The first advertisement, which we consider particularly significant, was that of
‘Grana Padano’ (Fig. 3).

A central theme of the advertisement is the relation of the product to milk—but
not to the cow. By only talking of milk, and not alluding to cows, the ad distracts
the consumers’ attention from recent anxieties like the ‘mad cow’-disease. This
metaphorical ‘slippage’ is evident in the visual headline, where the rational and
linear argument is supported and reinforced by the photo collage (cheese as a cup of
milk). Besides, milk always functions very well as a symbolical synecdoche. It
represents nature and purity and refers directly, through another considerable
metaphorical slippage, to the idea of maternal love. And moreover, what could be
more reassuring than milk? Milk is our first meal as newborn and it makes up the
only diet in the first months of our lives.

The ad reassures stressing that the milk is particularly safe insofar as it is Italian
(instead of English, for example). Furthermore, the authenticity of the product is
confirmed by the origin (space) and by tradition (time in the sense of history); this
last one is guaranteed with 50 years on the side of quality (“50 anni dalla parte

Fig. 3 Image of ‘Grana
Padano’ in ‘D di
Repubblica’newspaper n°
397, 17 April 2004
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della qualità”). There are other devices that refer to the authenticity and quality of
the product, like the reference to the ‘Grana Padano Protection Consortium’ that
supervises cheese production through ‘continuous and rigorous verifications’.
Reference is also made to its PDO certification (Protected Denomination of Origin),
which is an additional guarantee of quality. This certification and the existence of a
consortium serve to reassure consumers that this is a ‘safe cheese’. But also a
cheese that respects regional traditions and therefore contributes to the continuation
of the local identity—and even to the life stories of the consumers.

A second highly significant example of territorial and cultural association of food
and location is found in the ad for ‘Parmigiano Reggiano’ (Fig. 4). In the fore-
ground there is a whole Parmesan cheese with the mark of the brand name clearly
visible on the cheese itself. The cheese is surmounted by photos of five important
monuments of five well-known cities of the Emilia region.16 This collage of photos
underlines the ‘monumental’ status of the product. Like the depicted monuments,
the cheese also functions as a symbol of a geographical area (due to its history and

Fig. 4 Image of ‘Parmigiano
Reggiano’ in ‘D di
Repubblica’newspaper n°
397, 17 April 2004

16Note, incidentally, that Parma is presently the European seat of the Agency for Food Safety.
Parma is well known in Italy and abroad for the quality of its food products though its reputation
recently received a blow because of a financial scandal involving Parmalat, the city’s largest food
company. The Italian government lobbied heavily for Parma to be the seat of the European agency.
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culture) famous for its food products. For this reason, the product is presented as
‘unique as its origin’ (see subheadline). The first part of the subheadline in the
upper half suggests the long tradition behind the product (‘70 years’) stressing the
fact that ‘this extraordinary example of nature and wisdom’ is a ‘gift’ from ‘gen-
erations of the place of origin’. Tradition, territory and nature are merged in a single
message.

The idea of the product as traditional and natural is reinforced by another ele-
ment: the phrase in the payoff: ‘Parmigiano Reggiano. You don’t build it, you make
it’. The product is presented as the result of a tradition, which stays clear of
industrial locations and procedures. It is ‘prepared solely with milk from cows of
the area of origin’, as specified in the bodycopy. The latter also states that the
product is ‘without additives’, reassuring customers about possible chemical con-
taminations. The Consortium vouches for all these qualities, ensuring that the
product is ‘controlled unit after unit, day after day’.

3.4 Hybridization of Advertising Strategies

Tradition, nature, geographical and cultural origins are almost obsessively present
in the ads examined. Everything seems to revolve around the ‘quasi-mythical’
celebration of these elements, presented as actual and fixed absolute entities. In a
certain sense these advertisements do not express a genuine story since they do not
show a historical development starting with a point of departure through a process
to a final goal. The readers are immersed in a realm of immutable elements and are
drawn in a movement of eternal return of the same elements again and again. The
idea of authentic purity acquires an almost divine quality and the authenticity of
food is its most marked expression. Eating and food consumption is presented as a
sacral act in which the essential things in life are intimately preserved and main-
tained. However, apparently in contradiction to these absolute items, the texts of
the advertisements do refer to human and scientific items, like information on
the safety and health of the product.

The narratives used in actual advertising show rarely one strategy in its pure
sense. In particular, ads belonging to the ‘objective’ (or upper) side of the four
quadrants (causal and positional) tend to influence each other. In the Italian case it is
evident that positional advertising, which is the most common, often shows ele-
ments typical of causal advertising (objective characteristic encounters relative
characteristic).

These two features give these texts a certain ambivalent or hybrid char-
acter. The hybridizing consists in the frequent use of a technique which could be
defined as ‘information support’. It results in a significant type of advertising
halfway between identity and informative advertising, aimed at providing rational
reassurance. Measurability, reference to concrete data and the need to (scientifi-
cally) demonstrate the positional strategy are the most significant aspects we have
detected. In a certain sense science is needed to support the cultural (positional)
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elements: science and cultural myths of origin and authenticity fuse in one new way
of advertising.

Seen from this perspective of hybridization, the examined food advertisements
seem often to break, somewhat unpredictably, the traditional distinction between
mythical and scientific thought. Lévi-Strauss (1978) has studied the differences and
similarities between science and cultural myths and indicates that both have the
function of ordering elements of reality. Science and cultural myths both refer to
concepts of ‘order’ and ‘rule’ (code). However, they differ in their method of
ordering reality. Scientific thought and reductionism initially fragmentize problems
into as many parts as necessary with the aim to order and to solve them afterwards,
it reduces complex questions into single problems that can be analyzed and
explained, whereas mythical thought is a totalizing form of thought, which gives the
illusion of understanding the world while incapable of providing great control over
it (Lévi-Strauss 1978). The ads we have analyzed seem to try to overcome this
distinction through a persuasive act based on both forms of thought. They some-
times ‘incorporate’ both thoughts in attempting to persuade as many consumers as
possible.

In several cases discussed by Nicolosi and Korthals (2008), the most common
narrative form is the causal one (informative advertising). Consumers are con-
fronted with a text that refers to ‘demonstrable’ data and provides measurements
with the purpose of presenting and legitimating the truth of the product. But in a
significant number of cases, informative advertising takes on a hybrid character that
is remindful of the typical form of identity advertising. But more than tending
towards a relative configuration (like comparison and improvement) the texts
appear to present some values as absolute and ethical, which is typical of the
positional quadrant, like respect for the body. The advertisements address not the
improvement of imperfect bodies but rather represent the achievement of a perfect
and healthy body through a complex process of giving analytical information and
an authentic value. The healthy and perfect body is considered as something of
sacral value, and health is sanctified in sanctity (compare Douglas 1996; Fischler
1996) refers to the same phenomena with his concepts of sanitas and sanctitas). The
moralistic aspect of these advertisements consists not so much in the perfection of
the product as in the perfection of a lifestyle that one can achieve through this
product. It expresses a late modern ideal of a scientifically and rationally achievable
‘sanctity’. Perfection is not given, it can be acquired: this could be the
meta-headline of all these advertising texts. Perfection does not belong to an
ahistorical and atemporal non-place independent of human actions and volition (as
in the case of the positional model). The texts suggest that we are not born gods, but
that we can become one; and everyone can do it, so long as he or she follows the
indications and respects the rules (the diet), the principle of a ‘correct’ and healthy
life, a life founded on correct and healthy food, i.e. food interpreted according to the
doctrine of natural law: the divine law expressed as a law of nature.

Moreover, a research study carried out in Italy shows some important aspects.
The analysis of weekly newspapers put in evidence that the narrative advertising
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seems to be exposed to relevant changes in accordance to some important
chronological steps (for example the BSE scandal) (Fig. 5).

