
 

       
GM Trees. Can We? Should We? 

 
 
 

A report by GeneWatch UK 
 

  



Genewatch UK 
February 2023 

 

ii 

GM Trees. Can We? Should We? 
 
 
 
 

A report by GeneWatch UK 
 

February 2023 
 
 

 
 
 
 
 
 

 
GeneWatch UK 

53, Milton Road, Cambridge, CB4 1XA, UK 
Phone: +44 (0)330 0010507 

Email: mail@genewatch.org  Website: www.genewatch.org 
Registered in England and Wales Company Number 03556885 

 
 

Cover picture adapted from: American Chestnut Nuts with Burrs and Leaves. Photo by: Timothy Van 
Vliet 2004 from my Orchard in New Jersey: 

https://en.wikipedia.org/wiki/American_chestnut#/media/File:American_Chestnut.JPG  
This file is licensed under the Creative Commons Attribution-Share Alike 3.0 Unported licence: 

https://creativecommons.org/licenses/by-sa/3.0/deed.en  
 
  



Genewatch UK 
February 2023 

 

iii 

 

Table of Contents 

Introduction .................................................................................................................... 1 

GM trees to date ............................................................................................................ 2 

BOX 1. New ‘Poster Child’ GM Tree Projects ..................................................................... 3 

‘Virus resistant’ papaya ......................................................................................................... 5 

Non-browning apple .............................................................................................................. 5 

‘Herbicide tolerant’ eucalyptus ............................................................................................ 6 

Risks ................................................................................................................................ 6 

Molecular impacts ...................................................................................................................... 6 

Gene Flow and Contamination ............................................................................................. 8 

Ecosystem-wide exposure .................................................................................................. 10 

Forests as complex ecosystems ....................................................................................... 11 

Evolutionary responses to trees ........................................................................................ 13 

Challenges to efficacy ................................................................................................ 13 

Regulatory considerations ........................................................................................ 16 

Consequences of potential deregulation of genome editing ........................................ 17 

Conclusion ................................................................................................................... 18 

Appendix 1. Summary of Global Field Trials .......................................................... 20 

Table 1 .................................................................................................................................... 20 

Table 2 .................................................................................................................................... 22 

References ................................................................................................................... 24 
 



Genewatch UK 
February 2023 

 

1 

Introduction 

The development of genetically modified (GM) trees has long been promoted, since the 
inception of GM industry, attempting to maximise profitability of tree industries, alter wood 
quality, or increase forest resilience against pest attacks. The first GM tree was a Poplar 
species “commercially” approved in China in 2001 (Wang et al., 2018). Wider 
commercialisation has thus far failed to take off globally, with commercialisation additionally 
limited to a few fruit tree species, none of which have been widely adopted across the 
agricultural sector.  

The push for GM tree releases is, however, seeing a resurgence. Amidst the backdrop of a 
growing sense of urgency to address ecological, biodiversity and climate crises, biotech 
start-ups and companies are again promising GM trees as a necessary ‘scientific innovation’ 
to combat such problems. New projects and trials are being conducted, including the much-
advertised Living Carbon project, promoted to sequester carbon for climate change 
mitigation, and the GM Chestnut project promoted to re-establish dwindling numbers of the 
iconic American tree, suffering from an epidemic of blight disease. However, behind the 
‘poster-child’ projects remain those seeking to maximise industrial plantation profits, in, for 
example, timber, paper or pulp production, with one example being the potential imminent 
commercialisation of an herbicide-tolerant eucalyptus for industrial plantations in Brazil. 
Furthering the commercialisation and expansion of industrial plantations that are widely 
recognised to exacerbate climate, ecological and social problems, will further limit 
biodiversity, increase chemical use, and potentially deplete water supplies.    

The latest projects bring the issue of GM trees once again into the spotlight. The engineering 
of trees, especially within wild forests, poses unknown risks to these complex, life-sustaining 
ecosystems. Forests are fundamental to societies across the world for whom forests provide 
important livelihoods, building, dietary, medicinal and cultural resources, as well as shelter. 
The very nature of trees, their lives spanning centuries and spreading over vast distances, 
their relationships both above and beneath the ground that maintain ecosystems, water and 
climate systems, raise significant concerns regarding the potential new roll out of GM tree 
varieties. This complexity is also a challenge to the potential efficacy of GM strategies 
performing in real world conditions. Technical limitations also remain, with the vast majority 
of traits and species being explored largely unchanged from the early days of GM research.  

