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Abstract

In this review we examine the history and progression
of conifer genetic engineering. The review includes the
methods used, the conifer species transformed, the
genes inserted and the regeneration of genetically engi-
neered conifer trees. We cover both Biolistic® and
Agrobacterium-mediated transformation, and we detail
transformation events with and without plant regenera-
tion. We show that almost all conifer transformation
work uses nptII as a selective marker, and very often
uidA is included as a reporter gene. Further, we show
that a range of genes that are of commercial interest for
forest tree plantations have been introduced, such as
herbicide resistance, insect resistance and those related
to wood properties. We briefly discuss the future for
biotechnology in the context of socially acceptable
enhanced plantation forestry and under consideration of
benefits and risks.
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Introduction

Conifers have been very successful in establishing
themselves in various ecological niches around the
world. They are highly flexible with regard to their abili-
ty to grow in diverse and often harsh environmental
conditions, which makes them suitable to play a major
role in commercial forestry. Conifer forestry contributes
to the economic and social well being of many countries,
and the use of plantation forests has a significant posi-
tive impact on natural forests and world climate bal-
ance. The demand for forest products such as pulp,
paper and timber is ever increasing (FAO, 2004; WALTER

and FENNING, 2004). The wood for these products will
have to come even more from highly managed planta-
tions in the future. Above all, this is important if the
world’s population chooses to leave natural forests
untouched.

Conifer genetic improvement through breeding began
in the southern U.S. (Texas and North Carolina) in the
early 1950s, and was quickly followed by programs else-
where in the U.S., as well as New Zealand, South Africa,
South America and Australia (ZOBEL and TALBERT,
1984). Breeding has proven to be a very effective tool,
and since the level of domestication of forest trees still is
very low, breeding is expected to achieve substantially
increased genetic gains in the future. Many programs
report yield increases, in the order of 1% or more for
each year of breeding, and with similar levels of gains in
other traits (SEDJO, 2004; WHITE and CARSON, 2004).

Conifer clonal forestry, as a form of plantation
forestry, can be defined as afforestation with a restricted
number of vegetatively-propagated clones, which have
been tested and selected in clonal trials, the best being
subsequently mass produced (MENZIES and AIMERS-
HALLIDAY, 2004). Although implementation has been
slow with conifers, the potential benefits of clonal
forestry for pines have often been cited (CARSON, 1986;
LIBBY, 1982; LIBBY and RAUTER, 1984). Gains arise from
testing and selection of clones, clone/site matching to
increase genetic gains, greater uniformity and greater
repeatability.

Clonal propagation programs in conifers have com-
bined the use of tissue culture with further multiplica-
tion using rooted cuttings to provide a cost-effective
route to forestry (HAINES and WALKER, 1996; LIBBY and
HOOD, 1976; MENZIES, 1994; MENZIES and AIMERS-HALLI-
DAY, 1997). Somatic embryogenesis (SE) can also be used
as a propagation tool and it offers the added advantage
of providing an in vitro storage method for clonal
germplasm (MENZIES and AIMERS-HALLIDAY, 2004; SMITH

et al., 1994; SUTTON et al., 2004). Furthermore, SE is
often the tissue culture technique of choice for genetic
transformation in particular when regeneration of
transgenic trees is required (e.g. FIND et al., 2005;
KLIMASZEWSKA et al., 1997; WALTER et al., 1998b, 1999).

At current rates of research and development
progress, there can be little doubt that clonal forestry
will become increasingly widespread in the near future
in response to an increasing world demand for sustain-
ably-managed wood and fibre products. This can be
enhanced through the introduction of modern biotech-
nology methods, in particular genetic engineering,
which is particularly fitting to clonal forestry applica-
tions.

Conifer genetic engineering

Genetic engineering has been used commercially for
over a decade, to produce agricultural plants resistant to
herbicides (MAZUR and FALCO, 1989), insects (SHARMA

et al., 2004), adverse environmental conditions (WANG

et al., 2003), and with improved nutritional or medicinal
value (SAUTTER et al., 2006). These modern biotechnolo-
gies have contributed to gains in productivity and quali-
ty of agricultural crops (CARDOZA and STEWART, 2004)
and farmers have taken up improved varieties at
unprecedented speed. At present, almost 100 million
hectares are planted with genetically modified agricul-
tural species, mainly soybean, canola, cotton and maize
(ISAAA, 2005). 
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Table 1. – Research published on transformation of conifer tissue. No transgenic plants were
produced. Abbreviations: aph: gene for amino glycoside phosphotransferase; Ar: Agrobacteri-
um rhizogenes; At: Agrobacterium tumefaciens; Asp: Agrobacterium species; B: Biolistic®;
bar: gene for phosphinothrycin resistance; cad: cinnamyl alcohol dehydrogenase gene; 
cat: chloramphenicol acetyltransferase gene; E: Electroporaton; gfp: gene for green fluores-
cent protein; luc: gene for luciferase; nptII: gene for neomycin phosphotransferase; P: PEG :
Polyethylene Glycol mediated; Ti: tumor inducing; uidA: gene for β-glucuronidase.
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The application of genetic engineering technology to
conifers has lagged behind many other plant species
including non-coniferous trees (CONFALONIERI et al.,
2003). This has been due to additional challenges specif-
ic to conifers, including long breeding cycles and rota-
tion times, difficulties with tissue culture, and often a
lack of efficient plant regeneration, and genetic transfor-
mation protocols.