Diachronic analysis showed:

(a) in 1984 (before the BSE scandal) informative advertising is prevalent: it is the
development of energetic power of food which is the most important benefit
pointed out;

(b) but in 1986 (after the first case of ‘mad cow’ in England) we verify a dramatic
slump of informative advertising and the growth of positional advertising;

(c) a new balance between causal and positional advertising is restored for next 5
years of ‘relative calm’;

(d) a new dramatic change in 1996, with a new trend of growth for the positional;
(e) this trend is reinforced in 2001, alongside a new revival of the causal but, as

we will see, supporting new ‘values’ (the new benefit is now health/safety).

Those who followed the ‘mad cow’ case knows that 1996 and 2001 are special
years. In spring 1996, Europe ‘trembles’ as British authorities admit, for the very
first time, that the disease can be transmitted to humans. In January 2001, infected
animals have also been found in Italy, considered safe for years by national health
authorities.

What seems to have happened is that the media explosion of BSE scandal
induced a strategic change within narrative advertising from a rational, informative
and comparative narration to a symbolic, absolute and in some cases mythological
(nature, purity, etc.) one. Moreover, the content analysis put in evidence that:

• positional advertising is more and more hybrid, that is, symbolical communi-
cation (tradition, geographical location, etc.) is supported by rational elements of
measurability (labelling, data, certification, etc.);

• causal advertising abandons, in time, the priority acknowledgement of the
benefit energy (prevailing in 1984) for focusing on the benefit of health/safety
(prevailing in 2001).
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Fig. 5 Narrative advertising (%) weekly newspaper ‘Gente’
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4 A Value-Based System for Risk and Benefit
Communication in Agri-Food Applications: Some
Guidelines

To communicate coherent messages on agri-food related issues is challenged by the
broad range and variety of sources of information. This applies especially to
risk/benefit communication where citizens perceive and interpret risks and benefits
in different ways. Therefore, the topic on risk/benefit perception and communica-
tion in agri-food applications is a subject of major importance.

It is considered highly relevant to develop a communication model valorizing
risk/benefit communication in the agri-food sector and enhance European wide
communication with consumers, by integrating a crucial, hitherto widely ignored
aspect: The significant importance of values in risk and benefit perception.

In order to do this, it is highly recommended to:

(a) Develop a risk/benefit taxonomy and correlating communications strategies
for specific risk types;

(b) Classify the dominant values in risk and benefit perception;
(c) Identify technical and value-laden communication barriers in risk/benefit

communication;
(d) Develop different tools designing communication strategies precisely tailored

to population groups, with shared value horizons on the basis of objectives 1–3.

The EU has set in place policies that allow Europe to play the leading role in
agri-food safety issues and has developed a consistent, science-based and trans-
parent system in the agri-food sector whilst constantly further developing the
established standards. Basically, our food has never been safer. Nevertheless, in a
globalized agri-food economy, risk/benefit communication is even more important
than ever before. New strategies can no longer be postponed. Strategies taking
account of:

• a BROADER CONCEPT OF RISK that considers the risk and benefit
assessment of citizens;

• an APPROPRIATE MODEL OF COMMUNICATION that takes into
account target audience as actively constructing information;

• anUPGRADEDCONCEPTOFRISKANDBENEFITCOMMUNICATION
that is informed by the recipients’ value horizons.

Today, one of the vital challenges of contemporary European policy is not only
to safeguard high standards in agri-food but to also be prepared to communicate
effectively and give public guidance. Risk/benefit communication faces at least the
following fundamental challenges:

• BROAD RANGE OF INFORMATION: European citizens receive a broad
range of information from a variety of sources that may be unbalanced or
interpreted as conflicting and/or confusing;
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• VULNERABILITY OF PUBLIC TRUST: Scandals in recent years proved
the vulnerability of public trust: Trust is created slowly, but can be destroyed in
an instant, by just one single mistake. Consequently, it cannot be taken for
granted that European citizens trust the communicator of risks and benefits;

• INFORMATION OVERKILL: Messages about agri-food issues run the risk
of drowning in a flood of information, failing to attract citizens’ attention.

For all these reasons, following answers are required:

(1) CONSIDERING VALUES: Regarding risk communication, the exclusive
provision of scientific facts is not sufficient for all types of risks. The European
Commission justly pointed out, that consumers need to be provided with easily
accessible and understandable information relating not only on scientific
opinions. Tailoring information precisely to the values and worldviews of
recipients enhances the efficiency and probability of successful communication;

(2) BUILDING TRUST: Building trust implies transparency concerning the
values. Therefore, integrating the value-laden perception of agri-food issues is
necessary to understand consumer behaviour and gain trust as an important
aspect of risk and benefit communication;

(3) TAILORING MESSAGES: Knowing the value-laden structure of con-
sumers’ perception allows the message to be adjusted according to values that
play a vital role in citizens’ lives.

The common approach of risk communication addresses the quantifiable aspects
of risks and benefits. At this point communication failed in the past since only the
quantifiable aspects of risks were communicated and did not address the wide range
of values at stake. Therefore, we suggest to go beyond the common approach, by
addressing the existing plurality of value dimensions which are at stake. For
example, ‘Healthy Food’, ‘Animal Welfare’, ‘Organic’, ‘Sustainable Rural Life’,
etc.

The opposing and successful strategy is to communicate shared worries that
indicate value similarity, which is a vital element for any trust or trust building
process.

Last but not least, it is needed to give relevance to:

(a) ‘Containers’

• the FUNDAMENTAL ROLE OF NEW MEDIA: Achieving the
objective of developing a value-based communication support system
means also to analyze various new communication channels and their
advantages and disadvantages compared to traditional channels in
risk/benefit communication (web, mobiles, apps, etc.).

• the use of TRANS-MEDIA TECHNIQUES: that is, telling a single story
or story experience across multiple platforms and formats using current
digital technologies. Trans-media storytelling involves creating content that
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engages audience using various techniques to permeate their daily lives. In
order to achieve this engagement, a trans-media production will develop
stories across multiple forms of media in order to deliver unique pieces of
content in each channel.

I suggest we validate user-friendly, web-based tools that advise and design
agri-food related risk/benefit communication strategies, precisely tailored to the
target audience. Informed by experiences made during former agri-food scares,
these tools will explicitly address the tremendous influence of individual value
horizons on risk/benefit perception. The tool users (such as European policy
makers, national and local decision makers and other responsible actors) can design
and adjust their communication strategies precisely to target audience value hori-
zons, in order to communicate risks and benefits effectively and appropriately.
These tools would be designed with detailed input from consumer organizations
and media channels to ensure that they meet user needs and expectations.

(b) ‘Content’

• the RELEVANCE OF NARRATION: Narrative (or storytelling) is the
systematic recitation of an event or a series of event. The narrative trans-
port is a crucial part of social cognition. Stories have a powerful and
universal appeal and storytelling is a fundamental component of effective
public speaking;

• the IMPORTANCE OF HYBRIDIZATION STRATEGIES: Narration
can be supported by measurability, reference to concrete data and the need
to (scientifically) demonstrate the positional strategy. Science and cultural
myths of origin and authenticity fuse in one new way of communicating.
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The COST Action FP0905 Experiences
on the Web: Web 2.0 and Scientific
Dissemination

Fabio Migliacci, Donatella Paffetti, Jeremy Sweet and Cristina Vettori

Abstract Forms of communication have evolved over time with increasing speeds
reaching the present form of the dynamic Web 2.0 with the emergence of com-
munities, social networks (i.e., Facebook, Twitter), wikis, etc. The internet is no
longer just a means of information and use of content for daily use, but it has
become part of everyday life, changing our behavior and consequently the way we
think. For spreading information relevant to this COST Action FP0905, the website
(http://www.cost-action-fp0905.eu/) was set up to provide communication between
participants of the Action, and to disseminate the activities, knowledge, and tech-
nology produced beyond the COST Action network. The principal aims of the
website were to provide a database of the main information on genetically modified
trees (GMTs) and to update the website with science based information of public
interest on GMTs related to the activities within the Action. Therefore, Web 2.0
technologies were used to support the aims of the COST Action, with specific
positive (YouTube and Twitter) but sometimes also negative communication
experiences (i.e., hacker’s attacks) of the Action, which are reported.
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1 Introduction

In 1967, Paul Watzlawick, Austrian-American psychologist and philosopher,
together with Beavin Bavelas and Jackson researchers of School of Palo Alto
(California), published the book “Pragmatics of human communication: a study of
interactional patterns, pathologies and paradoxes”, which defines the basic axioms
of communication (see Box 1) to understand the dynamics that occur in interper-
sonal communications and permit the obtaining of two important results:

(i) formulate effective communication;
(ii) avoid misunderstandings and inconsistencies.