This report summarises the state of research and commercialisation of GM trees, and the 
risks and efficacy concerns they raise about the health of forests and the wider ecosystems 
they support.   
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GM trees to date 

GM research has been conducted for decades, amidst a backdrop of widespread concern 
which prompted early calls for precautionary approaches to GM tree development and even 
international moratoria on their releases (TWN, 2006). The first field release occurred in 
Belgium in 1988 (Frankenhuyzen & Beardmore, 2004). Of the 205 permit applications listed 
at the end of 2003, 73.5% originated in the USA, 23% in other OECD member nations (in 
particular, Belgium, Canada, France, Finland, New Zealand, Norway, Portugal, Spain and 
Sweden) and 3.5% elsewhere (Brazil, China, Chile, South Africa and Uruguay) 
(Frankenhuyzen & Beardmore, 2004). At that time, four traits accounted for 80% of the 
permit applications: herbicide tolerance (32%), marker genes (27%), insect resistance 
(12%), and lignin modification for altered wood properties (9%). Of the tree species involved, 
Populus (poplar), Pinus (pine), Liquidambar (Sweet Gum Tree) and Eucalyptus accounted 
for 85% of applications. Insect resistance and herbicide tolerance traits that have been 
commercialised in agricultural settings have failed to take off in trees, despite early interest 
from agritech giants such as Monsanto (now owned by Bayer). Sterility traits have also been 
attempted, designed to prevent contamination of conventional varieties, though none have 
been commercialised.  

Since 2003, the picture does not appear to have changed dramatically, despite poster child 
projects purporting to develop GM trees for societal good, such as restoration or climate 
change mitigation projects (Box 1). As listed in tables 1 and 2 of Appendix 1, national and 
regional databases of GM trial releases show a continuation of research focusing on a 
limited number of tree species and traits. For example, European and Brazilian permits for 
field trials are still dominated by altered wood property traits in poplar trees ( Canadian 
Biotechnology Action Network and the Campaign to STOP GE Trees, 2022). According to 
the National Academy of Science, the United States, a centre for GM tree development, the 
US had approved 387 permits for trial release, 220 for non-fruit species and 167 for fruit 
trees (up until 2018), with a higher focus on fruit trees than other global regions. Fruit tree 
traits overwhelmingly focus on pathogen and pest resistance, altered product quality and 
altered flowering, while non-fruit tree traits still focus largely on altered wood properties for 
industrial purposes and herbicide-tolerance (see Tables 1 and 2). Up to 2021, 51 permits 
have been issued in the US for poplar species (1989-2021), 19 for altered wood product 
quality, 16 for altered agronomic quality traits (e.g., altered flowering, increased 
photosynthesis), and 11 for fungal resistance (see Table 1b). Despite two decades of GM 
poplar research, developers are still working on the same traits that were initially 
investigated, including sterility and altered lignin, though without any commercialisation 
success for sterility or lignin to date. Twenty-one eucalyptus permits have been issued (from 
2007-2019), all from the company ArborGen (altered lignin, altered flowering and cold 
tolerance traits). Fourteen walnut permits have been issued, all but one to the University of 
California, with 10 of the 11 developed for bacterial resistance. 34 permits have been issued 
for apple trees, 17 of which are for altered product traits such as non-browning, and 11 for 
altered agronomic quality such as increased cold tolerance or altered flowing. Nine plum tree 
permits were issued (from 1991-2014), either for altered flowering and/or pathogen 
resistance.   

