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ABSTRACT

Many risks and environmental concerns have been linked with the cultivation of genetically
modified (GM) trees. Among the most frequently mentioned risks are the
unintentional/pleiotropic effects of transgenes on organisms or plant properties that are not
the targets of genetic modification. Risks in forest ecosystems are difficult to predict, due to
the long life cycles of trees and their complex ecological interactions. This thesis is focused
on the interactions between insect and mammal herbivores and transgenic trees. The studied
silver birch (Betula pendula Roth) carried a sugar beet chitinase IV gene and the aspen and
hybrid aspen (Populus sp.) carried a pine pinosylvin synthase gene, both aiming to improve
the trees’ resistance to fungal diseases, but also potentially affecting insect and mammal
herbivores.

Tree growth and quality, and insect density and composition were studied during the field
trial. The palatability of transgenic trees was studied in the feeding experiments using the
lepidopteran herbivores rusty tussock moth and buff-tip (Orgyia antiqua L., Phalera
bucephala L.) and the mammalian herbivores mountain hare and roe deer (Lepus timidus
L., Capreolus capreolus L.).

The studies revealed that sugar beet chitinase IV caused unintentional effects on silver
birch: the transgenic trees were smaller and their red leaf colour indicated stress. There
were differences in herbivore pressure between transgenic and wild-type birches: GM trees
had a higher aphid density but a lower diversity of insect species and visible leaf damages.
The relative growth rate of O. antiqua on transgenic birches was lower in comparison to
wild-type birches. No difference in the palatability to mammals was found between
transgenic and wild-type trees. The results suggest that the impact on herbivores is species-
dependent. The pleiotropic effects of the transgenes affecting plant-herbivore interaction
can explain these impacts. These results should be taken into account when considering the
biosafety of GM trees.

Keywords: transgenic tree, cafeteria trial, field trial, herbivory, non-target effect, chitinase,
pinosylvin synthase
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SAMMANFATTNING

Transgena trdd (GMO-trdd) kan medfra risker och miljoproblem. En av de frimsta
riskerna dr ofdrutsedda/pleiotropiska effekter pa andra organismer. Sarskilt i
skogsekosystem &r riskerna svara att forutse pa grund av tradens langa livstid och komplexa
ekologiska interaktioner med andra organismer. Denna avhandling underséker interaktioner
mellan herbivorer (insekter och déggdjur) och transgena trdd, dvs. vartbjork (Betula
pendula Roth), asp och hybridasp (Populus sp.). Bjorkarna som ingick i undersdkningen
var forsedda med en gen (frén sockerbeta) som producerar kitinas IV, och asparna med en
gen (fran tall) som producerar pinosylvinsyntas, bédgge 1 syfte att motverka
svampsjukdomar. Transgenerna paverkar eventuellt ocksé herbivorerna.

I ett faltexperiment undersoktes triadens tillvixt och kvalitativa egenskaper samt titheten av
vanligt férekommande viaxtitande insekter pa triden. Matningsexperiment med fjarilar av
arterna aprikostofsspinnare och oxhuvudspinnare (Orgyia antiqua L., Phalera bucephala
L.) samt skogsharar och radjur (Lepus timidus L., Capreolus capreolus L.) syftade till att
undersoka om genmodifieringen paverkade tridens smaklighet for dessa vixtatare.

Resultaten visade oférutsedda verkningar hos de kitinastransgena bjorkarna. Deras tillvaxt
var sdmre @n kontrolltrddens och bladen fargades roda, vilket &r en indikation pé stress. De
transgena tridens utsatthet for herbivorer skilde sig fran kontrolltrdden: sammansattningen
av herbivora arter och skadorna pé bladen hos de transgena trdden var mindre varierande,
men antalet bladldss var storre dn hos kontrolltraden. Den relativa tillvixten av O. antiqua
pa transgena bjorkar var ldgre i jaimforelse med bjorkar av vildtyp. I matningsexperimenten
med dédggdjur forekom ingen skillnad i smaklighet mellan de transgena trdden och
kontrolltrdden. Resultaten ger dven stod for antagandet att de genetiska modifikationerna
paverkar olika herbivorer pa olika sétt. Resultaten kan forklaras av transgenernas
pleiotropiska effekter som péverkar interaktionen mellan véxterna och herbivorerna.
Resultaten bor beaktas vid framtida riskbeddmningar av transgena tréad.

Nyckelord: GMO-trid, matningsexperiment, faltexperiment, oforutsedd verkning, kitinas,
pinosylvinsyntas
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ZUSAMMENFASSUNG

Mit dem Anbau von gentechnisch verdnderten Bidumen (GV-Béumen) sind viele
verschiedene Risiken und 6kologische Belange in Verbindung gebracht worden. Eines der
am hdufigsten genannten Risiken ist mit den unbeabsichtigten Wirkungen (den pleitropen
Effekten) der Transgene auf Organismen oder solche Eigenschaften der Pflanzen
verbunden, die nicht Ziele der gentechnischen Verdnderung sind. Besonders in
Waldokosystemen sind die Wirkungen wegen der langen Lebenszyklen und der komplexen
okologischen Wechselwirkungen schwer vorhersehbar. In dieser Untersuchung wurden die
Interaktionen zwischen transgenen Bdumen — d. h. Weilbirke (Betula pendula Roth) und
Espe (Populus sp.) — einerseits und Pflanzenfressern andererseits untersucht. Die Birken
waren mit einem Gen von der Zuckerriibe versehen, welches das Enzym Chitinase IV
produziert, und die Espen waren mit einem Gen von der Kiefer ausgestattet, welches
Pinosylvinsynthase produziert. Die Bdume waren schon im Voraus mit den Transgenen
versehen worden, um ihre Resistenz gegen Pilze zu untersuchen. Die Transgene wirken
sich moglicherweise aber auch auf pflanzenfressende Insekten und Saugetiere aus.

Im Feldversuch wurde untersucht, ob sich das Wachstum der Bdume und ihre qualitativen
Eigenschaften sowie ihr Insektenbefall von denen der Kontrollbdume unterschieden. Bei
Fiitterungsexperimenten wurde die Tauglichkeit der transgenen Béume als Nahrung fiir die
Raupen des Schlehen-Biirstenspinners (Orgyia antiqua L.) und des Mondvogels (Phalera
bucephala L.) sowie beziiglich der Sdugetiere als Nahrung fiir den Schneehasen (Lepus
timidus L.) und das Reh (Capreolus capreolus L.) untersucht.

Das Chitinase-IV-Transgen der Zuckerriibe verursachte unbeabsichtigte Wirkungen auf die
Birken: Thr Wachstum war schwiécher, und die rote Farbung der Blatter indizierte Stress.
Auch beziiglich des Drucks von Pflanzenfressern gab es Unterschiede zwischen den
transgenen Birken und den Wildtyp-Birken: Es traten mehr Blattlduse auf, aber die
Artenvielfalt der Schidlinge war geringer und es traten weniger Blattschdden auf. In den
Experimenten mit den Insekten war die relative Wachstumsrate der Raupen von O. antiqua
bei den transgenen Blittern schwicher als bei den Blittern der Kontrollbdume. In den
Experimenten mit der Verfiitterung der Blétter an Sdugetiere wurde kein Unterschied in der
Tauglichkeit zwischen den transgenen Bdumen und den Kontrollbdumen festgestellt. Die
Ergebnisse legen nahe, dass die Wirkung auf Pflanzenfresser von der jeweiligen Art
abhéngt, was sich durch die pleiotropen Effekte der transgenen Pflanzen erkldren lésst,
welche die Pflanzenfresser-Interaktion beeinflussen. Diese Ergebnisse sollten
beriicksichtigt werden, wenn die biologische Sicherheit gentechnisch verdnderter Bdume
erwogen wird.

Schliisselworter: GV-Baum, Fiitterungsexperiment, Feldstudie, unbeabsichtigte Wirkung,
Chitinase, Pinosylvinsynthase
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TERMINOLOGY AND ABBREVIATIONS USED

Adverse: In environmental risk assessment, refers to harmful and undesired reactions,
including interactions with other organisms. See 2001/18/EC, Annex II.

Chitinase: Enzymes capable of catalysing the hydrolysis of chitin, a homopolymer of L-
1,4-N-acetyl-D-glucosamine and a primary structural component of the cell wall of true
fungi and arthropod exoskeletons.

Epigenetic: Relating to, being, or involving a modification in gene expression that is
independent of a gene’s DNA sequence.

Gene expression: The process by which information from a gene is used in the synthesis of
a functional gene product, often proteins. The gene expression level is the level at which a
particular gene is expressed within a cell, tissue or organism.

GM(O): Genetically modified organism whose genetic material has been altered using
genetic engineering techniques. These techniques use DNA molecules from different
sources, which are combined into one molecule to create a new set of genes. This DNA is
then transferred into an organism, giving it modified or novel genes.

Herbivore: An invertebrate or vertebrate animal that is adapted to consuming plants.

Herbivory: A form of predation in which an organism principally consumes autotrophs
such as plants.

Insect (herbivore) guild/Feeding guild: A functional group of insect herbivores that is
based on the way in which planta are consumed, e.g. leaf suckers or chewers.

Non-target effect: Any effect of a studied transgene or transgenic organism on other than
the targeted species (herbivores, parasitoids, predators, symbionts or other organisms), on
ecosystem processes, on effects associated with gene flow or evolutionary effects (see
2001/18/EC, Annex II).

Palatability: Acceptable to the taste: sufficiently agreeable in flavour to be eaten as foods
that satisfy nutritional needs. Palatability varies between/within herbivore species and can
be learnt.

Performance: The extent to which a herbivore is able to realize maximum growth and
reproduction is usually expressed as the rate parameter as RGR (relative growth rate) or
other nutritional indices.

Pinosylvin: Stilbenoid toxin that is synthesized prior to infection. It is present in the
heartwood of Pinaceae. It is a fungitoxin protecting the wood from fungal infection and
also a feeding deterrent against mammals.
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Pinosylvin synthase: Enzyme able to catalyze the chemical reaction between two
substrates (malonyl-CoA and cinnamoyl-CoA), and three products (CoA, pinosylvin, and
CO2).

Plant resistance: Range of adaptations and counter adaptations that improve plant survival
and reproduction by reducing the impact of herbivores. Plants particularly use secondary
metabolites that influence the behaviour, growth, or survival of herbivores. These can act as
repellents or toxins to herbivores, or reduce plant digestibility. Each resistance type can be
either constitutive (always present in the plant), or induced (produced in reaction to damage
or stress caused by herbivores).