The genetic improvement of conifer species to increase
productivity, improve wood quality, produce novel com-
pounds/products, and to reduce environmental impacts

of forestry and forestry-based production of goods, is
highly desirable in an environmental and economic con-
text and on a worldwide scale. It has also been argued
that it is imperative to achieve significant gains using
plantation forestry, to provide alternatives to harvesting
old-growth forests (FENNING and GERSHZENSON, 2002;
WALTER and FENNING, 2004).

There are however, many desirable traits that are not
readily available within the breeding population of
conifer species of interest, e.g. accelerated flowering, or
input traits such as resistance to insects, pathogens,

Table 1. – Continued.
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environmentally adverse conditions and herbicides. Fur-
thermore, significant improvements in wood quality
traits, or applications where conifers produce novel bio-
materials besides wood appear possible, however in all
of these cases, the introduction and controlled expres-
sion of new genes from other organisms is required. 

Biolistic® and Agrobacterium-mediated gene transfer
dominate conifer genetic transformation (Table 1 and 2).
Other techniques, such as electroporation and PEG-
mediated transformation have been reported (BEKKAOUI

et al., 1988; WILSON et al., 1989), however these tech-
niques have not yet led to the production of transgenic
conifer plants (Table 1).

Biolistic® gene transfer or gene gun-assisted transfor-
mation involves shooting small (1 µm diameter) gold or
tungsten particles coated with DNA into cells (KLEIN et
al., 1987). Under ideal conditions, DNA may integrate
into the genome of the target cell, which subsequently
needs to be regenerated to form a genetically modified
tree. 

Alternatively, Agrobacterium-mediated gene transfer
makes use of the soil bacterium’s ability to transfer part
of its own DNA (the transferred DNA or T-DNA) into
plant cells of different species. This DNA can be inte-
grated into the plant’s genome and in nature it causes
the production of tumours and associated changes in
plant metabolism (BINNS, 2002; HOEKEMA et al., 1983;
LACROIX et al., 2006). In plant biotechnology, the T-DNA
is replaced by a gene construct of interest flanked by the
essential T-DNA border sequences that can then be
transferred into plant cells by Agrobacterium species.

A range of transformation methods have been used
successfully to genetically engineer conifer tissue (Table
1) and more recently, to produce transgenic plants
(Table 2). SEDEROFF et al. (1986) reported the first suc-
cessful Agrobacterium-mediated conifer transformation
with Pinus taeda. BEKKAOUI et al. (1988) and GUPTA et
al. (1988) both reported conifer transformation using
electroporation in 1988 using Picea glauca and P. men-
ziessii respectively. However, plant regeneration was not
achieved in any of these early efforts. Several years
later, DUCHESNE and CHAREST (1991), ELLIS et al. (1991),
GOLDFARB et al. (1991) and STOMP et al. (1991) trans-
formed Picea mariana and Larix x eurolepis, Picea glau-
ca, Pseudotsuga menziessii and P. taeda respectively,
using Biolistics®. Again, transgenic plants were not pro-
duced from these transformation experiments (Table 1).

Regeneration of genetically engineered conifer
trees

HUANG (1991) reported the production of conifer
plants using Agrobacterium-infection. In this experi-
ment, Larix decidua hypocotyl segments were treated
with Agrobacterium containing a wild type root inducing
(Ri) plasmid. This was shown to be incorporated into the
genome using Southern hybridisation. 

The first report on the production of transgenic conifer
plants was published by ELLIS et al. (1993) using
Biolistics®. They bombarded embryogenic cell lines of 
P. glauca, with a plasmid containing nptII, uidA and

cry1A. Conformation of transformation was shown histo-
chemically, using PCR and Southern hybridisation, and
the functionality of the insect resistance gene, cry1A
was demonstrated in feeding studies with Chorisoneura
fumiferana, a lepidopteran insect.

The first transgenic pine trees were reported in 1998
(Pinus radiata, WALTER et al., 1998). Embryogenic cell
lines of P. radiata were biolistically transformed and
plants containing and expressing the nptII and uidA
genes were regenerated. Histochemical and flurometric
analysis, along with PCR, Southern and Northern
hybridisation were used to confirm successful transfor-
mation.