China had conducted 78 field trials up to 2013, (including 34 poplar trials). More recent data 
is not available. India has recently embarked on its first GM tree trial, in 2021, planting 
rubber trees designed to tolerate colder conditions, in order to cultivate the crop in regions 
not normally suited to rubber plants (The Hindu, 2021). Since 2003, Europe has issued 27 
permits for forest trees (Table 1a), all but two in poplar trees with a focus on altered wood 
quality traits, with two birch trials conducted in Finland. Sweden is a European centre for tree 
trials, with 13 of the 27 being conducted there. Malaysia has also performed several trials to 
develop GM rubber plants that produce medicinal products (Table 2).  
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BOX 1. New ‘Poster Child’ GM Tree Projects  

The GM Chestnut (Castanea dentata) project set to take place in the US, is being promoted to restore the iconic 
GM Chestnut populations described as ‘functionally extinct’ as a result of the invasive spread of fungal blight (and 
root rot). In 2020, State University of New York College of Environmental Science and Forestry (SUNY-ESF), 
applied for ‘non-regulated’ status to the US authorities, although a final decision (as of February 2023) is yet to be 
made. If approved, it would be the first modified trait destined for wild forest ecosystems. Moreover, it would be 
the first to be sold under the guise of ecological restoration. If granted non-regulated status, the researchers state 
that the trees will be available for “non-profit distribution to the public, and to groups including private, indigenous 
people, the state, and federal restoration programs, depending on the goals and preferences of these various 
groups.” (State University of New York College of Environmental Science and Forestry, 2020).  

The tree was modified to withstand infection with the fungal pathogen, Cryphonectria parasitica. This was done 
by introducing a wheat gene (encoding for the enzyme oxalic acid oxidase) that metabolises a toxic product of 
fungal infection (oxalic acid) that damages the trees. The trait is designed to reduce levels of oxalic acid, allowing 
the tree to tolerate, but not resist or kill off, infection.  

The engineering of a wild chestnut has raised a variety of concerns regarding how it may impact surrounding 
forest ecosystems. Understanding the impacts would take decades of assessment, yet biosafety and efficacy 
data on the trees are extremely limited (GeneWatch UK, 2021), making any potential approval at this time 
seriously premature. The wheat gene has never before been used outside the lab for engineering purposes, and 
the inclusion of an antibiotic resistance gene will be the first outside of agricultural settings, raising concerns 
about their impacts if and when genetic contamination inevitably occurs. Indeed, there are still an estimated 2 
million mature chestnut trees still growing in the United States (Davis, 2021).  

In comments submitted to US regulators on the potential release, the Canadian Chestnut Council, a scientific and 
charitable organisation, disagreed with the concept that the GM tree is “a restoration tree”, and stated that “its 
release will contaminate the remaining population of American Chestnut and result in possible greater harms” 
(Canadian Chestnut Council, 2022). Their efforts to restore the populations include breeding programs with the 
planting of 32,000 trees, the planting of grafted trees or seedlings near to geographically isolated trees; as well as 
programs to identify, preserve and enhance populations, such as testing for genetic contamination, health status, 
and ensuring sufficient light exposure to increase survival. The Council raised concerns over the lack of regard 
for their aggressive and painstaking restoration efforts by those proposing the GM release. 

Davis (2021), a scholar of the Chestnut, also challenges the key notion of the species being ‘functionally extinct’.  
While this framing may serve to galvanise support for experimental releases, it raises important biosafety 
considerations. Introducing a GM Chestnut may serve as a novel risk to restoration efforts of long-established 
native breeding programs. It would be the “ultimate unintended consequence, and a tragic irony, if existing 
surviving trees, would end up being contaminated with transgenic material”. Furthermore, GM trees potentially 
serve as a fungal reservoir for the pathogen. As stated in the permit application regarding the ‘blight tolerant 
Darling 58 variety “In the case of a tolerant host without any toxicity mechanism, all hosts essentially function as 
refuges…”. It is indeed possible that large-scale plantings, could serve merely to increase blight spread. 
Moreover, efficacy questions loom over the project. Tolerance to blight may decline as the tree ages (Davis, 
2021). With current trial data gathered from trees up to the age of 3 years old, how blight tolerance withholds over 
the course of the trees’ life-span is not yet established.  