Pleiotropy: Pleiotropy describes the genetic effect of a single gene on multiple phenotypic
traits. The underlying mechanism is that the gene codes for a product used e.g. by various
cells,or that has a signalling function on various targets.

Transgenic organism: Subset of genetically modified organism GMOs, organisms that
have inserted DNA originating from a different species.

PCR: Polymerase chain reaction is a technique to amplify a single or few copies of a DNA
strand, generating thousands to millions of copies of a particular DNA sequence.

Risk analysis: The process including risk assessment (the science and process of
estimating risk), risk management (the process of considering alternative courses of action,
and selecting the most appropriate option after integrating the results of risk assessment
with engineering, social, economic, and political concerns to reach a decision) and risk
communication.

Environmental risk assessment, ERA: Risk assessment is the determination of the
quantitative or qualitative value of risk related to a concrete situation and a recognized
hazard or threat. Quantitative risk assessment requires calculations of the magnitude of the
potential loss (hazard), and the probability (likelihood) that the loss will occur.
Environmental Risk Assessment: the evaluation of risks to human health and the
environment, whether direct or indirect, immediate or delayed (see 2001/18/EC, Annex II).

Real-time polymerase chain reaction (sometimes RT-PCR): A laboratory technique
based on PCR. It enables both the detection and quantification of one or more specific
sequences in a DNA sample, to detect levels of gene expression.

Unintended effect: Metabolism and/or the composition of the GM plants that may be
unintentionally altered as a consequence of the genetic modification in a way that could
affect plant relationships. The presence of unintended effects can be due to different
reasons (e.g. pleiotropic effects) (see 2001/18/EC, EFSA 2010a).
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1. INTRODUCTION

1.1. Genetically modified forest trees
Background

The genetic modification of forest trees began nearly 30 years ago in USA, when a gene
conferring herbicide tolerance was transferred to Populus (Fillatti et al. 1987).The number
of studied tree species rose into the tens by the beginning of the 21st century (Pefia and
Séguin 2001). The first field trials with genetically modified (GM) trees were conducted
with Populus in the late 1980s (Valenzuela et al. 2006). Approximately 10 years ago, some
250 field trials with transgenic forest trees had been conducted (Robischon 2006) in
Europe, North and South America, China and New Zealand (Valenzuela et al. 2006). In
2010, more than 700 field trials of GM woody plants were reported (Walter et al. 2010),
and more recently, over 700 field trials of GM trees alone were reported for approval for
the genetic engineering of forest trees, 500 of which occurred in the United States
(Haggman et al. 2013).

The main aims of the genetic modifications of trees were initially related to marker
genes and traits like herbicide and disease resistance, reproductive development and lignin
biosynthesis (van Frankenhuyzen and Beardmore 2004). The target characteristics of the
introduced traits later focused on three groups: growth and wood properties, insect and
disease resistance and abiotic stress tolerance (Héggman et al. 2013). Modifications
targeting herbivore (insect) resistance with digestive mechanisms employing Bt -toxins and
digestion-hindering proteinase inhibitors (PIs) have been reported frequently (Campbell et
al. 2003). Transgenic trees have also given new possibilities for both basic and applied
research including lignin modification for pulp and bioethanol industry (Pilate et al. 2002;
van Acker et al. 2013), soil remediation from volatile environmental pollutants (Doty et al.
2007) and restoration of threatened tree species (Merkle et al. 2007).

Populus is the first and most frequently studied tree genus in forest biotechnology
(Strauss et al. 2004), and can be considered a model plant for tree genetics. Other studied
tree genera include Betula, Castanea, Eucalyptus, Larix, Liquidambar, Picea, Pinus and
Robinia (van Frankenhuyzen and Beardmore 2004, Valenzuela et al. 2006, Higgman et al.
2013). The first two commercial transgenic forest trees were poplars (Populus spp.). They
produced Bt-toxin (from Bacillus thuringiensis) and a combination of Bt -toxin and
proteinase inhibitor to gain resistance against leaf-feeding insects. They were released to
the Chinese market in 2002 and were established on commercial plantations in 2003 (Lida
et al. 2003; FAO 2004; Valenzuela et al. 2006). Currently, 1.4 million Bt-modified poplars
are growing in China, the oldest being 15 years old (Walter et al. 2010). Silver birch
(Betula pendula Roth) in particular has been subjected to several gene modifications in
Finland. These modifications aim to affect flowering (Lannenpdd et al. 2005), disease
resistance (Pappinen et al. 2002; Pasonen et al. 2004) and lignification (Tiimonen at al.
2005). A sugar beet chitinase gene was transferred into silver birch to possibly increase
fungal disease resistance (Pappinen et al. 2002; Pasonen et al. 2004). Interestingly,
chitinases are enzymes that can hydrolyse chitin, which is the main component in both
fungal cell walls and insect exoskeletons (Collinge et al. 1993) raising questions about the
effects of transgenic chitinase on insects (Kramer and Muthukrishnan 1997; Dahiya et al.
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2006; Shakhbazau and Kartel 2008; Arakane and Muthukrishnan 2010).

Field trials on GM trees have been established only in recent years to study ecological
interactions under natural conditions. The trials have especially addressed environmental
concerns such as the non-target effects on e.g. mycorrhiza (Fladung et al. 2010). Field
conditions are more natural than greenhouse or laboratory conditions and therefore provide
more reliable data on biotic interactions between GM trees and other organisms (Brunner et
al 2007). But, in situ GM tree research is, and probably continues to be globally
uncommon, due to environmental risks and safety restrictions (Strauss et al. 2009). Since
the first large-scale field trials with GM trees were performed in China in the early 2000s
(Lin et al. 2006), several countries are expected to follow including those in Latin America
(Sedjo 2006). Despite the biosafety debate (from socioeconomic implications to
environmental impacts), global and local changes in the environment and climate are likely
to increase the pressure towards using GM trees especially in short-rotation tree stands
(Fenning et al. 2008). Aguilera et al. (2013) predict that applications of GM trees in the EU
can be expected within the next decade.

Legislation

GM trees raise not only new kinds of environmental concerns but also political conflicts
(Salwasser 2004). Fladung et al. (2010) divided the environmental concerns into three
groups: invasiveness, gene transfer and impacts on non-target organisms (see 1.2).
Presently, the main international legal instruments concerning GM trees are the Cartagena
protocol (Convention of Biological diversity 2000), World Trade Organization (SPS
Agreement) and EU moratorium. No existing common international legislation
specifically focuses on GM trees, but many countries have legislative processes involving
transgenics (Sedjo 2010). Despite over 10 years of large-scale commercial production of
GM plants, no consensus on the applied environmental risk assessment (ERA)
methodologies exist (Hilbeck et al. 2011).

Presently, the EU directive 2001/18/EC (as amended later) on the “deliberate release of
genetically modified organisms into the environment” regulates the non-contained use of
GM organisms, also in field trials, such as ours. The directive is partly based on the
Cartagena protocol. The protocol includes the precautionary principle, which means that an
action should not be taken if the consequences are uncertain and potentially dangerous. In
the directive, Annex II regulates the principles for the ERA, including GM plant
interactions with non-target organisms. Supplementing directive Annex II, the EU
commission issued decision 2002/623/EC that outlines general principles and methodology
of ERA including a step-by-step approach. The following steps are defined: 1)
Identification of characteristics that may cause adverse effects. 2) Evaluation of the
potential consequences of each adverse effect, if it occurs. 3) Evaluation of the occurence
likelihood of each identified potential adverse effect. 4) Estimation of the risk posed by
each identified characteristic of the GMO(s). 5) Application of management strategies for
risks originating from the deliberate release or marketing of GMO(s). 6) Determination of
the overall risk of the GMO(s). The European Food Safety Authority (EFSA 2010a) later
published a paper on stepwise ERA (based to 2001/18/EC) that provides guidance for
assessing potential effects of GM plants on the environment.

The precautionary principle is applied in the decision-making concerning transgenic
organisms because of a lack of data concerning their non-target effects (Myhr and Traavik
2002). The principle is interpreted more strictly in the EU than in the USA. In the US, risk
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assessment is based on an ecotoxicology model that focuses on chemical, not ecological
impacts (Andow and Hilbeck 2004). This has led to differences in research and the state of
commercialization between the two continents (Strauss et al. 2009). The main domestic
legislative act regulating GM plants In Finland is the act on gene technology
(Geenitekniikkalaki 377/1995, as amended later) through which directive 2001/18/EC (and
the directive on contained use 2009/41/EC) has been implemented, where relevant. Still, ten
years after adopting the directive, the ERA of GM organisms is interpreted very differently
by different stakeholders (Hilbeck et al. 2011), probably indicating both scientific and
political challenges of ERA. In their view, the current implementation of ERA falls short of
complying with EU regulations, being too narrow and too close to the US model. Current
EU legislation would allow for more rigorous interpretation. Aguilera et al. (2013) have
recently researched the relevant EU regulatory framework addressing the risk assessment of
GM trees. They concluded that when applying these regulations to GM trees some changes
especially in data collection and analysis are needed. Reuter et al. (2010) called for a legal
basis to regulate the coordination and harmonization of GMO monitoring in the EU and
globally. Their goal is an international GMO monitoring information system (Reuter et al.
2010) including non-target species at different ecosystem levels.

In Finland the cabinet bill 246/2009 included a proposal to a parliamentary Act on
transgenic agricultural production. However, later in 2011 this bill lapsed. It remains
unclear how the proposal would have applied to forest trees and their field trials. However,
non-target effects of GM plants on other organisms were addressed in the opinion of the
select Environment Committee.