Box 1 Basic Axioms of Communication (Watzlawick et al. 1967)
First axiom: “One cannot not communicate”
Second axiom: “Every communication has a content and relationship aspect
such that the latter classifies the former and is therefore a
metacommunication”
Third axiom: “The nature of a relationship is dependent on the punctuation of
the partners communication procedures”
Fourth axiom: “Human communication involves both digital and analog
modalities”
Fifth axiom: “Inter-human communication procedures are either symmetric or
complementary”

Therefore, according to Watzlawick’s theory on communication, these axioms
are necessary to have a functioning communication between two individuals. If one
of these axioms is somehow disturbed, communication might fail.

Communication is a set of processes through which we share and transfer
information. However, effective communication requires that the issuer (i.e., the
one who initiates communication) takes into account the various elements in order
to ensure the effective transfer of the message to the recipient (either an individual
or a group of people).

Often the term effective communication is used as a synonym of persuasive
communication, but this is incorrect, since the two terms imply a different goal.
A persuasive communication has the aim to produce a change in behavior, attitudes,
or values of the recipient, and an effective communication has to successfully
transfer the contents of the message.

Fattorello (1961) defined the so-called “5 Golden Rules” for effective commu-
nication (see Box 2).
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Box 2 Rules for Effective Communication (Fattorello 1961)

1. Listening, seems a paradox but a good communicator must know how to
listen, not just with your ears, but also with the eyes and heart. Active
listening is the first requirement to better understand the real meaning of a
message.

2. Completeness, i.e., the message must contain all the necessary information
for the recipient to evaluate an offer or a situation, or to solve a problem.

3. Conciseness, be concise means to communicate all information relevant to
the content of the message, without adding unnecessary details or
redundant.

4. Fairness, the absence of grammatical or syntactic errors improves the
clarity of the message and increases its impact, positively influencing also
the listener.

5. Clarity, means focusing on one goal, thus emphasizing its importance and
making an easier assimilation of the message by the receiver.

There can be no communication if you do not keep in mind (either uncon-
sciously or automatically) these basic concepts of common speech and without you
having to constantly consider whether the ultimate goal of the act is taking place,
i.e., make yourself understood.

These considerations always apply to any version of communication: whether it
is Web 1.0, Web 2.0, or those that follow in the near future.

The term Web 2.0 refers to a set of all those online applications that allow a high
level of interactions between the website and the user, such as blogs, forums, chats,
wikis, media sharing platforms like Flickr, YouTube, Vimeo, and social networks
like Facebook, Myspace, Twitter, Google+, Linkedin, Foursquare, etc., typically
obtained through appropriate Web programming techniques (O’Reilly 2005; de
Judicibus 2008).

In this chapter, we look at how the complex world of the Web is transforming
communication and training in scientific dissemination, through the experience of
four years of the COST Action FP0905, in order to draw useful insights for
communication activities of scientific themes on the Web for researchers, students,
and the public. The following contents are drawn from studies, research, and
experiences collected online, considering the Web as a primary source of infor-
mation. The case histories examined refer to communication theories, the Web in its
evolution, social media, international scientific journals, etc. This work is relevant
to anyone who wishes to combine the social media Web 2.0 information with
scientific dissemination.

Factual science-based information is being communicated through the website of
the COST Action FP0905 to provide science based information on technical,
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socio-economic, and environmental aspects of Genetically Modified (GM) forest
trees to the general public.

In particular, we refer to those online applications used within COST Action
FP0905.

2 Web 2.0 and Scientific Dissemination

The marriage between Web 2.0 and scientific dissemination has every reason to
take place, since concepts such as sharing, collaboration, and interaction are very
relevant to the area of communication and science. Specific terms have been
identified as “Science 2.0” or “Health 2.0” or “Medicine 2.0”, in order to indicate
the application of new technologies in the field of science or communication and to
evaluate their impact on the dissemination and training/updating of researchers and
the public (Sandars and Schroter 2007; Hesse et al. 2011).

Readers of science journals and websites of scientific societies have been able to
observe the new features introduced and been invited to participate. The distribution
of the content can be done by RSS feeds, podcasts, blogs, social bookmark, and
tagging systems to classify and share content portals, and to activate special
channels on major social media (especially Facebook, Twitter, and YouTube).

In science, the recipients of these new tools of aggregation and socialization
are students and researchers. However, of increasing importance is the role of
the general public in the online community, relying on their social networks and
systems that enable them to create and share scientific information on particular
topics (sustainability, biodiversity, deforestation, pollution, GMOs, etc.) based on
available data and information (Eysenbach 2008).

At the global level, through the Google Trends search engine (https://www.
google.com/trends/), you can analyze in time how interesting is a research topic,
such as the one linked to genetically modified organisms (GMOs). The results are in
a graph that shows the term’s popularity over time in (nearly) real time for a period
from January 2004 to July 2015 (Fig. 1).

If you hover your mouse over the graph (Fig. 1a), the numbers that appear show
total searches for the term (GMO) relative to the total number of searches done on
Google over time. They do not represent absolute values of search volume, because
the data are normalized and presented on a scale from 0 to 100. The same survey
shows the most scientific information related to the term GMO that has been sub-
jected to search on the web (Fig. 1b). Moreover, the countries and cities (Fig. 1c, d)
with higher search volumes are reported.

The use of the Web 2.0 tools to obtain this information for several topics is
increasing. A recent survey conducted in the United States has shown that about
44 % of Americans use the tools of social media and social networks to search
for information regarding medical information (White and Horvitz 2009).

Researchers are also increasingly using participating tools of Web 2.0. In the
United States, the American Institute Manhattan Research reported in 2010 that
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over 35 % of medical researchers read Web 2.0 content from blogs, chat,
online forums and social networks, and in addition 20 % regularly contribute
to create new ones.

3 Web 2.0 and Public Opinion: The Results

The most interesting aspect is that the general public, and not just scientists or
researchers, make use of blogs, social networks, and other tools on the net for topics
covering scientific themes. These people contribute to public opinion in debates and
discussions and they are more inclined to have relationships with those who are
interested in a specific topic than members of the scientific community. The general
public have greatly enhanced their ability to connect to the Internet (Fig. 2) and,
when online, they increasingly use blogs and other participatory tools available on
the net to discuss their problems and arguments principally related to their future
and their health (Bach 2008).

Another survey showed that, in the case of matters relating to aspects of health,
as can be the case of GMOs, the public have active participation in blogs and
forums on topics which arouse emotions and these emotions can be shared (Hurley
and Smith 2007). Thus, the collaborative tools of the Internet, and those provided
by the Web 2.0, are a means to remain “connected” with the world, especially when
new events or new findings are disseminated in your country or involve aspects of
daily life (Santoro 2007).

Fig. 1 Searches for GMOs on Google Trends over time with forecast included (a), interest for
“related searches” (b), for region (c), and for city (d)
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For the reasons stated above, it is important to note that the Web 2.0 tech-
nologies have been very appropriate and useful for spreading the information and
technology produced by the COST Action FP0905 network to the general public in
order to inform public opinion.