The American Chestnut is increasingly plagued with numerous invasive and native pests. Trials on conventional 
trees infected with blight show mortality rates of 12-70 % resulting from other diseases, insect or animal damage 
such as ink disease (Clark et al., 2014). Consistently, in GM trials, nearly all seedlings (conventional and GM) 
succumbed to ink disease.  There remain questions regarding potentially poor resilience of the trees in the 
context of multiple stressors such as pathogens, pest attacks or climactic changes that may compromise 
resistance mechanisms in the trees (GeneWatch UK, 2020; Woodcock et al., 2018). Further, the development of 
GM trees from a single clone reduces genetic variation, which can increase susceptibility to stressors. It is also 
yet-to-be understood how modifying oxalic acid levels may impact the tree, which possesses functional roles 
within plants, involved in various processes from calcium regulation, as well defence against insect pests, 
pathogens and grazing animals (Prasad & Shivay, 2017).  

The project has received sharp criticism for its ‘feel good factor’, and a potential to be a Trojan Horse that leads 
the public and regulators into accepting wider-scale roll outs of GM trees, particularly those that are seeking to 
maximise profitability of industrialised monoculture systems.  
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BOX 1 (contd.) New ‘Poster Child’ GM Tree Projects  

The Living Carbon Project is being promoted by its venture capital developers as aiming to make the “Tesla of 
trees”. These trees are being promoted as a carbon off-setting technology, capturing carbon by engineering 
poplars to have higher photosynthetic rates and thus grow faster, in an attempt to “help combat the looming 
consequences of climate change” (Living Carbon Team et al., 2022), and also for industrial wood production. 
Carbon credits are already being promoted despite the lack of any available product, amidst a backdrop of wider 
criticisms of carbon offsetting mitigations, many of which have been described as seemingly “worthless” 
(Greenfield, 2023). The project was recently bought by Frontier, with a ‘market commitment’  launched by Stripe, 
Alphabet, Shopify, Meta, and McKinsey Sustainability (Frontier, 2022).   

The first field trials were only planted in July 2021, in collaboration with Oregon State University and are yet to be 
analysed. Greenhouse experiments were reported in un-peer-reviewed data to increase biomass by up to 53 % 
in young trees, though this effect was temperature dependent, with no difference seen at 40ºC (Living Carbon 
Team et al., 2022). How traits that are environmentally mediated may perform in real world settings remains to be 
seen. Living Carbon themselves conclude in their un-peer-reviewed report that it is “a challenging goal to 
engineer trees to make a meaningful impact on climate change”.  

Fundamental questions regarding the underlying rationale of the project have been raised. First and foremost is 
the issue of land availability required to plant sufficient trees to allow for any carbon offset. Second, how well can 
levels of ‘carbon off-setting’ be predicted for a project that will take at least 30 years for the trees to mature? 
Nonetheless, pre-purchases are already available by Frontier. Third, engineering trees to grow faster risks 
making the trees weaker structurally, with potential loss in resilience. While the aim is to improve carbon capture, 
any unintended effects that may undermine the survival of the tree and lead to die-offs would result in carbon 
being released back into the environment. Trees will need to be harvested at a currently unknown, correct time to 
prevent carbon going back into the atmosphere. As the Head of Trees at Kew Gardens UK, Kevin Martin, 
recently warned, “we need to increase protected forests, not introduce more risks and potentially less resilience” 
(BBC, 2022).  

Despite the large number of trials across the world to date, GM trees have not been widely 
commercialised across the globe. The lack of adoption is a signal of potential efficacy and 
risk problems that have hindered development thus far. As detailed below, the most 
advanced GM projects have suffered various pitfalls from low adoption rates to efficacy 
problems. Our incomplete knowledge around genetic determinants of tree traits, as well as 
technical difficulties in engineering trees, are also limiting potential applications for novel 
traits beyond those that have been extensively studied for decades without success e.g., 
lignin modification.  