1.2. Non-target and pleiotropic effects of transgenic trees

The application of genetic transformation techniques in forest tree breeding is under debate.
Before GM trees can be used in practical forestry, there must be a general political
acceptance for them and various environmental risks have to be thoroughly studied. The
ranges of ecological concerns are related to transgenic trees. The possible effects on non-
target organisms are one the most frequently mentioned threats of GM plants (e.g. Conner
et al. 2003; van Frankenhuyzen and Beardmore 2004; Snow et al. 2005; Brunner et al.
2007). Non-target organisms include e.g. non-target herbivores, beneficial species as
natural enemies of pests, pollinators and soil organisms (Andow and Zwahlen 2006). The
non-target perspective should also extend to sublethal effects as subtle physiological and
behavioral processes (e.g learning) (Desneux and Bernal 2010). The non-target perspective
is essential with GM trees that interact with a broad spectrum of organisms, to reveal and
minimize their effect on non-target organisms. For example in Betula and Populus,
approximately 500 herbivorous insect and mite species are associated with both of the
genera because of their long life-span and variable microhabitats (Bridndle and Brandl
2001). GM trees may have both direct and indirect effects on other species impacting
ecosystem processes like decomposition and nutrient cycling (van Frankenhuyzen and
Beardmore 2004; Snow et al. 2005; Vauramo et al. 2006). Competition and population
dynamics may also be affected (Snow et al. 2005). Ecological (target and non-target)
effects are hard to predict, especially in forest ecosystems because of the long life cycles of
trees and their complex interactions with other organisms (van Frankenhuyzen and
Beardmore 2004; Brunner et al. 2007). For improving the risk assessment of GM trees, it is
essential to obtain thorough basic knowledge of the ecological interactions between GM
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trees and other organisms (Snow et al. 2005). It has recently been stated that studies at
different ecological scales ranging from species to the ecosystem level are needed to gain a
full understanding of the environmental effects of GM trees (Axelsson et al. 2011a;
Higgman et al. 2013). As an example of unexpected effects, leaf ontogeny may have a role
in the feeding preference of non-target herbivores, as found with Bt-modified poplars
(Axelsson et al. 2011b). As science is still not able to predict the biochemical or
toxicological effects of GM food based on knowledge of its chemical composition
(Millstone et al. 1999), assessing non-target ecological effects of GM trees is even more
difficult due to gaps in ecological knowledge.

The potential agricultural non-target effects of GM plants have been discussed for over
10 years (Poppy et al. 2000; Schuler et al. 2001), and recently this non-target perspective
has also been applied to GM trees (Axelsson et al. 2011a,b, Post and Parry 2011). Non-
target effects are currently studied as part of a modern ERA of transgenic plants. Another
principle of modern ERA (reflecting complex ecological interactions) is case-by-case,
“meaning that the ERA should be carried out depending on the type of the GMOs
concerned, their intended use and the potential receiving environment(s)” (2001/18/EC,
annex II). The receiving environment(s) means the environment into which the GM plant
will be released. It reflects the appropriate meteorological, ecological (e.g. fauna, habitats)
and agricultural conditions (EFSA 2010a,b; Higgman et al. 2013). Although a case-by-case
—basis in risk assessment has been adopted in risk analysis since the 1980s (Sharples 1983),
non-target risk assessment of transgenic plants should focus more on the risks to local
environments as suggested by Andow and Hilbeck (2004) and Andow and Zwahlen (2006).
Science-based risk assessment models of non-target effects of transgenic plants have
developed substantially from the 1990s. In risk assessment, risk is the probability that some
adverse effect occurs duo to e.g. a transgenic plant with a transgenic product (Andow and
Zwahlen 2006). The assessment of non-target effects is suggested to be based on ecological
functional groups, e.g. non-target consumers and decomposers (Andow and Hilbeck 2004).
Hilbeck et al. (2011) suggests that all possible effects, direct and indirect (see 1.3),
cumulative and interactional should be included for improving the current ERA concept. As
the number of non-target studies increases, and the questions become more complex
(Hilbeck et al. 2015), it is essential to pay more attention to statistical methods to gain as
many high quality results that are utilizable in ERA and even commercialization procedures
as possible from the field trials (Semenov et al. 2013).

The latest non-target-reviews discuss the effects of insect-resistant GM plants to non-
target organisms (O’Callaghan et al. 2005), the effects of GM plants on soil
microorganisms (Liu et al. 2005) and non-target fungi (Stefani and Hamelin 2010).
Peterson et al. (2011) reviewed the non-target effects of Bt-crops on spiders. These reviews
particularly addressed to the lack of knowledge concerning the taxonomy of organisms and
their ecological interactions in natural conditions and the non-target effect variability of the
studied organism groups. Thus Stefani and Hamelin (2010) and Liu et al. (2005) suggested
a case-by-case approach for further GM studies. For example, non-target effects were found
in GM plants expressing traits that were not expected to affect fungi, including traits
connected to insect resistance (Stefani and Hamelin 2010). Further, none of the transgenic
plants that showed deleterious effects to fungi were transformed to express anti-fungal
proteins. Gatehouse et al. (2011) reviewed the non-target effects of insect-resistant GM
crops, and found only few published negative effects on beneficial arthropods.
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Table 1. Published non-target effects of GM trees on non-target plant characteristics,
herbivores and ecosystem structure and processes. - = No information was provided

Non-target effect on:

GM plant / product / target
/ reference

Plant properties and
characteristics

Herbivores

Ecosystem structure and
processes

B. pendula | sugar beet
chitinase IV / fungal
resistance / Pappinen et
al. 2004

(In this case the
references on the right
contain results of the
material originating from
the above reference.)

B. pendula / 4-
coumarate:coenzyme A
ligase (4CL) gene / lignin
biosynthesis / Seppanen
et al. 2007

Castanea dentata /
oxalate oxidase / fungal
resistance / Post and
Parry 2011

Populus | Bt toxins
(cry3Aa) / coleopteran
leaf-feeding beetles /
Axelsson et al. 2011a

Populus / over-expressing
sucrose- phosphate
synthase (SPS) /
increased biomass
production / Hjaltén et al.
2007

Reduced growth,
increased stress
status, changed

phenology (1)

No change in
phenolic compounds,
N, or C in the leaf
litter.

Changes in the
concentration of
plant phenolics and
nitrogen.

Negative effect on
growth of
lepidoptera O.
antiqua especially
on high transgene
expression (ll1)

Of three generalist
folivores, gypsy
moth (Lymantria
disparL.) grew
faster on transgenic
than on wild-type
chestnut.

One GM line with
changed chemical
properties was less
utilized by leaf-
beetles than the
non-transgenic
control.

Formed normal
ectomycorrhizae. Decreased
percentage of mycorrhizal
root tips in two lines (chit 10
and 14) (Pasonen et al.
2005).

No effect on ectomycorrhizal
colonization or the structure
of fungal community
(Pasonen et al. 2009).

No effect on soil biota except
the distinct temporal
dynamics of the mean
number of nematodes in one
line (chit 10) (Vauramo et al.
2006)

No changes in wood
chemistry, but less root
biomass and lower numbers
of root tips. Formed normal
ectomycorrhizas with Paxillus
involutus (Batsch) Fr

Changes in composition of
aquatic insects colonizing leaf
litter, increase in insect
abundance.
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Table 1. (cont.). Published non-target effects of GM trees on non-target plant
characteristics, herbivores and ecosystem structure and processes. - = No information was
provided

Non-target effect on:

GM plant / product / target Plant properties and Herbivores Ecosystem structure and
/ reference characteristics processes

Hybrid Populus / over- Changes in the con-  No significant -

expressing sucrose- centration of differences in the

phosphate synthase condensed tannins.  preference of voles

(SPS) / sucrose synthesis for the different

/ Hjaltén et al. 2008 poplar lines.

Populus | Bt, COMT, CAD Changes in phenolic - -

/ Insect resistance, compounds.

reduced lignin / Hjaltén et

al. 2013

Populus | Bt toxins / - - Changes in arthropod

insect resistance / Zhang community structure and

et al. 2004, Hu et al. 2010 diversity: changes in
dominant herbivore species
and in densities of natural
enemies.

Populus | condensed - - No change in bacterial or

tannins fungal communities. Changes

(proanthocyanidins) / to that were found reflected

develop a model known impacts of tannins.

microcosm system /

Winder et al. 2013

Populus alba x P. - - No change in arthropod

glandulosa / Bt-toxin / community.

insect resistance / Zhang

et al. 2011

Studies on the non-target effects of GM trees at the plant-herbivore level are few (Table
1.). One transgene may have a role in other plant traits that were not targets of genetic
modification (Hjdlten et al. 2008) or it may have some other kind of unexpected effect. In
fact, GM aspens over-expressing sucrose phosphate synthase (SPS), which is known to
increase biomass production, also unintentionally induced other chemical changes that
influenced the plant-herbivore interactions of the trees (Hjéiltén et al. 2007). In turn, PI-
transgenic potatoes assumed to mainly impact herbivores, also provided pathogen
resistance (Quilis et al. 2007). Community and ecosystem level studies on the non-target
effects of GM trees are also limited (Table 1.). Such effects can be considered ‘high level
consequences’ (2002/623/EC) as the feeding guild structure of herbivores or the herbivore-
natural enemy —dynamics can be changed. Even if the Bt poplar plantations in China seem
not to cause harm to the environment in general (Walter et al. 2010), the first implications
of changes in arthropod community structure and diversity have been found (Zhang et al.
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2004; Gao et al. 2006; Lin et al. 2006; Hu et al. 2010). However, Zhang et al. (2011) did
not detect any effect on arthropod communities, indicating the variability of non-target
effects of GM trees to arthropod communities. Leaf litter from Bt-trees is also shown to
affect the composition of aquatic insect communities that colonized litter under natural
stream conditions (Axelsson et al. 2011a). In terms of species composition, Bt-producing
poplars had similar insect herbivore assemblages compared with control trees (Axelsson et
al. 2012). Similarly, lignin-modified aspens had no effect on insect density or composition
(Pilate et al. 2002; Halpin et al. 2007). Bt-producing poplars (Zhang et al. 2004) and rice
(Wu et al. 2008) have impacted not only on target lepidopterans on GM plants but also on
neighbouring non-transgenic plants. Outbreaks of non-target pests have also emerged as a
result of the wide-scale adoption of GM plants as in case of Bt cotton (Lu et al. 2010).
Insect-resistant transgenic plants producing Bt toxins and proteinase inhibitors have shown
to variably impact the natural enemies of herbivorous insects (Lowei et al. 2009). All these
results accentuate the uncertainty concerning the type and scale of non-target effects. Lu et
al. (2010) therefore addressed a critical need to predict the landscape-level impacts of GM
crops. Lin et al. (2006) addressed the lack of knowledge concerning the field evaluation of
the ecological risk assessment of Bt poplars. Wu et al. (2008) saw that the insect resistance
of GM cotton cannot rely only on Bt (because of increased damages caused by a sucking
pest), which may apply to Bt trees later. The examples above give support to the view of
Hilbeck et al. (2015) according to which new GM research increases the amount of new
questions, not the opposite. The studies also address the role of precautionary and case-by-
case principles (see 1.1. and 1.2.).