4 “RSS Feeds”

One aspect that characterizes the technology of Web 2.0, and why in 2011 it was
chosen to be used by COST Action FP0905, is the ability to receive and auto-
matically organize in one place the Web content relevant to the Action. It was
considered that the previous practice of using “favourite” sites to monitor for new
posts or articles in both the Website of the Action and in other websites was
obsolete.

RSS (Really Simple Syndication) technology is an XML-based format (an
extension of HTML, hypertext) that many sites use to communicate their upgraded
content to Internet users. The distribution of the contents in this format is done
through special files called “RSS feeds”. These define a structure composed of
fields (for example, containing the name of the authors of a scientific paper, the title,
the summary, and the Internet address where to find insights or access the full
article) which is updated every time that the website publishes news in this format.

Fig. 2 Host internet 1993–2015. Data host count worldwide based on statistics published on the
Internet Domain Survey (http://ftp.isc.org/www/survey/reports/current/) by Internet Systems
Consortium (http://www.isc.org/). The data reported are referring to January of each year. The
latest update of the series was published in January 2015
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RSS technology and RSS feeds have been used first by the websites of
scientific journals for distribution of the contents of new issues to subscribers to
appropriate services. Among the information provided in the content are usually the
title, the authors and the summary of new articles, and a link to the website of the
journal in order to be able to read the full text or further explore the item on line.
Over time, websites and scientific journals have extended the use of RSS feeds to
provide alerts for the most recent articles and those published in previews, or simply
to report new articles published on blogs managed by them on specific topics.

Some typical examples are the RSS feed “Three most recent issues” offered by
the American Medical Association journals, the feed “Recent articles” of BMJ, and
the published in preview feed “Online First” by the Lancet.

This RSS system was fully integrated into the website of COST Action.
Therefore, any participant registered to the site of COST Action, if he/she became a
member of an RSS feed and of each of the websites of interest, would have
benefited from the new content published on the website in a single window,
through a news aggregator (feed reader), without having to visit the home page of
each site.

The RSS system, integrated into the website of COST Action, permitted the
reading of full articles to subscribers to the website, unless the policy of the Action
specifically restricted access to that article.

In particular, the website of the Cost Action attempted to develop a service that
consisted of a page of the site dedicated to the topics of the Action for each working
group (WG). The user could subscribe to any channel of each WG and, in addition
to the functions described above, was allowed to receive internal reports that
belonged to one of the four WGs or articles reported by members including links to
the journals that contained them.

In addition, the scientific portals were organized to distribute, through specific
RSS feeds, published information. They ranged from simple RSS feeds to distribute
the most recent news, to a multi-channel distribution (Frost and Massagli 2008).

RSS technology and RSS feeds have become valuable tools for the professional
development of scientists and operators. RSS technology and RSS feeds also offer
enormous potential that could be exploited in the fields of communication, especially
scientific and research. An useful example is the scientific portal developed by the
“Società Italiana di Medicina Generale” developed with “ASCO (Aggiornamento
Scientifico Online)” project (http://www.progettoasco.it/), in which each medical
area has a specific RSS feed.

5 Podcast

A podcast is an audio file (also called audiocast) or video (also known as video
podcast or vodcast) usually available in MP3 or MP4 format, which can be
downloaded manually or automatically from a server located on the Internet to
anyone who subscribes to a particular service of periodic distributions.
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The peculiarity of the podcast (and vodcast) is that it can be heard or seen by
anyone, at anytime, and in every place. In fact, once downloaded, they can be
played on the computer (for example, through the Windows Media Player soft-
ware), on iPod or any other MP3 player. This feature makes them different from
stream systems (such as for example YouTube) in which the audio and video files
may be heard or seen at the user’s request but provided continuously by an acti-
vated Internet connection with the servers on which they reside.

This is an important difference from stream systems, since anybody can
automatically receive files from multiple sources and organize their “schedule” to
consult on site in the manner and within the most opportune times. The success of
the Podcast was due to its portability, combined with the opportunity of enjoying
the podcast even in off-line mode, or in conditions of mobility. This tool, originally
used to create new forms of Internet radio stations, has become a new means of
distribution of information and media to revolutionize methods of communication.

The idea of using the podcast technology as a means of dissemination of sci-
entific information is of questionable origin, but it is reported that Grayson
Wheatley, American cardiovascular surgeon, was the first to think to exploit the
iPod and MP3-player craze in the medical field. He reported in an interview in
2006: “The idea came to me while I traveled by train to a conference and to defeat
boredom listening to my iPod. I thought that this would be a wonderful opportunity
for patients to obtain information on their health. Just got home from the confer-
ence, I set to work to give life to this new service” (Murray 2006).

Currently, there are websites that collect and classify in special “directory” the
podcasting systems available on the network, simplifying the job of finding and
registering by internet users. In addition to iTunes Store, “PodcastDirectory.com”
and “Podcast.com” are the most complete services that you can use.

Experimentation with the podcast, as happened (and happens) for many new
technologies, has seen the medical and scientific journals as first users (New
England Journal of Medicine, Nature, Science, etc.). Today, many of these journals
regularly distribute audio podcasts through their own websites. These files can be
manually removed from the site of the journal (where there is an archive of podcasts
already published), or you can receive them automatically after registering to these
services. To facilitate listening, most journals also offer the transcript of the
podcast. Science and Nature offer channels of podcasts on specific topics, including
food science and genetics, which are very similar.

Due to content provided by many journals published by Nature Publishing
Group, their example was immediately followed by numerous other journals
(Johnson and Grayden 2006; Savel et al. 2007), but also by a growing number of
blogs and online sites specializing in issues of interest, such as GMOs. For
example, in searches for the tags #GMO to select and filter content on spreaker.-
com, the users themselves are producers of freely available content and programs
that are then reported via RSS feed and podcast.

Experiences of podcasting have been developed by several international scien-
tific societies to distribute (often with the aid of slides) the main contributions
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presented at annual conferences and comments of leading experts on the results of
research presented in the context of these events.

The distribution of congressional events in this form is part of a broader
strategy adopted by scientific societies for training and updating. Some orga-
nizations are pioneers of using podcasting as a means of delivery of training credits.

Today, many scientific societies, universities, and associations distribute their
published articles in audiocast and vodcast format, as well as their reports submitted
to annual conferences, comments, and interviews with “leaders” operating in the
scientific area.

Podcasts are one of the tools that the Action FP0905 has decided to use to spread
and convey the collected information to the research community and the public.
This instrument was used to make available files of the COST-related issues on
GMO and related meetings and workshops, unless the policy of the Action
specifically restricted access to that document.

Clearly, this tool can be very useful to communicate scientific subjects in a
correct and balanced way in order to inform discussions at the public level.

6 COST FP0905 and “Wiki”

The applications of “wiki” in science are becoming quite common. Although this is
a generalist tool, with only hundreds of entries devoted to GMO, Wikipedia rep-
resented one of the most complete wiki in this new field. Nevertheless, specific
Wikipedia projects on GMOs are missing, which are available in more generalist
fields such as medicine, as evidenced by the section called “Portal: Medicine”
available in English language (Santoro 2009).

The entries in Wikipedia and its portals related to GMOs are handled by more
than 200 researchers, journalists, activists, and others with different interests and
degrees of knowledge on the subject. Unfortunately, Wikipedia is an initiative
without specific direction or objectives which would allow the development of
specific information lines using evidence-based science (Tapscott and Williams
2006).

Following the example of the Wikipedia, Working Group 4 of the COST Action
FP0905 has implemented within the Website of the Action a portal using the
component Wiki Mediawiki licensed under GPLv2 by Harold Prins. The philoso-
phy is based on the assumption that a participant of the COST Action should
provide the answer to a question to his/her colleagues by publishing it on the inside
pages, thus contributing to the “collective intelligence” that characterizes the phe-
nomenon of Web 2.0 (Surowiecki 2005; Keim 2007; Hesse et al. 2011).