“Insecticidal” Poplars 

The first “commercial” approval of a GM tree was granted in China as early as 2001 (Wang 
et al., 2018). Poplar trees were first tree species to be modified (Fillatti et al., 1987) and soon 
became the model system in forest biotechnology (Hjältén & Axelsson, 2015). In China, 
engineering poplars has been ongoing since the 1990s, with a reported 22 GM varieties 
developed and approved for testing (up to 2018). Only two however, have been 
“commercialised” amidst a backdrop of biosafety and consumer concerns (G. Wang et al., 
2018). The two transgenic poplar varieties, both trialled from 1996-2001, include a poplar 
741 variety that carries an insecticidal Bt toxin (Cry1a), and another insecticidal gene called 
API. The second product is a Populus nigra variety that carries the Cry1A toxin only. 
According to the pro-biotech resource ISAAA.org, the adoption rate for the GM poplar 
appears to be low, with only 543 hectares reportedly planted in 2016 (ISAAA, 2017). The 
long-term requirements for assessing safety have led to a cautious approval approach by the 
government (G. Wang et al., 2018). These researchers note that fully assessing the risks of 
Bt poplars prior to commercialization poses great challenges, requiring multiple studies 
spanning numerous sites and successive generations of trees to evaluate ecological 
performance.   
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Beyond GM Poplars in China there are yet to be any other commercialised forest trees being 
cultivated anywhere in the world. However, some fruit trees have been commercialised, 
including 1. GM papaya in China; 2. GM papaya in Hawai’i (United States); 3. Non-browning 
apple in the USA and Canada.   

‘Virus resistant’ papaya 

Both GM papaya varieties are modified to exert resistance to the Papaya Ring Spot virus 
(PRSV), a virus carried by aphids that has been spreading internationally from Hawaii since 
the 1960’s. In China, Huanong No.1 papaya, commercialised in 2012, was modified to 
tolerate four strains of the aphid-transmitted PRSV, with adoption rates of 14 % reported in 
2018 across four provinces. Within 6 years, problems began to emerge that are now 
considered to be a threat to the survival of the variety due to the evolution of resistance. The 
presence of resistant strains of viruses was reported in two provinces growing Huangong 
No.1 (Mo et al., 2020; Wu et al., 2018), with the strain infecting plantations identified as a 
novel lineage present on transgenic crops, now a threat to the survival of the variety. Zhao et 
al., (2015) showed that the presence of PRSV increases gradually with time, with trees thus 
acting as a potential reservoir for resistant viral populations. Papaya leaf distortion virus 
(PLDMV) has also impacted plantations (Mo et al., 2020). Infection with PLDMV occurred 
immediately in 2012. Mo et al., (2020) hypothesise that the virus has evolved to be 
transmitted readily by aphids like PRSV. In 2020, more than 10 % of Huanong plantations 
had virus like symptoms (all viruses), with 10-40 % disease incidence, resulting in significant 
crop losses (Wu et al., 2018).  

The ‘SunUp’ Papaya cultivated in Hawai’i was first made available to farmers in 1998, 
developed by researchers based in Hawai’i and Cornell University, US. The variety reached 
high adoption rates, reportedly 85 % by 2016 (Gonsalves, 2016), but the adoption came at 
significant cost to the papaya industry, with losses in export markets of $15 million worth of 
fruit to Japan. Widespread contamination of organic and non-GE varieties has also been 
reported (see below). The product is not grown outside Hawai’i, and appears ill-suited for 
wider cultivation due to insufficient protection against other strains of PRSV (Tennant, 1994), 
showing no symptomatic protection against isolates from Brazil and Thailand, and limited 
protection against isolates from The Bahamas, Florida and Mexico. PRSV populations are 
highly genetically diverse (Jain et al., 2004), which likely limits the effectiveness of 
transgenic strategies to control the pathogen. Brazil and Mexico remain in the top 5 global 
producers despite the lack of available GM products for their region.  

Non-browning apple  

The non-Browning ‘Arctic’ apple, developed by Canada-based Okanagan Speciality Fruits, 
was approved for cultivation in the US and Canada in 2015 and is now on the market. The 
apple varieties, ‘Arctic’ Golden Delicious, Granny Smith and Fuji Apples, are designed to not 
brown after cutting, in a purported bid to increase apple consumption. Though recent figures 
do not appear to be available, adoption rates appear to be low, with a reported 500 hectares 
being planted in 2019, a 0.4 % adoption rate, two years after the first planting season in 
2017. The apple utilises RNA interference ‘gene silencing’ technologies to suppress, or 
‘silence’ the expression of a gene (see risk section below). Low adoption rates combined 
with the existence of naturally occurring non-browning apples in the US market (FirstFruits, 
n.d.) undermine any claims that this trait is either necessary or popular amongst consumers 
or growers.  
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‘Herbicide tolerant’ eucalyptus 