Stability of transgene expression is a concern particularly in long-lived forest trees
(Brunner et al. 2010; Ahuja 2011), but very little information is available (Fladung et al.
2013). The transgene expression level affects e.g. non-target organisms such as the
herbivores of GM plants (Jouanin et al. 1998; Lachance et al. 2007) and it has to be taken
into account in e.g. GMO field trials (hazard characterization) (2001/18/EC, 2002/623/EC).,
Transgene expression in forest trees has appeared stable until now (Strauss et al. 2004;
Klocko et al. 2014), but unintentional transgene instability in GM trees has also been
reported (Fladung 1999; Jouanin et al. 2000; Kumar and Fladung 2001).Variation in gene
expression (increased, reduced, lost) may depend on several reasons, e.g. gene constructs,
plant species and gene transfer methods (Brunner et al. 2010).

Unintentional plant properties have frequently been found in transgenic crops modified
for e.g. pest and disease resistance traits (Haslberger 2003; Yabor et al. 2010).
Unintentional changes in the plant traits of GM plants have been explained by pleiotropic
effects, epigenic factors, environmental factors and genetic background (Bettini et al. 2003;
Haslberger 2003). Pleiotropic effects on gene expression patterns may affect plant
phenotype and therefore interactions with other organisms (Hoenicka and Fladung 2006).
Molecular tree improvement has been seen as an exact breeding method compared to
conventional breeding because it does not affect the genetic background of a tree. Although
receptive hotspots containing a relatively high percentage of AT (adenine and thymine
nucleotides) value of the T-DNA integration site have been found in the host genome (e.g.
Kumar and Fladung 2001), the integration of foreign DNA into plant genome is still
essentially a random phenomenon (Kumar and Fladung 2002). Transgenes may hence have
variable effects on “non-target” genes depending on the integration site in the host genome
(e.g. Képpeli and Auberson 1998; Gutiérrez-Campos et al. 2001; Bettini et al. 2003).
Transgenes per se may also have more than one function. For example, many of the
chitinase genes that have been widely tested to increase plant resistance to fungal diseases
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(Emani et al. 2003; Vellice et al. 2006) are known to also have other functions (e.g.
Collinge et al. 1993). A study conducted with stilbene synthase -modified strawberry has
also revealed unexplainable changes possibly related to genetic modification. This study
additionally showed a lack in current knowledge of plants' biochemical pathways
(Hanhineva et al. 2009).

1.3. Herbivory and herbivore resistance in trees

Silver birch (Betula pendula) is commercially the most important deciduous tree species in
Finland. Numerous insect and mammalian herbivores feed on birch (Saalas 1949; Laitinen
et al. 2002; Silfver et al. 2014). Herbivorous insects cause damage to foliage and wood
depending on their feeding habit/guild (Peeters et al. 2001). In birch, the main guilds are
leaf chewers, leaf miners, sucking insects (sap-feeders) (e.g. leaf aphids) and stem miners
like Phytobia betulae E.Kang. The first group includes e.g. lepidopteran and hymenopteran
larvae, and coleopteran larvae and adults (e.g. Chrysomelidae). Aspen (Populus sp.) is
considered an ecologically important keystone species of boreal ecosystems, because it
sustains a very high number of animals and fungi (Myking et al. 2011). Generally, insect
feeding guilds differ in their stress responses (Larsson 1989) and (reflecting insect orders)
tend to have a different peritrophic matrix (layer of chitin and protein lining the midgut of
most invertebrates), which acts as a physical barrier against abrasive food particles,
digestive enzymes, and pathogens (Hegedus et al. 2009).

Herbivores cause stress to trees and reduce their growth and wood quality (Kulman
1971; Ylioja et al. 1998; Kullberg and Bergstrom 2001; Lyytikdinen-Saarenmaa and
Tomppo 2002; Zvereva et al. 2010). Stress can be seen as increased crown transparency or
decreased stem growth. If stress continues, the capability of a tree to overcome further
stress or to survive diminishes (Dobbertin 2005). In silver birch, larval tunnels of P. betulae
in the cambium are one of the most important factors decreasing wood quality (Ylioja et al.
1998). The species prefers fast-growing trees (Ylioja et al. 1999), but does not affect tree
growth (Ylioja et al. 1998). A trade-off is suggested to exist between plant growth and
resistance. The balance is based on the fact that the same carbon resources are used in
growth and defence processes (Herms and Mattson 1992). If a transgene affects tree
growth, the patterns of plant defense may also be changed, or vice versa.

Herbivore performance is largely based on host plant quality (Awmack and Leather
2002; Tason 2005). Intra-species plant quality is essentially dependent on growing site and
light conditions that are reflected in the nutrient allocation (C, N) and secondary
metabolites (that are produced in resistance reactions) of plants. Siver birch has been shown
to have substantial genotypic variation in resistance to insect herbivores (Silfver et al.
2009), and against mammals (as the amount of resin droplets) (Mutikainen et al. 2000).
Trees have developed several resistance mechanisms against insect and mammalian
herbivores (Howe and Jander 2008). The main resistance type is chemical resistance that is
based on secondary chemicals (Walling 2000; Iason 2005; Dearing et al. 2006). For
example bark glands in silver birch branches produce triterpenoids that deter mammalian
feeding, and terpenoids in leaves impair the feeding of lepidopterans (Tahvanainen 1991;
Haukioja 2003). The results of the unexpected effects of genetic engineering on plant
secondary metabolism, i.e. plant defense were found in a transgenic potato expressing
insecticidal proteins (Birch et al. 2002). Plant quality is also dependent on seasonal changes
in leaves (Feeny 1970). Because of these changes insect larvae have restricted timespace to
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find suitable foliage. The synchrony between insect hatching and budburst is critical for the
performance of herbivores. This synchrony seems to be inherited and a result of adaptation
(Tikkanen and Lyytikdinen-Saarenmaa 2002; van Asch and Visser 2007). Genetic
modification (e.g. glyphosate resistance) may cause changes in this phenological window
(Bautista et al. 2010), which may affect insect herbivore performance.

Herbivore resistance to a plant individual (genotype) depends on genetic and
environmental factors (e.g. Prittinen et al. 2003). The resistance trees show against insect
herbivores may be continuous/constitutive or induced after attack (Haukioja 1990). Induced
resistance reactions may impact both the tree and the insect feeding on it (Nykdnen and
Koricheva 2004). The wounding treatment has been used to mimic herbivore feeding,
although it may also induce reactions that are not identical to insect feeding (Hjéltén 2004;
Lehtild and Boalt 2004; Howe and Jander 2008). This multifunctional treatment has also
been applied to study the impacts of climate change on herbivore feeding and the
palatability of (non-GM) birch (Huttunen et al. 2008).

Complex interactions between herbivores and pathogens in plants affect both parties
(Stout et al. 2006) at the ecological and physiological level (Walling 2000). Pathogens and
herbivores have co-evolved direct and indirect interactions by sharing the same
environment. Indirect interactions between pathogens and herbivores occur when infection
or infestation by a first attacker alters the host plant quality that affects a second attacker
(Stout et al. 2006). Most studies on plant-herbivore-pathogen-interactions have been
conducted with herbaceous plants and insect herbivores (Rostas et al. 2003). Some studies
have been conducted with Betula trees and their herbivores with variable results. Rust
fungus (biotrophic) Melampsoridium betulinum (Pers.) Kleb. had an indirect negative effect
on Epirrita autumnata Borkhausen larvae (Lappalainen et al. 1995). In contrary,
performance of birch aphids (Euceraphis betulae Koch) reared on a (necrotrophic) leaf spot
pathogen (Marssonina betulae (Lib.) Magnus) —infected leaves correlated positively with
the infection level (Johnson et al. 2003). The interaction was most likely plant-mediated, as
the fungus and aphid were spatially separated. It illustrated the importance of plant-
mediated indirect effects in phytophagous insect communities. Interaction with herbivore
and pathogen resistance has been found in defense reaction pathways of plants: the
pathways triggered by insect and fungi overlap (Walling 2000) e.g. in a way that the first
attack enhances the plant’s ability to resist a second attacker. This may lead to a bi-
directional detrimental effect as shown with aphids (Rhodobium porosum Sanderson) and
(nectotrophic) fungus (Botrytis cinerea (De Bary) Whetzel) sharing the rose as host plant
(Mouttet et al. 2011). Such plant-mediated indirect interactions can impact both pathogen
and herbivore population dynamics (Mouttet et. al. 2011).

1.4. The potential effects of chitinase and pinosylvin on herbivores

Chitinases (Enzyme Commission number 3.2.1.14) are enzymes that catalyze the hydrolysis
of chitin, the linear polymer of fB-1,4-linked N-acetylglucosamines, which is the main
component of fungal cell wall, insect exoskeleton (Collinge et al. 1993; Kasprzewska 2003)
and insect peritrophic matrices (see 1.3.) (Hegedus et al. 2009). In plants, the antifungal
role of chitinases has been shown in transgenic plants producing chitinase (Dahiya et al.
2006). Chitinases also have roles in plants’ physiological events linked to growth and
development (Kasprzewska 2003). The wounding treatment also induces chitinase
production in poplar (Christopher et al. 2004). In insects, the main function of chitinases is
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the turnover of chitin-containing extracellular matrices such as the insect cuticle and the
peritrophic matrix during moulting. Chitinases probably additionally have a digestive
function in both insects and vertebrates including mammals (Dahiya et al. 2006; Bussink et
al. 2007; Arakane and Muthukrishnan 2010).

Trees defend themselves against insect herbivores and fungal pathogens by producing
defensive compounds. Insect and disease resistance of trees is likely to be controlled by
many genes with additive effects producing general and specific signals (von Weissenberg
1990; Walling 2000). Generally, plant responses to herbivory are less understood compared
to plant responses to pathogens (Howe and Jander 2008). Chitinases are among the most
frequently studied defencive products found in plants, animals, fungi and microbes
(Collinge et al. 1993; Lohtander et al. 2008). In trees, chitinases are expressed during
various abiotic and biotic agents as pathogens and insect pests (Veluthakkal et al. 2012).
Reviews concerning chitinase expression in trees are limited compared to annual plants.
However, it seems that chitinase gene families are larger in trees compared to short-lived
herbaceous species (Veluthakkal et al. 2012). The transferred chitinase gene used in this
thesis is native to sugar beets and possesses high molecular similarity with a birch-native
chitinase gene identified from the birch EST-library (a library of short sub-sequences of
cDNA sequences) (Lohtander et al. 2008). The constitutive expression of a transgenic
chitinase IV gene can consequently disturb the functioning of the silver birch’s own
endogeneous chitinase genes (Niskanen et al. 2011). Transgenes may also interact, e.g.
silence (see 1.2.) genes in the plant genome.