The goal of the realization of WIKI in COST FP0905 was to provide useful
information to understand the topic of GM trees in forestry for all those who do not
have the possibility to access scientific journals, setting the stage for an
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encyclopedia that should evolve over time by integrating video, audio, and image.
Further work needs to be done, but this first initiative in this specific sector
demonstrated the great interest by the public which should be continued in the near
future.

For example, WikiDoc is the best medical encyclopedia written by doctors and
containing more than 70,000 items that are managed in an environment that is the
home of social networking tools, blogs, and forums. This is a good model to be
adopted in forest biotechnology.

7 Microblogging

Twitter, a microblogging system, was created by Jock Dorsey in 2006. This system
enables anyone to create a personal page on which to exchange fast and fre-
quent messages answering to the simple question: “What’s new?”. The messages
(called tweets) must have a maximum of 140 characters and can be updated
through the website, via SMS, email, or using other applications offered by the
website. Often the tweets include links to websites for enlarging the news items
(text, images, video, etc.).

Twitter owes its success to the tremendous ability of news to spread through its
network of followers. It has an average of 460,000 new users per day and 200
million total users (over 4 million in Italy). However, Twitter does not provide the
number of registered and active users but the answer can be found in the study
conducted by Cornell University and “Yahoo! Research”: they reported that 50 %
of the 140 million tweets per day are generated by 20,000 users (only 0.05 % of the
total). Therefore, Twitter does not succeed in making a transition from “registered”
users to “active” participants.

Another useful feature of Twitter allows us to be updated in real time on what
is happening with respect to any matter to the world. For example, one or more
participants, experts in different areas among those at a conference, send tweets to
users subscribed to the service, giving news of events of particular interest and
worth investigating.

In order to trace a tweet that refers to a given topic through the search engine of
Twitter, it is given a hashtag to the message, i.e., a specific keyword preceded by
the symbol “#”. This function is used particularly by organizers of congresses,
symposia, and conferences so that all conversations related to a specific conference
can be monitored. Organizers of conferences can identify the reference hashtag in
advance and invite those interested in participating in the online discussion to
include it in their tweet.

With regard to the COST Action FP0905, the account “@ COSTActionFP0905”
has contributed to publicizing the COST meetings and allowing users to launch
hashtags on topics of most interest.
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8 Video

The use of images produced by the “new” tools to visualize research and discovery
has been a feature of science since the eighteenth century.

To date, the video, also thanks to the spread of smartphones which can easily
produce video, has filled every space-time dimension of our lives, and it is
extensively used in research and scientific communication. Surfing on the network
reveals the huge amount of video content of science with research institutes,
museums, science centers, universities, amateur groups, and individual researchers
having video sections on their websites or on a YouTube video channel.

According to the report “Cybercitizen Health v9.0” of Manhattan Research,
30 % of all Internet users watch online videos on “science”, 43 % of which are
received directly on YouTube (Khamsi 2007). The “emotional” component of a
video and the ease of dissemination have convinced industry, and some important
medical and scientific centers to open official channels on YouTube. Videos are a
means of communication that cannot be manipulated after posting on a website and
therefore can be a useful tool to communicate scientific information.

COST Action FP0905 considered that a collection of videos would more easily
explain the nature of the work done by the COST Action FP0905 and started a
YouTube channel (http://www.youtube.com/user/CAFP0905) with the aim of dis-
seminating reports of events and meetings and to publicize the objectives and
activities of the Action. The use of the YouTube channel increased significantly the
visibility of the Action website and the activities of the Action on GM trees more
effectively than was expected.

The use of the YouTube channel was specifically intended for communicating
with society and the public, with the goal to transfer information on GM trees and
their usefulness for society; a very sensitive issue. In particular, two longer videos
were made at the Euroscience Open Forum (ESOF) 2012 and at the Training
School held in Tromsø (Norway), on May 2013.

Videos are a means of communication that cannot be manipulated after posting
on a website, and are a useful tool to communicate information from the COST
Action activity on GM trees. However, because of the contentious nature of this
information, it created a reaction from groups opposed to GMOs.

Anti-GMO activists manipulated some written information by extrapolating
certain sentences which were then placed in a different context. This took place at
the COST Action FP0905 in February 2012, when activists of the “Global Justice
Ecology Project” extrapolated sentences from the paper published in Nature
Biotechnology (Fladung et al. 2012), and reported in the COST Office website
(http://www.cost.eu/media/cost_stories/Transgenic_Trees). In their website they
attacked the activities of the COST Action FP0905 stating: “Please support the
STOP GE Trees Campaign with a donation to help us win our campaign for a
global ban on these dangerous GMO trees. Make a donation today” (http://
globaljusticeecology.org/cost-promoting-dangerous-ge-trees-in-europe/).
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Following a discussion with experts on Communication at the COST Office, it
was decided to respond with a video in which scientists of COST Action FP0905
explained their activities in the context of this Action.

The opportunity came at the Euroscience Open Forum (ESOF) 2012, Europe’s
largest general science meeting, which took place in Dublin (Ireland) from 11 to 15
July 2012. ESOF’s main aim is to highlight the latest advances in science and
technology, and to promote dialog on the role of science and technology in society
and public policy.

COST Action FP0905 took part in ESOF 2012 by organizing a workshop on
GM trees and used the occasion to produce a video (https://www.youtube.com/
watch?v=1BdToqlTB1g). The video, available on YouTube, is among the most
viewed of the events of the COST ESOF 2012 with 392 views, making it second
after the video presenting COST at ESOF (Fig. 3). It is interesting that, to date (July
2015), there have been no negative comments regarding the issues described in this
video.

9 Facebook and COST Action FP0905

A growing number of researchers and scientists have active Facebook accounts.
However, this presence on Facebook does not translate into opportunities to meet
with other researchers or with people interested in research, since the current use is

Fig. 3 Videos produced by the COST Office at ESOF 2012 (https://www.youtube.com/user/
COSTOffice/videos)
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restricted to the private sphere. Findings from a survey published in some
authoritative newspapers document how 8 out of 10 scientists would reject any
request of “friendship” on popular social networks coming from users inter-
ested in their research. This report is in relation to a study, conducted by French
researchers on 405 researchers of universities, with the objective to survey their
willingness to accept the demands of “friendship” that come from requests to
establish a channel of virtual communication.

The main reasons for this rejection are to be found in the desire to keep their
distance from the general public (98 %), the desire to protect their personal
information (98 %), and the belief that this interaction would not be correct because
it would lack the basic knowledge (88 %). Only 15 % would be willing to accept a
virtual communication but only on a case by case basis (Ghassan et al. 2011).

Facebook is a communication channel that can give opportunities for providing
information updates and this has encouraged numerous magazines, scientific
societies, universities, and research organizations in the field of science to
increasingly spread their news across pages of Facebook.

The COST Action FP0905 initially began an approach on Facebook, but the
activity was terminated since the release of the information had to be moderated by all
participants and not by an individual participant in a Working Group of the Action.

Some organizations are not allowing their employers to use Facebook and some
of the participants in COST Action FP0905 were not allowed to post their con-
tribution in Facebook. One of the main reasons for this was the article:
“Experimental evidence of massive scale emotional contagion through social net-
works” by Kramer et al. (2014). This resulted in an Editorial Expression of Concern
by The Editor-in-Chief of PNAS, Inder M. Verma, specifying that “this paper
represents an important and emerging area of social science research that needs to
be approached with sensitivity and with vigilance regarding personal privacy
issues” (Verma 2014).

The study reported in PNAS was conducted with 689,003 (of the estimated 1
billion) users who have expressed their real experiences and opinions. This study
showed that people are subject to emotional responses to information on the net-
work through manipulation of the algorithm by which Facebook provides the
“News Feed”. Some people were exposed to posts of mainly positive emotional
content for a week, and other people to negative content posts. A control group was
subjected to random posts. The results of the study indicated evidence that emo-
tional contagion on a massive scale can be generated via social networks in
response to positive or negative posts.