Brazil has not yet commercialised GM trees, though it is potentially on the brink of cultivating 
a recently approved (2021) glyphosate herbicide-tolerant eucalyptus variety, intended for 
plantation production of pulp products. Eucalyptus plantations are already a source of 
environmental and social problems that expand the industrialised plantation economy into 
indigenous and traditional territories and natural ecosystems, reducing biodiversity and 
expulsing people from their lands (Branford, 2021). Indeed, the Cerrado savannah region is 
reportedly home to a third of Brazil’s biodiversity, yet it has been hugely targeted by 
agrobusiness in recent decades, with half of it now converted into monoculture systems that 
are home to GM agriculture as well as eucalyptus plantations.  

Suzano, the largest pulp exporter globally, is a major player in the GM tree push in Brazil, 
with its subsidiary FuturaGene developing the new GM eucalyptus that it is promoting as a 
reforestation climate solution and a supposed strategy for carbon capture. The latest 
approval builds on previous attempts by Suzano to introduce a different variety of GM 
eucalyptus that was modified to grow faster, but never reached commercialisation despite 
gaining approval in 2015. This GM tree failed to replicate the initial findings claiming a 20 % 
increase in growth rates when planted in different sites across the country (Ledford, 2019). 
This coupled with a lack of interest from the market in purchasing the trees led to the 
downfall of the project, and the entry of the most common and controversial trait of the GM 
industry – herbicide tolerance. The herbicide tolerant (HT) trait allows the GM crop or tree to 
survive blanket spraying with the associated herbicide. While eucalyptuses are fast growing, 
and able to grow in poor soils which are attractive traits for environmental goals, they may 
also lead to soil acidification, increased water use, soil erosion, soil nutrient depletion, and 
reduced biodiversity (Bayle, 2019; Branford, 2021).  

Plantation agriculture as a whole, has a higher density but lower diversity of trees than 
natural forests (Lindenmayer & Hobbs, 2004), which has in turn been associated with 
reductions in the number of species of several animal groups, such as arthropods, reptiles, 
amphibians, and birds (Faruk et al., 2013; Fork et al., 2015; Glor et al., 2001; Zurita et al., 
2006). Suzano’s claims that plantations are destined for poor and disused land does not hold 
water, with plantations met with intense campaigns by Brazilian communities and 
environmental movements to protect against eucalyptus expansion (Branford, 2021). Most 
crucially, the planting of herbicide-tolerant trees will result in blanket chemical spraying, with 
clear implications for biodiversity as well as wider environmental pollution of land and water 
systems.  

Risks 
 
Molecular impacts 

GM is well established to have unintended impacts at the molecular level, with both older 
transgenic as well as more recent genome editing techniques. The risk of unintended effects 
within wild tree species and forest ecosystems, however, may well exacerbate these risks 
beyond what has been experienced to date.  

Older GM techniques either use the bacterium, Agrobacterium tumifaciens, as a vector for 
new DNA which is being introduced, or coat the DNA to be inserted on minute gold particles 
and fire it into cells. Many, but not all, GMOs produced using such GM techniques are 
‘transgenic’, i.e., they contain genetic material into which DNA from an unrelated organism 
has been artificially introduced. Newer genetic engineering techniques have been developed 
which are collectively known as known as ‘gene editing’ or ‘genome editing’. These also use 
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the bacterium, Agrobacterium tumifaciens, or minute gold particles, to transfer material into 
cells. Enzymes and templates are introduced into the cell of a plant or animal to cut and edit 
its DNA at a targeted location, using the cell’s own repair mechanisms. Some simpler forms 
of gene editing are not transgenic. However, the vast majority of genome editing still requires 
the introduction of transgenic material, including transgenes encoding for the editing 
machinery. This is discussed further in the regulation section.  