More recently, several other commercially important
conifer species have been successfully transformed and
plants produced. Transgenic Picea abies plants were
reported by WALTER et al. (1999), who applied a
Biolistic® technique to embryogenic cell lines. TANG et al.
(2001) infected Pinus taeda embryos with A. tumefaciens
and inserted hpt, uidA and aphII. The only report on
transgenic Abies nordmanniana plants (FIND et al.,
2005) used Biolistic® transformation. The inserted genes
were analysed histochemically, flurometrically, with
PCR, Southern hybridisation and DNA/T-DNA junction
analysis.

It is important to note that most published reports on
conifer transformation are using reporter and selection
genes, which are necessary to select for and monitor suc-
cessful genetic transformation. The more recent applica-
tion of commercially important genes, such as insect and
herbicide resistance and lignin biosynthesis genes,
demonstrate that conifer biotechnology is now entering
a phase of potential commercial deployment in planta-
tion forestry (BISHOP HURLEY et al., 2001; CHARITY et al.,
2005; GRACE et al., 2005; TANG et al., 2003; WAGNER

et al., 2005). 

Field trials all over the world are assessing the opera-
tional and environmental safety of transgenic conifers
and mechanisms to prevent unintended gene flow from
conifers are also being studied in field tests (FAO, 2004). 

Although genetic transformation of conifers in the lab-
oratory is well proven, the commercial deployment of
genetically modified conifers is still in its infancy. Com-
mon limitations are the cost efficiency of the transfor-
mation technology and their application to transforming
most, if not all, genotypes. Recently, a Biolistic® trans-
formation technique that increased transformation effi-
ciency by 2–3 orders of magnitude and also increased
the number of suitable radiata pine genotypes has been
developed (C. WALTER, unpublished). More research is
however necessary before transgenic conifers can eco-
nomically be produced for plantation forestry.

The future: A vision for biotechnology-enhanced
plantation forestry

The tools of biotechnology are beginning to find appli-
cations in currently practised forest tree improvement
and plantation forestry technologies. Admittedly this is
still mainly related to experimental stages and laborato-
ry use, with the exception of some commercial planta-
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Table 2. – Research published on transformation of conifers with transgenic plants pro-
duced. Abbreviations; aph: gene for amino glycoside phosphotransferase; Ar: Agrobacterium
rhizogenes; aroA gene for glyphosate tolerance; At: Agrobacterium tumefaciens; B: Biolistic®;
bar: gene for phosphinothrycin resistance; cry1Ac gene for cry1A endotoxin or the Bacillus
thuringensis endotoxin; cad: gene for cinnamyl alcohol dehydrogenase; cat: gene for chlor-
amphenicol acetyltransferase; gfp: gene for green fluorescent protein; luc: gene for
luciferase; nptII: gene for neomycin phosphotransferase; sar gene for scaffold attachment
region; Ti: tumor inducing; uidA: gene for β-glucuronidase.

tions of genetically modified poplar in China (LIDA et al.,
2003). However, many field tests of genetically modified
plantation forest trees are underway (FAO, 2004) and it
can be expected that more commercial plantations will
appear in the near future (PILATE et al., 2002; SEDJO,
2001). So the question needs to be asked: what will be
the future of plantation forestry, and what new and
valuable traits do we need to identify now?

Recently, we have witnessed a significant change in
forest ownership from primary industry ownership to
ownership by investment funds and private investors.

This comes with a demand on forests to achieve higher
rates of return. Investors also identify the need for high-
er-quality wood to be produced in much shorter forest
crop rotations than today, on marginal land and protect-
ed against disease and predation. It is expected that
these goals will be achieved at decreased growing costs,
and with much more efficient use of land (CARSON et al.,
2004; SEDJO, 2001). 

Most importantly and driven by a growing world pop-
ulation, the demand for wood and wood products will
increase significantly, in particular in developing coun-
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tries (BROWN, 2000; FENNING and GERSHZENSON, 2002).
Land used for growing forests will have to compete for
other uses such as growing food and feed, and increas-
ingly plant-derived biomaterials (FAO, 2003). The public
will demand environmentally sustainable wood produc-
tion and this will ultimately lead to strong support for
the superior production rates of plantation forestry to be
further enhanced using modern biotechnologies. At the
same time, there will be an increasing demand that nat-
ural forests will be left alone (VICTOR, 2000). The insight
that unsustainable harvesting practices must not be
continued, will lead to even stronger support for envi-
ronmentally acceptable applications of biotechnology
(GARTLAND et al., 2002). Besides producing timber trees
will increasingly be required to act as ‘factories’ for new
biomaterials and new types of fibres. This is particularly
significant where biotechnology and nanotechnology are
combined in production processes (ANON, 2004).