Chitinase transgenes have been transferred to tobacco, potato and rape to study the
possibilities of improving plant resistance against insects (Schuler et al. 1998; Arakane and
Muthukrishnan 2010). The effects of transgenic chitinases originating from plants and
insects on insect performance have been variable: Coleopteran chitinase had a positive
effect on aphids (Myzus persicae Sulzer) as improved parameters related to aphid
population growth (Saguez et al. 2005) and bean chitinase had negative effects on aphids
(Aulacorthum solani Kaltenbach) as reduction in fecundity (Down, R. E., as referred to by
Gatehouse and Gatehouse 1998). No effect of bean chitinase on aphid (M. Persicae)
fecundity (Gatehouse et al. 1996) or on lepidopteran (Lacanobia oleracea L.) biomass or
larval survival (Gatehouse et al. 1997) were found. Transgenic plants producing chitinases
originating from a plant (Wang et al. 2005; Lawrence and Novak 2006), insect (Ding et al.
1998), and virus (Corrado et al. 2008; Fiandra et al. 2010) have been shown to be harmful
to insects. Tobacco-producing viral chitinase has shown antifungal (against B. cinerea) and
insecticidal properties against lepidopteran (Bombyx mori L., Heliothis virescens Fabricius)
larvae but no effect has been observed on aphids (M. persicae) (Corrado et al. 2008). Orally
administered chitinase has also increased the larval mortality rate and reduced the growth of
lepidopteran B. mori (Rao et al. 2004). When combining the insect chitinase gene with a
scorpion toxin gene, the resistance increased more against lepidopterans. The mortality of
B. mori larva was up to 100% (Wang et al. 2005) and most of the larvae of Hyphantria
cunea Drury could not pupate (Yang 2008). This resistance was not increased against
cerambycid Anoplophora glabripennis Motschulsky (Yang 2008). Potential impacts of
transgenic chitinases on different organism groups have been reviewed during the 1990s
including only Lepidoptera and Homoptera representing less than 10 species (Schuler et al.
1998; Tzfira et al. 1998). In terms of directive 2001/18/EC, the expression of chitinase and
pinosylvin synthase (described below) are the studied novel traits.

Stilbenes are plant defense compounds against pathogens and herbivores that participate
in both constitutive and inducible defense mechanisms, but the detailed functions are not
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clear. However, they play a role in plant-pathogen and plant-herbivore relationships (Chong
et al. 2009). They are produced by species from a number of unrelated gymnosperm and
angiosperm plants, including the woody families Pinaceae, Vitaceae, and Betulaceae
(Chong et al. 2009). Stilbenes are products of the phenylpropanoid pathway and are often
produced in plants as stress metabolites and agents of constitutive defensives in lignified
tissues (Hart 1981). Stilben biosynthesis is enhanced by fungal infection (Hammerbacher et
al. 2011). The effects of a stilbene synthase-encoding gene on pathogenic and decay fungi
have been studied in in vitro (in an artificial environment) aspens by Seppéanen et al. (2004).
Constitutively produced stilbenes act as deterrents of herbivores in several plant species
(Chong et al. 2009). Stilbene pinosylvin is toxic e.g. to fungi (Hart 1981), but the toxicity is
compromized (Chong et al. 2009). Pinosylvin itself has been shown to suppress the
browsing of pines (Sullivan et al. 1992) and alders (Clausen et al. 1986) by hares.
Furthermore, pinosylvin has been shown to operate as a feeding deterrent of leafrollers
Ctenopsteustis obliquana Walker and Epiphyas postvittana Walker (Russell et al. 2000) but
not the bark beetle Ips paraconfusus Lanier (McNee et al. 2003). The varying results
between these herbivores address the variety of potential non-target effects of the studied
transgenic material on herbivores.

1.5. Feeding trials on transgenic trees

Since developing the first insect-resistant trees, feeding trials have also been conducted
with trees modified to express other traits than insect resistance. The genetic modification
of insect-resistant trees began with trees producing Bt toxin (Dandekar et al. 1994; Shin et
al. 1994). Transgenes producing digestive enzymes and inhibitory proteins have also been
tested to interfere with the digestive systems of insects (Schuler et al. 1998). Feeding trials
have been conducted mainly with broadleaved trees and lepidopteran and coleopteran
larvae (Schuler et al. 1998; Tzfira et al. 1998; Poupin and Arce-Johnson 2005). The forest
tree species used in the feeding experiments have included broadleaved trees such as aspen
(Kang et al. 1997; Pilate 2002; Barbehenn et al. 2007), birch (Tiimonen et al. 2005; Wang
et al. 2007) and eucalyptus (Harcourt et al. 2000), and conifer trees such as larch (Shin et al.
1994), spruce (Ellis et al. 1993) and pine (Tang and Tian 2003). The results of the feeding
trials have shown that different types of transgenes produce different levels of resistance.
The Bt toxins produced by poplars have caused a strong resistance against lepidopterans
including O. antiqua (Yang et al. 2003; Cao et al. 2010). Instead, modification of the lignin
biosynthesis pathway in aspen did not lead to different feeding preferences of insects
(Tiimonen et al. 2005) or differences in damages caused by insects (Pilate 2002). In the first
feeding trial with transgenic tree material and mammalian herbivores, the preference of
voles fed with transgenic hybrid poplars (Populus tremula x tremuloides) (over-)expressing
sucrose-phosphate synthase was not affected compared to control plants (Hjdltén et al.
2008).

Feeding trials with transgenic tree material genetically modified for pathogen resistance
have not been previously conducted either with insect or mammalian herbivores. However,
inhibition of the development of Colorado potato beetle larvae was observed in a feeding
experiment with transgenic tobacco expressing poplar chitinase when the larvae were fed
with the transgenic plant material (Lawrence and Novak 2006). This poplar chitinase gene
was previously induced during the infestation of a lepidopteran herbivore (Clarke et al.
1998). Chitinase may contrastingly have a positive effect on aphid performance (Saquez et
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al. 2005). Feeding experiments with transgenic forest trees and mammal herbivores provide
important information for ERA because mammals have a significant role in forest
ecosystems as modifiers of vegetation and cyclers of nutrients into soil. Despite this only
two feeding studies with GM forest trees and mammals has been conducted in addition to
our study (IV) (Hjéltén et al. 2008; Yang et al. 2013).

From the herbivore viewpoint, many aspects address the importance for further
knowledge of ecological interactions between GM trees genetically modified for pathogen
resistance and other organisms. Firstly, the interaction between herbivores and pathogens in
forest ecosystems is constant and complex (Rostas et al. 2003). Secondly, GM plants
desired and the found impact may differ: plants genetically modified against fungi can
affect insect herbivores and vice versa (Stefani and Hamelin 2010). When the studied GM
trees affect plant-fungi-interactions as changed fungal disease resistance, and fungi affect
herbivores through herbivore-fungi-interaction, GM trees are likely to have indirect (fungal
mediated) influences on herbivores. Interaction is likely because both chitinase and
pinosylvin are expected to affect fungi and herbivores. To study the non-target effects of
the GM trees producing chitinase and pinosylvin synthases, field trials represent close-to-
natural conditions and the studied herbivore species represent a functional group of primary
consumers in the boreal forest environment (based to 2001/18EC, see also Andow and
Hilbeck 2004).

2. AIMS OF THE STUDY

The main aim of this thesis was to provide information on the non-target effects of genetic
modifications for fungal disease resistance on the interactions between GM trees and
herbivores.

From the viewpoint of GM-tree risk assessment, the aim of this study was to evaluate the
potential adverse (indirect, non-target) effects of GM trees on herbivore performance
during a field trial and to produce information for the needs of risk analyses.

The following specific goals for the research were defined as:

1) To reveal the potential pleiotropic effects of the sugar beet chitinase IV gene in
transgenic birch lines that might influence herbivore performance, through traits related to
growth, quality, stress status and leaf phenology. (I)

2) To test for differences in herbivore pressure (species composition, density and visible
damage) between transgenic birch lines carrying the sugar beet chitinase IV gene and
corresponding control (isogenic) as well as other wild-type birch genotypes. (II)

3) To study the differences in the feeding performance of insect herbivores between
chitinase transgenic and corresponding control (isogenic) birches. Also, to test for rapidly
induced resistance reactions between chitinase transgenic lines and a corresponding control.
And to determine whether these reactions influence the performance of insect herbivores
and the growth responses of a branch. (III)
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4) To determine whether genetic modification of birch and aspen for fungal disease
resistance will influence their palatability to roe deer and mountain hare in the winter. (IV)

3. MATERIAL AND METHODS

3.1. Plant material and field trial

A more detailed description of the material and methods used are given in the original
papers/ manuscripts I — IV, or in the original articles cited in them. The used tree material
and studied herbivores are found in Table 2.

To study tree growth, quality, stress and phenology (I), insect density and composition
(II), lepidopteran feeding and growth (III) and the feeding preference of mammals (IV),
transgenic silver birch lines (chitl-15) carrying the sugar beet chitinase IV gene and their
corresponding non-transgenic (isogenic) control (JR1/4) were used. For more information
on gene transfer and characteristics of the transgenic lines, see e.g. Pappinen et al. 2002.
Seven other non-transgenic (= wild-type) birch clones were also included in the studies (II)
to represent natural variation in herbivore resistance in the field trial. The field trial was
established in 2000 as a randomized block design consisting of 15 blocks, each containing
one replicate of each plant type. Each block had 15 different chitinase transgenic plant
lines, one corresponding control (isogenic wild-type clone) and seven other non-transgenic
wild-type clones. The chitinase transgenic lines were grouped into three categories
depending on the level of the transgene expression measured as chitinase IV transcript
accumulation (Pasonen et al. 2004). The field trial data was collected in 2002
(measurements for tree growth, visual classification for phenology and general condition
(I)) and 2003 (measurements for tree growth, visual classification for phenology and
general condition (I), wood disk data for P. betulae (I), branch measurements for insect
density, visual classification for insect fauna and leaf damages (II), branch measurements
for the wounding study (III), leaves for O. antiqua feeding study (III), branches for the L.
timidus feeding study (IV) (Table 2.)). Tree height varied between 1-2 m at the time of the
harvest in August—September 2003. In terms of the directive 2001/18/EC, B. pendula and
Populus sp. are the studied crop plants, and the receiving environment (see 1.2.) is the field
trial area that is described in more detail in I.