For these reasons, some of the participants in COST Action FP0905 were not
allowed by their organizations to post their contributions in Facebook. Thus
Facebook was not considered appropriate for disseminating scientific information
from the COST Action FP0905.
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10 Visibility of COST Action FP0905

The technologies of Web 2.0, described above, have allowed us to increase the
visibility of the activities of the COST Action FP0905 to an extent that would not have
been possible with free traditional media (e.g., newspapers, Web 1.0). This, combined
with a GMO topic of special interest and discussion around the world, has led to
higher than expected numbers of visits, considering that these are scientific topics and
not topics such as sport or music that have a wider interest to the general public.

The activation of the YouTube channel has been the most important tool of the
Web 2.0 in determining the increase in visibility and therefore of visits to the
website. The activation of the YouTube channel (March 2011) increased the visits
to the simple channel with a few contents from 4,500 (average of visits from the
start date of website in April 2010) to 25,000. This further increased to 75,000 with
the publication of the video to promote the participation of the Action at the IUFRO
Tree Biotechnology Conference (July 2011). The number of visits has increased
significantly successively with higher peaks corresponding to events announced in
the COST Action FP0905 website and in YouTube (Fig. 4).

Fig. 4 Accessing statistics of COST Action FP0905 website at events of the action in the period
2012–2013. The delta indicates the increment of visits between 2012 and 2013
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Moreover, it is interesting to see the country of origin of the visits and that an
increase of visits and new visits from some countries occurred after participation of the
Action FP0905 in internal meetings or at important international conferences (Fig. 5).

In particular, we can see that the number of visits from USA was 5 % after the
ESOF 2012 (Fig. 5c) and increased to 10 % after the ISBGMO 12 Conference and
COST meeting (Fig. 5d). Moreover, some visits appeared for the first time after
some events, such as from Argentina and Greece (Fig. 5c), Russia and Czech
Republic (Fig. 5d) countries. Other countries showed a more or less constant
number of visits and always above 1 %, e.g., United Kingdom (3–8 %), Germany
(19–28 %), Belgium (3–7 %), Italy (10–14 %), Spain (5–8 %), and France
(13–17 %).

An additional increase in visits occurred after the opening of a Twitter channel
(#COSTActionFP0905), in April 2013, which promoted the website content,
especially in those countries in which this service is highly used such as USA,
Canada, Brazil, and India (Fig. 6).

This greater visibility of the website increased its popularity, which, in combi-
nation with the critical interest in the subject, generated some additional problems.

Fig. 5 Trends of the visits from EU and non-EU countries in the period 2012 expressed as % of
the total. Only the visits above 1 % are shown: a Q1 period: no particular events; b Q2 period:
COST Action Meeting (8–11 May 2012, Helsinki, Finland), c Q3 period: ESOF 2012 conference
(July 10–14, 2012, Dublin, Ireland), and ISBGMO 12 conference (September 18–20, 2012,
Buenos Aires, Argentina); d Q4 period: COST Action Meeting (October 26–28, 2012, Brasov,
Romania)
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Anti-GMO activists made several attempts to block the website. By April 2014,
the website had 260,916 visits, and 211 hacker’s attacks which caused the website
to go off-line for 100 days and causing complete paralysis of some activities for
several weeks. In particular, two of these attacks are worthy of note.

The first big attack happened just a few days before the COST Action meeting
held at Orleans (France) in September 7–8, 2012. In particular, after the publication
of the information and video of this new Action meeting, fake registrations to the
website increased by more than 24,000 per month, occurring every 2 min, and in
total more than 60,000 (cumulative) email alerts were recorded in a year. For this
reason, the Web Hosting Provider asked us to suspend the registration to the
website and the wiki subsystem until it improved the security of the hosting server.

The other attack was larger and directed toward many of the most visible
websites in the world. We received a message from the Web Hosting Provider
saying: “Dear Customer, at around 4 a.m., our system administration team iden-
tified a website defacement attack affecting a large number of customers …..”

These attacks started at 4:00 a.m. on May 3, 2012, and stopped 6 min later.
During this short period, our website had more than 170,000 fake users, more than
35,000 fake submissions/minute, and more than 16,000 entries in MediaWiki per
second. Consequently, the website crashed and the hacked website had the
homepage replaced by the words “Server HackeD.”

The website of the Action was built by Joomla, and only 2 % of its typology
were hacked, whereas 78 % of the self-made websites were hacked (Fig. 7).

This attack was done at world level, and more than 70,000 websites were hacked
particularly the most visible ones. The attack started from a South Asian anony-
mous proxy server and all the attacks used anonymous proxy servers and the North
European network TOR.

At the time of this attack, the website of the Action was in the 7878 position
(data on May 1, 2012) in the ranking of the most visible websites in the world.

Fig. 6 Increase of visits to the COST Action FP0905 website in 2013
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11 Genetically Modified Trees (GMTs) Database

An important goal of the COST Action FP0905 was to provide an accessible
database on GMTs containing the main information on forest GMTs present in
other databases or published in international Journals. This was particular important
since, after 15 years of experimentation with GMTs, there is considerable amount
of information but it is scattered. Therefore, it was a primary objective of the COST
Action to create a database on GMTs which was freely accessible to the worldwide
scientific community.

At the beginning of the Action, the database was located directly in the website
with a web interface for entering the data. However, for security and safety reasons
following the attacks on the website, a database for internal use with a web interface
on a proprietary platform (not open source), called Filemaker X1, was set up in
2012. The private access was secured by various security levels:

– only registered users to COST Action website,
– first access through the web page of the COST Action,
– IPFilter (by country and IP institution),
– username and password for Filemaker application,
– right policy, for administration and management of access rights.

The web interface of FileMaker is also accessible from any mobile device (such
as notebooks, smartphone, tablets, etc.) allowing the incorporation and management
of each entry in different cards updated and verified in real time.
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Fig. 7 Distribution of the types of software that can be used to build a website and that have been
hacked
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On the website of the COST Action, the information on the external server was
replicated and updated at a predetermined time using PHP technology and a Mysql
database.

The GMT database is composed of 257 entries corresponding to 9 genera
(Betula spp., Castanea spp., Eucalyptus spp., Larix spp., Liquidambar spp., Picea
spp., Pinus spp., Populus spp., and Ulmus spp.).

For each entry the information available is on the construct used and the GM
trait of the GMTs (name of the construct, name of the trait, donor organism, and
function of the gene introduced). References for each set of information (institution
or private/industry, code of permission, etc.) are present, and this information is
linked with literature and methods developed for risk assessment, management,
gene flow, and the containment strategies) if available (Fig. 8).

A search tool allows surfing within the database to look for specific information
and this search can be done by genus, GM trait, gene, country, and location.

The information present in the GMT database is the result of the work done in
WG 1 and reported in Part I of this book and with the contribution of two
early-stage researchers (ESR), Ms. Maja Popovic (Division of Genetics, Forest Tree
Breeding and Seed Husbandry, Croatian Forest Research Institute, Jastre-barsko,
Croatia) and Mr. JoséManuel Ramos Sánchez (Universidad Politécnica De Madrid,
Madrid, Spain) who received a COST Short Term Scientific Mission to work at

Fig. 8 GMT database of COST Action FP0905
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INRA (Orleans, France) financed by this Action and under the supervision of Dr.
Gilles Pilate (Leader of WG 1).

At present (July 2015), the transfer of the entire database in an open source
platform (Myslq) is planned to permit exchanges with other data banks.

12 Conclusion

Dissemination of scientific information is itself a scientific technique which uses
languages specific to each medium of communication, and develops new elements
for directing the scientific information to the contingent interests of the public.

In addition to the Mass Media (i.e., Discovery Channel) and Scientific Journals
(e.g., Nature), Web 2.0 tools through social networks (e.g., ResearchGate, blog,
wiki, YouTube, Twitter, etc.) can be a valuable way to communicate scientific
information to a wider non-specialist public.

Therefore, the use of the Web 2.0 for scientific dissemination can promote the
production and dissemination of scientific knowledge to various social groups.