This vision however, provides a number of significant
challenges for foresters and biotechnologists. These
challenges are both technological and social, and we will
need to be increasingly aware of the global context of
biomaterials. Successful implementation of new biotech-
nologies in this field will also require a more balanced
and fact-based public discussion of risk, in particular in
the context of the benefits achievable. 

This leads us to offer a few thoughts on risk and risk
perception. More detailed discussions of the perceived
operational and environmental risks potentially associ-
ated with tree biotechnology can be found in (BURDON

and WALTER, 2004; CAULEY, 2002; FENNING and
GERSHZENSON, 2002; LANG, 2004; OWUSU, 1999; WALTER

and FENNING, 2004). 

Biotechnology and risk: Are modern societies risk
averse?

It is important to note that while modern technologies
including biotechnologies are taken up by most societies
at unprecedented speed, there is often also a certain
amount of resistance (e.g. DALE, 1999 and 2002; LANG,
2004). Some Non-Governmental Organisations (NGO’s)
have received praise but also strong criticism for their
activities in this field (KAISER, 2001; PEARCE, 2001;
STRAUSS, 2001; WALTER, 2004; WALTER and FENNING,
2004), which some regard as a crime against humanity
(MOORE, 2004). 

It has been argued that the current risk-averse posi-
tion of parts of our society in general, is based on a
deeply held, pessimistic view of what science can con-
tribute to human welfare, and a resulting inability to
balance risk and benefit (TAVERNE, 2005). In the debate
on genetic engineering, concerns are sometimes
expressed that something unexpected will happen with
genetically modified plants, and this is seen as unac-
ceptable risk per se. However, this unexpected effect is
usually not defined, nor is its occurrence substantiated
in any way. It is argued instead, that because of the
unexpected element, the risk is too high and genetic
modification should not proceed (LANG, 2004). The pre-
cautionary principle is frequently used to support this
argument. It can, however, be argued that, in human

society, any activity is associated with some degree of
risk and a risk-free environment is impossible to achieve
(TAVERNE, 2005). Humans make many subconscious or
conscious decisions whether or not to accept a specific
risk, in order to gain some benefit. In the discussions
surrounding genetic engineering, it often appears as if
the risk associated with this new technology is being
compared to a situation where risk does not exist. Con-
sequently, the taking of any risk, regardless of benefit, is
seen as an unacceptable option, and so it is asserted
that all use of genetic modification should be terminat-
ed. However, logic demands that the risk associated
with a specific outcome (the environmentally sustain-
able production of wood, for example) must be compared
to how else this particular outcome may be achieved,
rather than “doing nothing”. Interpreting the precau-
tionary principle in the way described also amounts to a
decision, with its own consequences, intended or other-
wise (CONNER et al., 2003). Those consequences could
easily be worse than the risk related to the dismissed
technology. 

Risk of using GE trees in plantation forestry

When focussing on the risk of deployment of genetical-
ly modified trees, we should first note that widely
accepted and practised technologies, such as convention-
al tree breeding, are also not risk-free (e.g. KUBE and
CARSON, 2004). Traditional breeding is an intrinsically
imprecise process since the new variations, created
through recombination or mutations, are usually not
well characterised at the genetic level. Breeders use
selection in an attempt to remove much unwanted vari-
ation, but it is still possible for mistakes to occur, and
many changes certainly go unnoticed. This appears to be
much less controllable than genetic engineering, where
only one or a few characterised genes may be either
added, or their expression altered (CONNER et al., 2003).
However, the risk of using genetically modified trees
should be discussed in the context of operational risk
and environmental risk. We define operational (or tech-
nical) risk as related to the performance of a plantation,
and specifically whether a genetic modification will
express itself as predicted, over the rotation time. Con-
versely, environmental risk refers to effects of a planta-
tion on the surrounding ecosystem. Both types of risk
need careful consideration and research to better under-
stand the magnitude and develop mitigation strategies.

Finally, we are not intending to argue that all modern
biotechnology and in particular genetic engineering, is
free of any risk. It is however instructive to study the
risks associated with the intensive use of this technolo-
gy in agriculture over the last 10 years, with no demon-
strated negative impact on the environment or human
health, as compared to already accepted practise. The
public and political discussion around genetic engineer-
ing in forestry should be based on the facts rather than
emotional arguments, and decisions should be made
after thorough case-by-case analysis of both the poten-
tial risks and benefits of a new improved tree. We must
accept the evidence indicating that wood demand will
continue to increase in future. We must consequently
find technologies to satisfy this demand in an environ-
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mentally sustainable manner, and most importantly,
leaving native forests alone. Forest biotechnology can
make a significant contribution to this goal.
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