Greenhouse—grown transgenic birch lines were used to study the growth and feeding of
P. bucephala (III) and the feeding preferences of C. capreolus (IV). Greenhouse—grown
transgenic aspen and hybrid aspen lines were used to study the feeding preferences of L.
timidus (IV), (Table 2.). Transgenic aspen and hybrid aspen lines were confirmed to
accumulate pinosylvin synthase specific mRNA and to show stilbene synthase enzyme
activity in vitro (Seppénen et al. 2004). The aspen material for the feeding trials with L.
timidus (IV) was collected from the greenhouse—grown five—years—old aspen trees during
winter 2003 (Table 2.).
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3.2. Molecular and biochemical studies

Sugar beet chitinase IV expression was studied using Northern hybridization as the level of
mRNA accumulation during the last growing season of the field trial trees (Pasonen et al.
2004). Data (branch measurements for insect density, visual classification for insect fauna
and leaf damages) were concurrently collected from the field trial for study II and plant
material was collected for the feeding studies with O. antiqua (III) and the mammals (IV).

Table 2. Summary of the herbivore and tree species, and the study methods used in the
thesis.

Herbivores Tree Transgene Plant Study site Response variable Paper
species material number
was
grown in
Birch Silver birch  Chitinase Field trial Field trial, Occurrence
cambium fly  Betula IV from Viikki campus
Phytobia pendula sugar beet
betulae
Insect fauna  Silver birch Chitinase Field trial Field trial, Insect density 1]
B. pendula 1V from Viikki campus (number/branch meter)
sugar beet Insect orders (number)
Leaf damage types
(number)
Vertical/horizontal
variation of insects
Rusty Silver birch  Chitinase Field trial Laboratory, Growth and feeding I}
tussock moth B. pendula IV from Viikki campus indices (RGR, RCR,
Orgyia sugar beet ECD,AD,ECI), survival)
antiqua Branch growth response
after wounding
Buff-tip Silver birch Chitinase ~ Green- Laboratory, Growth and feeding I}
Phalera B. pendula IV from house Viikki campus indices (RGR, RCR,
bucephala sugar beet ECD,AD,ECI), survival)
Roe deer Silver birch Chitinase Green- Ahtari Zoo, Proportion of mass [\
Capreolus B. pendula 1V from house Fenced test consumed
capreolus sugar beet site Height loss
Branch loss
Soluble sugars
Starch
Mountain Silver birch Chitinase Field trial Mekrijarvi Proportion of mass \
hare B. pendula 1V from research consumed
Lepus sugar beet station, Palatability indices
timidus indoor cage
Mountain Aspen Pinosylvin  Green- Mekrijarvi Proportion of mass \
hare Populus synthase house research consumed
L. timidus tremula from Scots station, Palatability indices
pine indoor cage
Mountain Hybrid Pinosylvin  Green- Mekrijarvi Proportion of mass \
hare aspen synthase house research consumed
L. timidus Populus from Scots station, Palatability indices
tremula x  pine indoor cage

tremuloides
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Enzyme activity test and reverse transcription PCR (RT-PCR) were used to determine the
chitinase activity and the expression of the sugar beet chitinase IV transgene In the P.
bucephala feeding experiment (Chang et al. 1993; Bolar et al. 2000).

In the feeding trial with roe deer (IV), sugar and starch analyses of the transgenic birch
material were conducted to determine the nutritional quality of GM trees and to test for
possible unintentional effects on plant chemical composition of the transgene introduction.
The analyses were conducted according to the HClIO4 extraction procedure (Hansen and
Moller 1975). A Perkin Elmer Lambda 11 spectrophotometer was used in both analyses.

3.3. Tree growth and quality

Tree growth was assessed as tree height (m) and basal diameter (cm), measured at the end
of the growing season in 2002 and 2003. The stress status of the trees was assessed by leaf
colour in the middle of the growing season (leaf colour index) at the scale from 1 to 4 (1 =
green, 2 = green/yellow, 3 = green/yellow/red, 4 = yellow/red). The amount of red colour in
the leaves is suggested to correlate with the stress status of the tree (Hoch et al. 2001). Leaf
phenology for the different clones was determined based on bud burst dates and the
development of autumn colours. Bud burst was assessed on a scale from 1 to 6 (1 = buds
closed and brown, 6 = leaves open) and the development of autumn colours on a scale from
1 to 5 (1 = no yellow leaves, 5 = all leaves yellow). The general condition of the trees was
assessed based on the visual appearance of the trees in the autumn of 2003 on a scale from
1 to 3 (1 = partly dead, many brown leaves, 3 = healthy, green leaves) (I).

To determine wood quality, the tree ring growth of the last three years (2003, 2002,
2001) was measured and the tree rings were classified as either containing or not containing
larval tunnels of P. betulae. The feeding of this wood-mining herbivorous insect causes
feeding scars that decrease birch wood value (Ylioja et al. 1998). The occurrence of the
species was measured using wood disks (one per tree) cut from the base of the stems.
Depending on the occurrence of larval tunnels on the disks, the trees were classified into
two groups: those that contained tunnels and those that did not.

3.4. Insect density and composition

Insect density was measured to study insect herbivore pressure between chitinase transgenic
lines, a corresponding (isogenic) control and other wild type trees. Insect density was
determined by measuring branch length and counting the number of insects per one branch
metre. The branches were divided horizontally and vertically into three sections to study
vertical and horizontal variation in insect density, composition and insect-caused leaf
damages. The insects were grouped into orders and further into families if they were
abundant, as e.g Coccinellidae, based on a pilot study. Leaf damages were grouped (based
on insect feeding guilds) into leaf chewing, leaf mining, gall, leaf roll, web formation,
leaves glued together, and sucking damage (modified from Saalas 1949, Annila 1987,
Peeters 2002) (Figure 1.). The leaf damage level was first measured visually using a scale
from 0 to 4 (0 = undamaged leaves, 4 = complete damage of the leaves), but later the five
levels were pooled into two groups (damage/no damage), because level 3 and 4 herbivory
was, contrary to what was expected, very rarely found. The number of studied branches per
tree was 6.7+3.3 (mean£SD).



26

e

P—
4.a 6.
- o
4.b 4.c 5. v 7
Figure 1. Examples of leaf damage types.
1 = chewing,
2 = mining (a,c, blotch, b tunnel),
3 = gall,

4 = roll (a,c longitudinal, b leaf cone),

5 = web formation,

6 = glued together,

7 = sucking damage. Photo: L.Vihervuori

3.5. Feeding trials with insects and mammals

Feeding trials were conducted with generalist insect and mammalian herbivore species
common in Finland to determine whether GM modification of birch and aspen affected
their palatability to herbivores (see Table 2.). The studied insect species were rusty tussock
moth (Orgyia antiqua L.) and buff-tip (Phalera bucephala L.), moths from the families
Lymantriidae and Notodontiidae, respectively (Figure 2.). Both species are generalist leaf
feeding lepidopterans occurring especially on deciduous trees and shrubs (Seppanen 1970).
The studied mammalian species roe deer (Capreolus capreolus Gray) and mountain hare
(Lepus timidus L.) are common herbivores on birch and aspen using tree branches as winter
food in boreal forests (e.g. Bryant et al. 1983). No—choice feeding trials with insects were
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Figure 2. The lepidopteran species used in the feeding trials: Orgyia antiqua (left), Phalera
bucephala (right). Photos: L.Vihervuori

conducted in a growing chamber. The groups (O. antiqua 56, P. bucephala 20) of larvae
were fed transgenic or non-transgenic leaf material (O. antiqua 7 days, P. bucephala 10
days, until the larvae began pupating). Mammal feeding trials were conducted as cafeteria
tests with a choice between transgenic and non-transgenic material (whole seedlings for C.
capreolus, branch twigs for L. timidus). The measured consumption variables for all the
feeding trials are listed in Table 2.

To study whether the GM modification of birch affected its responses to simulated
herbivory, a wounding treatment was used to measure 1) the effect of wounding on plant
growth and 2) on larval growth (O. antiqua). Induced responses were studied by wounding
leaves of field-grown trees.

The field study with chitinase transgenic silver birch (Pasonen et al. 2004, as well as
studies I, II, 111, IV) were carried out with the permission of the Board of Gene Technology,
ministry of Social and Health Affairs (notification no. 2/MB/00). All experiments (I, II, III,
IV) were performed in compliance with current Finnish laws. The feeding experiments
were approved by the Board of Gene Technology and conducted in accordance with EU
directive (2001/18/EC) concerning the safe handling of GM material (see 1.1).

4. RESULTS AND DISCUSSION

4.1. The impact of transgenes on tree growth and quality
Impact of the sugar beet chitinase IV transgene to tree growth properties (I)

A negative impact of sugar beet chitinase IV on tree height growth was found (I) (Table
3.). The effect may be caused by transgenic chitinase, because chitinases regulate plant
processes of growth and development (Kazsprewska 2003). An unintentional effect on
plant height, diameter, and the crown height has recently been found in pineapple
expressing transgenic chitinase (Yabor et al. 2010). The effect was explained by in vitro
culture properties that produce rejuvenation (development of juvenile morphological
characters on mature explants = cultured in vitro) and epigenetic changes. It appear that
wood production is delayed when aiming to increase disease resistance through the
chitinase transgene.
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Impact of the sugar beet chitinase IV transgene to tree quality properties (II)

Tree quality (performance) was also negatively affected in the field trial with chitinase
transgenic silver birch, e.g. the stress status increased (increased levels of red colour and
decreased general condition measured as the number of branches, loss of apical dominance
and frost damages) (I) on transgenic lines compared to non-transgenic wild-type control
trees. The colour change may be explained by the elevated stress status of the trees (Hoch et
al. 2001). GM plants have also earlier shown unexpected colours and photosynthetic
characteristics (Sun et al. 2009; Pons et al. 2012) that have been explained by changes in
the expression mechanisms of photosynthetic regulation genes and by temporal-specific
expression of the transgenes (Sun et al. 2009). The leaves of B. pendula turn to yellow in
autumn and red leaf colour can be connected to youth (Archetti et al. 2009) or stress, where
anthocyanin production may be induced by a variety of environmental reasons (Hoch et al.
2001). When combining increased red leaf colour, other stress symptoms, and reduced
growth, the chitinase transgenic birches could have been so stressed that their development
was inhibited. High densities of aphids may have lowered their quality even more by
sucking nutrients and sugars (Zvereva et al. 2010, see also 4.2.). Red leaf colour acts as a
warning signal towards insects in the coevolution hypothesis (Archetti et al. 2009) (see also
4.2. coevolution hypothesis between aphids and yellowing leaves). Red colour
(antocyanins) in the leaves may provide a visual cue to herbivores of the presence of
harmful compounds (Close and Beadle 2003) such as phenolics (Karageorgou et al. 2008).
Aphids and other insect herbivores usually prefer green and yellow to red leaves (Archetti
et al. 2009, White 2009). Despite the possible visual cues, aphids in our study were
abundant in the reddish leaves of transgenic lines expressing high levels of chitinase. As
stress-specialists (see 4.2), some stress-related property (e.g. higher amounts of soluble
nitrogen or volatile profile) in the leaves may have been too attractive to them despite the
increased level of chitinase (and possibly other chemical defense compounds). The same
leaf properties may also partly explain the lower performance of O. antiqua.