In effect, Web 2.0 and in our specific case, Science 2.0, can increase the col-
laboration between research groups and encourage participation in collective
undertakings for the advancement of knowledge and contributing to the “collective
intelligence”.

The relationship between scientists, science communicators, and journalists in
the Web 2.0 can change the relationship between media sources and public. The
new specialist sources provide a pronounced advancement from “traditional jour-
nalism” due to an enrichment of the “ecosystem of information” through scientific
bloggers, which can also support scientific journals as tools for dissemination.

Social networking and collaborative tools on the Web have spread among
researchers. A survey in the US estimated that the percentage of American scientists
who collaborate online through blogs, chat, and social network is about 69 %
(Dimov et al. 2007). Between 18 and 25 % of respondents claimed to regularly
participate in social networks limited to their field, with the aim to find relevant
experiences by colleagues, for example, physicians sharing information on drugs.
For other scientists information on methods of analysis, on equipment, or on
possible collaborative projects is shared. In the medium future, likely development
will be social networks “dedicated” to meet the requirements of young researchers
working at universities, who see in these instruments a natural meeting place where
they can find answers to their questions and update their information.

Nevertheless, some difficulties and impediments in the dissemination of scien-
tific content cannot be underestimated. The absence of a moderator and/or a control
in social networks (i.e., Facebook) could also result in an excess of simplification,
trivialization, dramatization, and distortion of the scientific content.

The 4 years of experience of COST Action FP0905 in communicating about GM
trees to the public can be considered positive. The use of the Web 2.0 tools, and in
particular of YouTube and Twitter, has permitted wider spread of scientific
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information on a contentious topic. Nevertheless, a lot of work has to be done
specifically in relation to the communication of biotechnology and GMOs. We have
only had the possibility to perceive the intrinsic potential of Web 2.0 and social
media technologies in enhancing the traditional communication and scientific dis-
semination. Scientists should understand this potential and increase the flow of
scientific information freely available in the web, following the example of the
medical encyclopedia “WikiDoc,” the scientific portal developed with “ASCO”
project in medicine field, and ResearchGate.

Web 2.0 and social media technologies are connecting scientists with public
opinion directly, but there is a need to educate scientists on the most simple sci-
entific dissemination procedures and on the ability of people to understand scientific
principles.

An attempt has been made with this COST Action, and some of the information
gained is still available in the website (http://www.cost-action-fp0905.eu/), even
though the Action ended in April 2014. In particular, the GMT database is freely
accessible in the website and is an important resource for researchers and for
organizations involved in GMO risk assessment and management. In addition, it is
also available to the general public and can be consulted by any person interested in
gaining knowledge in particular areas related to GMTs.

We apologize if you sometimes find that the website is down due to hacking
attacks, and if some documents are not available due to the necessity to upload them
again after an attack. This is the risk of having the high visibility provided by Web
2.0 technologies combined with the sensitivity of the topic of GMOs.
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Concluding Remarks

The COST Action FP0905 “Biosafety of forest transgenic trees: improving the
scientific basis for safe tree development and implementation of EU policy direc-
tives” was a 4 year project (2010–2014) combining scientists from 27 European
countries as well as 7 non-European countries. The aim of the action was to gather
information on genetically modified (GM) forest trees to strengthen the scientific
basis for the implementation of the EU policy directives related to GE trees
intended for cultivation and to evaluate the relevance of scientific information for
biosafety protocols. The intercontinental co-operation was of great value allowing
us to compare forest tree cultivation practices (semi natural forests vs. plantation
forestry) and GM-related regulatory issues from the global perspective, taking into
account that forest certifications, forestry industries and trade are global. The Action
considered scientific perspectives on the present state of art of biological charac-
terization, environmental impact assessment, monitoring, and also socio-economic
considerations and the value of communication on GM trees in order to achieve a
comprehensive view of GM trees in Europe and globally. After 4 years of intensive
work, studies and discussions, we presented our main results in a book which we
hope is more than its individual chapters and provides readers with a comprehen-
sive, up-to-date view on these scientific and socio-economic aspects of GM forest
trees.

Part I: Biological Characterization of Genetically
Modified Trees (GM trees)

In Part I of this book, two of the chapters (Alburquerque et al. and Häggman et al.)
are focused on genetic transformation technologies. Alburquerque et al. present
new technologies being employed as alternatives to transgenic modification of
trees. They include the most novel and powerful methods, including genome
editing technologies based on homologous recombination. These are of great
interest for the future because homologous recombination and variation between
transformants will be negligible. Mixing of genetic material between species that
cannot hybridize by natural means is one of the major criticisms of transgenic crops.

© Springer Science+Business Media Dordrecht 2016
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Therefore, transfer of genes from species sharing the same gene pool as the receptor
species (known as cisgenesis or intragenesis), could be an interesting choice to
increase public acceptance.

The paper by Häggman et al. is focused on the role of genetic engineering
(GE) in forest tree breeding efforts. They point out the manifold roles of forests that
are not covered in monoclonal forest plantations, but GM forest trees can play a
significant role in highly-productive plantation culture and would be beneficial for
specific purposes. The role of GE technology in forest tree breeding is compared to
traditional tree breeding and discussed in the context of climate change. Moreover,
the importance of the accumulating information on tree genome sequences in the
perspective of future forestry, genetic engineering and forest tree breeding are is
contemplated.

The chapters by Pilate et al. and Strauss et al. are both focused on GM tree field
trials in Europe and USA, respectively. Pilate et al. underline the situation in
Europe where the number of GM tree field trials is limited and it is also becoming
increasingly difficult to obtain authorization for GM tree field trials. From the
scientific point of view, this is very surprising for the following reasons: (1) phe-
notypic effects resulting from transgene expression in GM trees grown in the field
appear to be stable, albeit variable, (2) most field studies have validated earlier
observations made under greenhouse conditions, although in some cases the
modification of target traits was less pronounced in field environments, and in a few
cases, GM trees had severe growth and developmental penalties, and (3) non-target
effects were consistently within the range of natural variation. Pilate et al. conclude
that European GM tree field trials have failed to identify any significant tangible
risks. Based on this evidence, it seems appropriate that Europe should now move
forward beyond small confined trials to larger scale experiments better fitted to a
broader context of evaluation and environmental assessment.

Strauss et al. indicate that the situation is totally different in the USA. Under
USDAAPHIS federal regulatory notifications and permits, they have planted nearly
20,000 trees, mostly Populus, derived from approximately 100 different constructs
and several different traits in more than two-dozen different field experiments. The
most significant lessons from these trials are: (1) Visual abnormalities, i.e. soma-
clonal variants have been observed in several experiments, but are extremely rare,
(2) gene expression and RNAi-induced gene suppression have been highly stable,
(3) the regulatory process has largely been efficient and workable, though it imposes
significant biological constraints, costs, and risks that are very difficult for an
academic laboratory to bear when trials span several years. It is especially prob-
lematic when flowering is the essential research goal for many projects. (4) Field
environments invoke complex and largely unpredictable changes to expression and
associated phenotypes when studying wood chemistry and physiology-modifying
transgenes, suggesting the need to study several field sites, genetic backgrounds,
and gene insertion events over many years similar to common practices of con-
ventional breeding. (5) Collaborative field trials with industry have shown that
common transgenic traits, such as herbicide and insect resistance, can have large
productivity benefits in near-operational plantation conditions suggesting that it
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could be highly beneficial to incorporate transgenic traits into production programs.
Strauss et al. suggest that regulatory reforms that are based on product benefits as
well as risks, and not primarily on the use of recombinant DNA methods, are
urgently needed if the power of transgenic technology is to provide significant
social benefits in forestry.

Part II: Environmental Impact Assessment and Monitoring
of GM Trees

The chapters by Ruohonen-Lehto et al., Glandorf and Breyer, and Biricolti et al. all
deal with environmental considerations for GM plants/trees and guidance on their
risk assessment and monitoring but from different points of view. The chapter by
Ruohonen-Lehto et al. describes different environmental risk assessment frame-
works. They point out that the basis of any risk assessment is hazard identification,
estimation of potential consequences, estimation of the likelihood of these conse-
quences to occur, estimation of the overall risk, and deciding about risk manage-
ment measures. Risk assessment usually includes a problem formulation step,
definition of assessment endpoints from the broad protection goals, and identifi-
cation of those attributes to be measured. As examples, the EFSA guidance on risk
assessment of GM plants and the Cartagena Biosafety Protocol guidance of GM
trees are described. Moreover, both the comparative and per se risk assessment
approaches are discussed.

The chapter by Glandorf and Breyer describes the Netherland system of
step-by-step approach for the categorization of GM field trials. Under this approach,
the confinement of GM plants in a field trial can be gradually decreased and the
scale of the trial increased in a step-wise manner at the same time that knowledge
on the GM plant and its environmental interactions increases. They propose that a
formal step-by-step approach, applicable also for GM trees, may help to facilitate
the approval process for GM field trials and the collection of relevant data/material
for the ERA without compromising the environmental safety.

Biricolti et al. focused on impacts of GM trees on the environment and the
role/use of plant “omics” strategies in environmental risk assessment. They used a
questionnaire approach targeted at the participants of the action but also at other
scientists. The results indicated that important biosafety issues can only be
addressed by conducting field releases of transgenic trees. The use of “omics”
strategies in environmental risk assessment were extensively discussed among the
participants of the questionnaire, and the conclusion was that large-scale methods
that can be internationally certified and accepted are so far not available.

As several GM tree studies dealing with diverse traits have addressed potential
impacts on the receiving environment, Part II also includes two case studies.
Gallardo et al. focus on potential soil effects on GM trees and Robischon deals with
potential environmental impacts of insect-resistant GM trees.
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Gallardo et al. report that most published studies have considered effects on
sensitive indicators such as mycorrhizal fungi communities which can also be
indicative of possible alterations in soil ecosystems. However, no significant
changes in fungal communities or in mycorrhizal colonization have been reported
in published papers of GM trees to date. The authors emphasize that the lack of data
about on indicator behaviour in conventional agricultural and silvicultural practices
limits the evaluation of the ecological relevance of the observed changes. In the few
example studies reported, plant stage, type of soil and other environmental factors
may have a greater influence on indicators than on the effect of GMTs.

The chapter by Robischon points out that at present the resistance to phy-
tophagous insects is a trait that is highly desirable in commercially grown forest
trees. There is also a growing number of studies available focusing on non-target or
wider ecosystem effects of such GM trees in field trials. Based on the literature
review, Robischon points out that, until now, no coherent overall picture emerges,
yet a few instances of unexpected outcomes of the exposure of insect resistant GM
trees to biocenoses have emerged. Thus, longer exposure of transgenic trees in field
studies will also produce further results, observations and information.

Part III: Socio-economic Considerations for GM Trees

The chapter by Bartsch et al. deals with socio-economic considerations for the
decision making on GM tree cultivation. Bartsch et al. point out that in EU GM
trees (as all GMOs) are regulated based on the process of production, not on the
phenotype and the science-based risk assessment concentrates on the assessment of
risks rather than benefits. Lately, consideration of socio-economic (SE) assessments
are planned to get a more prominent role in EU decision making. The SE assess-
ment will typically be a multidisciplinary and iterative process to address all rele-
vant costs and benefits with as little bias as possible. Bartsch et al. conclude that
there is a high likelihood of divergent views of the methods for SE assessments and
evaluating costs and benefits, which may lead to further delays on decisions for GM
plant authorisationsauthorizations.

Kazana et al. made a cross-country pilot “Knowledge, Attitude, Practice” survey
(KAP) to better understand public knowledge and perception of safety issues
towards the use of GM forest trees. The survey was conducted using university
students of different disciplines as sampling subjects. In total, 1920 completed
questionnaires from 16 European and non-European countries were evaluated.
According to the survey, the majority of the respondents (>60 %) approved the use
of GM forest trees for commercial plantations and the majority also appeared
willing to buy products (e.g. wood, pulp and paper) from such plantations. Over 80
% of the respondents from all countries were in favour of using labeling to identify
products of GM origin, while more than 80 % of those would prefer the labeling to
be legally mandated. The top three potential benefits were lower demand of the GM
forest plantations for pesticides, the potential of GM forest trees for restoration of
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contaminated soils and the potential higher GM forest tree productivity. The top
three GM forest tree risks included the loss of biodiversity due to gene flow
between transgenic and wild trees, the adverse effects of bio-trophic processes on
host ecosystems and the cultural adaptation to changing biodiversity conditions.
Overall, lack of knowledge regarding the benefits and potential risks of the culti-
vation of GM forest trees was observed in almost all surveyed countries.

Socio-economic considerations of GM forest tree biosafety in addition to
environmental risk assessment are reported in another chapter by Kazana et al. They
used a “Cost-Benefit Analysis” (CBA) approach targeted at highly experienced
scientists in their respective fields of expertise representing 17 member countries
from across the COST Action FP0905 network. This chapter presents an overview
of available socio-economic approaches and tools for assessment of GM forest
crops and presents options for their implementation. This analysis has allowed the
identification of the most important positive and negative externalities of GM forest
plantations in connection to modified traits.

The CBA approach can make a significant contribution to a more rational
decision-making process in respect of the potential release of GM forest trees, as it
would add an assessment of potential contributions to social welfare.

The chapter by Tsourgiannis et al. makes a comparative analysis of Greek
consumers’ potential purchasing behaviour concerning transgenic products, i.e.
paper, wood biomass for energy production and wood products. The focus of the
analysis was to study the main factors influencing consumers’ potential purchasing
behaviour. Field interviews were conducted in a randomly selected sample con-
sisting of 418 consumers throughout Greece in 2011. The results indicated that in
Greece there are potential buyers for transgenic products, e.g. wood biomass for
energy production. Marketing issues such as the attractiveness of the packaging
could positively influence consumers’ potential purchasing decisions towards those
products. However, there were also concerns about the negative health perceptions
of the transgenic product.

Part IV: Value Communication in the Field of GM Trees

The chapter by Nicolosi deals with value communication of GM plants as example
in the field of agri-food. Nicolosi points out that all the surveys carried out so far to
measure public perception on the topic of techno-scientific innovations demonstrate
a certain ambivalence in the judgment of public opinion. It is generally positive
with respect to medical applications but innovation in biotechnological applications
in the agricultural and food sector, is the source of anxiety and considerable fear.
The cultural and symbolical value of agri-food practices implies that agri-food and
communication are strongly intertwined. Presenting a theoretical background and
some evidences emerging from empirical research, Nicolosi suggests some guide-
lines for a value-based system for risk and benefit communication in agri-food
applications, which might also be of value for the GM tree sector.
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The chapter byMigliacci et al. considers the experiences of using the world wide
website as a value communication and scientific dissemination tool for COST
action FP0905. During the 4 year period of the COST action, the web pages have
been in active use enabling establishment of an interactive database including
information on GM forest trees, GM field trials, traits and gene constructs used. The
database is user friendly allowing specific searches, e.g. on species, gene construct
or trait level and it will be certainly appreciated by scientists and specialists of the
field. Moreover, the value communication between scientists and the public was
ongoing on throughout the 4 years. The web site was also an important information
source for events arranged by the action such as training schools, short-term sci-
entific missions conferences and for producing video presentations. Some of the
functionalities of the database (e.g. the use of the database) will be maintained after
the end of the Action. COST Action FP0905 used a range of the most innovative
tools of web communication to spread scientific information to the community and
for interactions among scientists and the public. Throughout the 4 year project,
severe problems were created by the high frequency of hacker attacks resulting in
shutting down of the COST Action FP0905 website in some instances. All the
innovative tools of web communication have been made possible and the hacker
attack problems solved by the excellent web master Fabio—Grazie!
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