Phenological phases, such as bud burst and leaf senescence were delayed in chitinase
transgenic birch lines (I). These changes may result from changes in plant hormones
(Fladung et al. 1997). Even small changes in plant phenology may lead to considerable
effects on herbivores (van Asch and Visser 2007). A recent study by Sinkkonen et al.
(2012) found that silver birch’s autumn leaf colouration showed significant genetic
variation. The results also suggested that genotypes expressing strongest leaf colour
reflectance were subjected to more egg-laying by E. betulae (Sinkkonen et al. 2012). The
phenology of GM trees is poorly known. However, genetic modification of poplars in a
long-term field trial did not result in any phenological differences (Pilate et al. 2002).The
variability between the two results addresses the need for a case-by-case approach. The
occurrence of the stem miner Phytobia betulae Kang did not differ between chitinase
transgenic trees and control trees (I). The density of P. betulae correlated positively with
the trees’ growth rate but not directly with the transgenic status of the trees. All these non-
target changes may affect herbivores directly (changes in phenology may affect the survival
of lepidopteran herbivores (e.g. Feeny 1970; Foster et al. 2013)) and indirectly (changes in
leaf colour and senescence may affect aphid preference (Holopainen et al. 2009)).

The unintended phenotype changes (I) in transgenic birches may be explained by
transformation-induced mutations occuring when an inserted transgene disrupts the
sequence of the endogenous plant DNA (Wilson et al. 2006). An unintended phenotype can
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also result from epigenetic or environmental factors, or the genetic background in which a
trait is expressed (Haslberger 2003). The changed pathogen pressure in chitinase transgenic
trees compared to the control (Pasonen et al. 2004) may also have directly or indirectly
affected insect herbivore preference (Stout et al. 2006). In this study, only part of these
possible effects could be studied in the field because of a low diversity in herbivore species
composition (most of the insects found were aphids representing only one insect order and
one feeding strategy) (II).

Impact of the sugar beet chitinase 1V transgene to leaf properties (I11)

Leaf properties differed between some chitinase transgenic lines and the corresponding
control in the field study material (Table 3.). In some lines, the water content of the leaves
was lower and/or the leaf length was shorter compared to the control trees. Water content
was similarly higher in some transgenic lines compared to the control in the greenhouse
study, but the leaves were shorter as in the field trial material. This possible influence of the
growing environment on (unintentional) plant properties has to be taken into account in the
risk management of GM trees (Snow et al. 2005). Until currently, unintentional plant
properties e.g. altered leaf size and leaf area have only been studied with some crop plants.
The results of Sun et al. (2013) showed unintentional effects on leaf area, whereas Jiang
and Xiao (2010) found no clear effects on leaf size.

Table 3. Effect of the sugar beet chitinase IV on the studied traits (studies I-IV). + =
increased, - = decreased, 0 = no effect. Only statistically significant (except the total number
of damage types) differences between the transgenic lines and the controls are presented.

Plant material Growing Plant trait Effect Paper
conditions positive (+) / number
negative (-) /
no effect (0)

Silver birch Field Tree growth - |
(B. pendula) Field Leaf colour - |
carrying the sugar
beet chitinase IV Field Growth response after 0 1
gene wounding
Field Number of leaf damage - |
types
Field Leaf damage level 0 |
Field Leaf water content - 1
Leaf length -
Greenhouse Leaf water content + 1

Leaf length -
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The difference in growth and phenology -related traits between transgenic and non-
transgenic control birch lines (I, III) may be explained by the elevated stress status of the
trees (Pasonen et al. 2008). Many of the studied traits may be connected with each other
because stress can be both a predecessor and a result of herbivory. The differing leaf colour
(red) was assumed to indicate increased stress which can explain the smaller length and
lower water proportion of the leaves. It is likely that leaf quality was lower in the transgenic
lines for many insect herbivores representing many herbivore guilds. It is also possible that
chemical and/or morphological properties (e.g. plant volatiles, secondary chemistry and
toughness) of the leaves were different (as in Birch et al. 2002 and Yabor et al. 2010) which
affected plant acceptance and preference by herbivores.

4.2. The impact of transgenes on herbivory in the field and feeding trials

The sugar beet chitinase IV transgene had varying impacts on insect herbivores (Table 4.).
Aphid density was higher on the transgenic lines but negative on the diversity of guild
composition and to performance of O. antigua. In some of the chitinase transgenic lines, the
herbivore damage type composition representing feeding guilds was less variable than in
the control and wild type trees, though the composition was mostly linked to the genotype
of the tree and not the transgene expression.

The wounding experiment suggested that the growth response of the transgenic trees did
not differ from the corresponding control trees. The wounding treatment additionally had
no impact on insect growth. However, larval survival on the wounded leaves of high
chitinase IV expression trees was lower than on unwounded leaves. The lower consumption
rates (amount of consumed leaf material, trend in ECD (efficiency of conversion of
digested food) and ECI (efficiency of conversion of ingested food)) on wounded leaves
may be linked to the change in C/N balance of these leaves, because water content was not
affected (Herms and Mattson, 1992). Depending on the change in C/N balance, it may
induce the production of C (terpenes, phenolics) or N (alkaloids, proteinase inhibitors) -
based defence products. However, the balance of defensive and nutritive factors in birch is
more complicated than earlier believed (Haukioja 2003). Haukioja (2003) suggested that
the defence against folivorous insects is founded on at least three interacting systems based
on 1) jasmonic acid and salicylic acid — rapid, induced responses, 2) phenols — delayed
induced defences and 3) an elusive category — evolutionary time scale. Though interaction
may seem obvious in laboratory, it becomes more complicated in the field trials. However,
these results cannot be directly compared with natural consumption because the wounding
treatment does not fully reflect natural herbivory (Hjéltén 2004). For example
phytochemical and growth responses may differ in studies with trees and lepidopterans: the
phenolic content has been higher in natural damage responses compared to artificial
damage (Lehtild and Boalt 2004).

The variable impacts of transgenic material on insect and mammal feeding choices
(Table 4.) suggest that the transgenic tree impacts on herbivores are hard to predict. In fact,
variation occurred between and within herbivore species. The variability between the
transgenic lines was high in several cases, and sometimes only one line differed from the
other lines and/or from the corresponding control. This makes interpretation difficult. Even
more difficult is to predict, which difference is meaningful from viewpoint of risk analysis,
because the degree of difference between a GM plant and a non-transgenic control plant is
not defined in terms of values or variables in GM regulations (Hilbeck et al. 2011). To
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Table 4. Effects of transgenic plant material on the studied herbivores (studies I-1V).

+ = positive effect, - = negative effect, 0 = no effect. Only statistically significant (differences
between transgenic trees and wild-type control trees are shown except for the total number
of feeding guilds) effects are shown.

Plant material Growing Studied herbivores / Effect on herbivore Paper
conditions traits positive (+) / number
negative (-)/no effect (0)
Silver birch Field Insect fauna: + |
(B. pendula) Aphid density -
carrying the Insect diversity (insect -
sugar beet orders) -
chitinase IV Insect feeding guild
gene diversity
Field Birch cambium fly 0 (- indirect effect |
(Phytobia betulae) / because of reduced
occurrence growth)
Field Rusty tussock moth - especially on high 1
(Orgyia antiqua) / chitinase expression
feeding, growth, survival
Greenhouse Buff-tip (Phalera 0 1
bucephala) /
feeding, growth, survival
Greenhouse Roe deer (Capreolus 0 \%
capreolus) /
Preference
Field Mountain hare (Lepus - only in one line \%
timidus) /
Preference
Aspen (P. Greenhouse Mountain hare (Lepus  +-0 controversial results 1V
tremula) and timidus) on aspen /
hybrid aspen preference
(Populus Greenhouse Mountain hare (Lepus  +-0 controversial results 1V
tremula x . .
. timidus) on hybrid
tremuloides )
. aspen / preference
carrying the

pine pinosylvin
synthase gene

solve this problem, a concept of “substantial equivalence” has been used (Millstone et al.
1999) to demonstrate that a GM plant is substantially equivalent to the non-transformed

parent plant, based on basic measured compounds (Hilbeck et al. 2011). However, this has
been highly contested in biosafety evaluations because of the narrow focus on the newly
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expressed protein (toxicity tests, see 1.1.) and not the whole plant (Birch et al. 2002;
Hilbeck et al. 2011). The impacts observed in our studies seemed both direct (e.g. the
chitinase effect on the gut) and indirect (e.g. effect of tree quality on herbivores). Some
effects on herbivores were indirect as was the case with P. betulae. Aphids may also have
indirectly benefited from the larger spectrum in leaf quality (higher variation in stress
symptoms and phenology) that the other herbivore guilds may have not preferred.

Non-target effects of chitinase transgenic material on insect herbivores were found as
seen in guild composition and the O. antiqua feeding trial. Results of the variation in
feeding guild and damage type composition reveal the same result: a part of the chitinase
transgenic lines was less suitable for more specialized insects such as leaf miners and leaf
rollers. Some insect guilds or species living within leaves or leaf rolls, e.g. Byctiscus
betulae L. and Eriocrania sparmannella Bosc, may not prefer chitinase transgenic trees.
Some of the herbivores feeding on them may grow smaller and even suffer from higher
mortality. Certain insect herbivores e.g. the leaf aphids may profit from the gene
modification. This suggests the possibility that species composition (and further the food
web) of birch can change as a result of the transgenic status of the trees. This changed
herbivore pressure can be seen as an ecological adverse impact of the transgenic trees (see
1.1.). Changed species composition may lead to increased herbivore pressure because
aphids and other sap-feeders may be more detrimental to the trees than folivores (Zvereva
et al. 2010).

The positive response of leaf aphids to chitinase transgenic trees may be explained by
the rapid and sensitive response among insect feeding guilds to plant stress (Larsson 1989;
Holopainen 2011). They have shown positive performance on abiotically stressed forest
trees (B. pendula, P. tremuloides) under CO2 and O3 treatments (Neuvonen and Lindgren
1987; Percy et al. 2002) despite the response to O3 being negative later on when feeding on
B. pendula (Peltonen et al. 2010). The mechanism behind this rapid response of sap-feeders
has been explained by the nutrient translocation theory in which a stressed plant
translocates nutrients from older to younger parts providing free amino acids (Dohmen et
al. 1984). This mechanism has been used to explain high numbers of aphids in yellow
senescating leaves of B. pendula (Holopainen and Peltonen 2002). The quick reproductive
response of aphids may contribute to this response (Larsson 1989). The response of aphids
is probably also related to their nutrition physiology. Phloem sap is claimed to be generally
free of toxins and feeding deterrents (Douglas 2006), but if transgenic chitinase was found
in it, it could probably not wound the peritrophic matrix (in the midgut) because most
Hemipterans such as aphids lack it (Hegedus et al. 2009). Positive and non-negative
responses of aphids have been found in transgenic plants producing Bt-toxins (Faria et al.
2007; Himanen et al. 2008). Despite the possibility that aphids can ingest Bt toxin through
phloem sap into their bodies (Burgio et al. 2011), the toxin does not seem to harm them,
probably because of enzymatic and pH related properties in their gut (Chougule and
Bonning 2012). The transgenic toxin may nevertheless be released from Bt-plants through
aphids into non-target predators and the environment.

Growing conditions influence ecological interactions, and consequently the interactions
between GM plants and other organisms. For example, complex interactions (abiotic and
biotic) in the field may weaken the observed interactions between plants and other
organisms as suggested by Halpin et al. (2007). This could partly explain the result that the
chitinase transgenic lines showed increased resistance against the leaf spot pathogen
(Pyrenopeziza betulicola Fuckel) in the greenhouse (Pappinen 2002), but reduced resistance
in the field (Pasonen 2004) compared to the corresponding control trees. Signs of weaker
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in-field resistance compared to greenhouse conditions have also been found in other plants
genetically modified against fungi (Stefani and Hamelin 2010). One explanation is that
greenhouse and field studies screen different resistance types: resistance to inoculation and
resistance to spreading (Anand et al. 2003). Pasonen et al. (2004) explained the reduced
resistance by different P. betulicola genotypes in the field compared to the greenhouse. The
over-expression of chitinase may also have a fitness cost on cell functions and plant
defense. Stress caused by ecological interactions (e.g. insect herbivores) may also have
explained the difference. The importance of field testing as a method to identify various
pleiotropic effects of transgenic trees is essential in the early phases of research (Wei et al.
20006) for example because the effects may be cumulative (Brunner et al. 2007).

The effects of the level of sugar beet chitinase IV expression

The expression level of the of the sugar beet chitinase IV transgene did not clearly affect
tree growth, leaf phenology, the feeding preferences of mammalian herbivores or the insect
herbivore P. bucephala. Instead, it did influence the parameters related to the stress status
of a tree and the performance of the insect herbivore O. antiqua. Stress per se has not
previously been linked with GM plants/trees as a non-target effect, but plant stress has been
considered an important factor explaining herbivory (Larsson 1989). The increased stress
status of the trees in this study seems to have been beneficial to aphids. On the other hand,
the increased aphid density on transgenic trees may have caused increased stress in the trees
indicated by parameters reflecting general condition (see Zvereva et al. 2010) and leaf
colour in trees expressing high levels of sugar beet chitinase IV. The negative impact of
transgenic chitinase on the growth of O. antiqua may have resulted from the higher
chitinase susceptibility of the insect. This could be explained by a higher proportion of
chitin in the gut of O. antiqua that may be wounded by the transgenic chitinase, which
could lead to e.g. their increased disease susceptibility (Tellam and Eisemann 2000;
Hegedus et al. 2009). The response of O. antiqua may also have resulted from more diverse
biotic interactions of trees with other organisms such as fungi and insects that could have
lowered leaf quality in the field trial (the study with O. antiqua) trees compared to
greenhouse grown trees (the study with P. bucephala).

5. CONCLUSIONS

The results gained especially from the tree growth studies of trees and the feeding studies of
O. antiqua showed that particularly the studied transgene sugar beet chitinase IV had
unintentional/non-target effects on herbivores and plant properties important to herbivores.
The effects varied both within (L. timidus) and between the studied herbivores (insects vs.
mammals, O. antiqua vs. P. bucephala). Indirect effects were revealed like growth and
stress status that were mediated through tree properties.

The sugar beet chitinase IV transgene was found to lower tree vigour (lower growth and
increased tree stress level) in the field trial, and reduced insect herbivore diversity induced
changes in herbivore species composition and consequently resulted in changes in the
relative degree of different leaf damage types. Leaf phenology was also affected, which in
turn may affect insect herbivore survival and species composition. For example, transgenic
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trees had a positive effect on aphid density. Lower tree vigour and simplified herbivore
diversity may reflect changes in leaf quality properties important to insect herbivores
(changes were found in colour, length and water content) which should be studied in more
detail. On the other hand, if only one leaf trait important to herbivory can be studied, foliar
water should be chosen (Haukioja 2003). The difference in the composition of leaf damage
types representing different feeding guilds may have resulted from both changed leaf
quality and the different phenological window of the GM trees compared to control trees.
Aphids may have benefited from increased stress levels of the trees, changed leaf quality or
low interspecies competition.

The feeding trials revealed that the sugar beet chitinase IV transgene can negatively
affect the growth of lepidopteran larvae especially when expressing at a high level. Since
pathogen pressure was changed in the chitinase transgenic trees compared to the control, it
may also have affected leaf-feeding insect herbivores directly through changes in
appearance (e.g. leaf colour, leaf toughness/moisture) or indirectly via pathogen-induced
changes in leaf nutritional quality (C,N, defensive metabolites) e.g. through increased
amounts of free amino acids in the leaf. Vice versa, insect herbivores may have provided
entry sites for pathogens. The sugar beet chitinase IV transgene did not affect palatability to
roe deer, but had a trend towards a negative effect on mountain hare feeding preference. It
did not have a direct effect on P. betulae appearance, but indirect negative effect through
lower tree growth. Pinosylvin synthase transgene had a variable effect on hare feeding
preference. The variable effects between all the herbivore species may be connected to their
different feeding preferences (and niches) although no single factor that was studied
(sugar/starch proportion and leaf moisture) could be clearly connected thereto. The
observed effects do not seem to be detrimental to any of the studied herbivores. The
responses of insects to GM materials were stronger and more negative compared to the
responses of the studied mammals. The differences between GM and control trees in insect
species composition and herbivore preference suggest that the impact of one transgene may
have broad impacts on tree-herbivore-interaction.

Transgenic trees targeted against fungal infections had variable non-target effects on the
studied herbivores and tree growth and quality. The results revealed that GM trees can have
non-target effects on plants and herbivores that can be explained either by pleiotropic
effects of the transgene, epigenetic or environmental factors, or the genetic background of
the GM trees. The constitutive expression of a transgenic chitinase gene may have
disturbed the function of the silver birch’s own chitinase genes, which could be seen as
stress. Increased aphid density in some GM lines may also have added stress.

The variability in the results underlines the many needs in GM tree research. Firstly, the
longevity of trees addresses the need for long-term studies concerning ecological
interactions of transgenic trees. Secondly, the results suggest that GM studies should be
conducted not only in the laboratory but also in field conditions to gain more valid
information (in this case stronger effects) on more natural plant-herbivore interactions.
Studies should be conducted on a case-by-case basis because of the complexity of
ecological interactions in forest trees. Further, studies should not concentrate on transgene
(and the toxicologic tests) per se, but should be based on its potential non-target effects on
different ecological scales ranging from the species to the ecosystem level. This is
important because the results of non-target studies are often different than expected,
implying that researchers do not have sufficient understanding on the potential
environmental impacts of GM plants. To improve the ERA of GM trees, research on factors
affecting ecological interactions are highly needed. Transgenic material should also be
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generated on a broader genetic base, i.e. gene transfers should cover several genotypes of
the recipient plant species instead of one or two, to reveal the “behaviour” of the transgene
in variable genetic environments. Tri-trophic-interaction studies (host plant — herbivore —
natural enemy) addressing GM plants in a changing climate have not yet been performed
with trees, but already with Bt crops (Chen et al. 2005; Himanen et al. 2008), resulting in
positive or non-negative results with aphids. It is likely that GM trees would have even
more complex interactions due to the important role of a tree’s genotype in this tri-trophic
interaction (Holton et al. 2003). Our results with aphids showed that parasitism level did
not seem to differ between chitinase transgenic and control trees (L. Vihervuori, P.
Lyytikdinen-Saarenmaa and H.-L. Pasonen unpublished data).

Because the impacts are variable, indirect and species/genotype-dependent, the total
impacts of one transgene in a forest ecosystem are difficult to predict. Even ecologically
very similar species may show different responses to GM material. Variable environmental
conditions, even climate change, may affect this interaction. Netherer and Schopf (2010)
argued that European forestry is likely to face diverse consequences of climate change
ranging from altered incidence and intensity of pest outbreaks to changes in distributional
ranges of insect herbivores. More specifically, higher winter temperatures may benefit pests
by increasing survived hibernating eggs. Secondly, warm and dry spring and summer
periods may lead to multiple insect generations. Higher storm frequency may also enhance
pest development and abundance. Biotechnology may help forestry to meet these new
requirements (Fenning et al. 2008). In this view, old forests could be left in as near a virgin
state as possible, and plantations would be designed to maximize yield (Fenning et al.
2008). New engineering techniques may offer new possibilities for tree breeding by
minimizing the disadvantageous pleiotropic effects of the transgene (Niskanen et al. 2011).
Further, when discussing the commercial future of GM trees, the diversity of genetic
background of GM material must be evaluated (Niskanen et al. 2011) (i.e. the number of
clones into the gene transfer should be assessed). From the viewpoint of risk assessment
(and of the desired novel trait) it is important that the transferred gene functions in a similar
way in each receiving genotype.

The ERA conclusions on the interactions between GM trees and non-target herbivores
(EFSA 2010a,b, 2001/18/EC and 2002/623/EC), including overall risk evaluation, were
based on steps 1 to 5 of the step-by-step approach. The risk for adverse effects (step 6) was
a) high for tree growth and quality, b) high for insect density and composition, ¢) moderate
for leaf feeding lepidopterans, and d) low for mammalian herbivores. Uncertainties remain:
limitations in the data, gaps in the effect database, uncertainties in extrapolating between
species, and differing interpretations of the existing data. The findings of this study suggest
that the current precautionary approach of Finland and the EU is justifiable and will be so
until the uncertainties in ecological interactions have been decreased.
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