In GM crops, unintended impacts of the GM process, as well from the introduced trait have 
been widely observed (see for example reviews by ENSSER, 2021; Wilson, 2021). Such 
impacts include genetic changes, as well as disturbances in gene expression, protein and 
metabolite levels. Indeed, GM crops to date have suffered a wide variety of unintended 
molecular effects (see reviews, e.g. Wilson, 2021) and commercialised crops suffer a variety 
of unintended effects including on fitness, seed germination, weed suppression, pest 
resistance, (non-)drought-tolerance, height, yield and flowering time, as well as 
compositional differences (reviewed by ENSSER, 2021; Wilson, 2021). Such risks are 
recognised in the regulatory context, with both national and international regulations e.g. the 
Convention for Biological Diversity’s Cartagena Protocol on Biosafety, requiring assessment 
at the molecular level (Mackenzie, n.d.). Current assessments have however, been regularly 
criticised for being permissive and insufficient to detect and ensure against potential risks 
(e.g. Hilbeck et al., 2020), and in the context of tree releases may pose particular concern 
given characteristics of potential gene flow across large temporo-spatial scales.  

Consistent with GM crops, unintended molecular impacts have been documented in GM 
trees, including commercialised papaya varieties (Yue et al., 2022), as well as the 
experimental GM Chestnut (Davis et al., 2021). The Chinese papaya has numerous 
unintended changes to the genome (deletions, insertions, translocations) as a result of the 
engineering process (transgene delivery (transformation), and the tissue culturing). 
Moreover, the study concluded that altered gene expression patterns seen in both the 
SunUp and Sunset genomes may have arisen from the activation of mobile genetic 
elements, which are “potentially a rich source of variation on which selection may operate” 
(Yue et al., 2022). Mobile genetic elements are types of genetic material that can move, or 
hop around in the genome, causing mutations and epigenetic reprogramming as they re-
insert themselves into new genomic locations. Such genetic elements are thought to have 
played an important role in plant adaptation and evolution (Lisch, 2013), suggesting that 
such unintended changes may also potentially have evolutionary consequences for GM tree 
releases, particularly if they are released into wild forest ecosystems. Molecular changes in 
the GM Chestnut have been observed (genetic inversion), the consequences of which were 
not assessed, but instead assumed by developers to lack biological significance (State 
University of New York College of Environmental Science and Forestry, 2020).  

GM trees that utilise RNA interference (RNAi) mechanisms to alter traits, provide another 
mechanism by which unintended molecular changes may occur. RNAi is a naturally 
occurring cellular system that functions to control gene expression in an organism, and is 
thus taken advantage of by GM developers to turn off, or ‘silence’ genes, in order to change 
traits. The Living Carbon project is, for example, introducing a gene that encodes for an 
RNAi molecule (technically termed a double-stranded RNA), to try to reduce the expression 
of a protein involved in photosynthesis. RNAi techniques have also been used in 
commercialised papaya and non-browning apples, and their use has been attempted several 
times to alter lignin content in pine trees (Chanoca et al., 2019). RNAi suffers from intrinsic 
risks including the potential “off-target” silencing of other genes within the target organism, 
as well as unstable and variable silencing (Leplé et al., 2007; Van Acker et al., 2014a; 
Voelker et al., 2010). Unexpected impacts of silencing the target gene have also been 
documented in RNAi GM poplars developed to induce flower sterility. This resulted in 
reduced growth as well as altered leaf traits thought to result from the silencing of the target 
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gene (Klocko et al., 2021). Unstable silencing was also observed. Without knowledge of all 
the genes that exist in all the potentially exposed organisms to RNAi molecules in the trees, 
one cannot rule out that RNAi molecules may expert impacts including silencing of genes in 
non-target organisms. 

GM trees increase the risk and uncertainty of how such molecular impacts may impact the 
target trees and any exposed organisms, as well as the functioning and sustainability of 
forest ecosystems. The release of GM organisms into wild ecosystems is currently forming a 
major part of regulatory discussions, with the advent of GM projects such as those targeting 
wild insect and fish populations. Unlike GM commodity crops, trees, and forest trees in 
particular, tend to be genetically diverse. Unintended impacts of GM at the molecular level 
are mediated by the genetic background of the target organism, resulting from interactions of 
introduced changes (both intended and unintended) with the genome of the modified 
organism. This is exemplified by the report of a GM rice variety that displayed dwarfism 
when the trait was introduced to a novel genetic background (Bauer-Panskus et al., 2020). 
Moreover, in the case of using GM technologies to restore tree populations, any fitness costs 
resulting from unintended effects may undermine recovery of a species over a large spatio-
temporal scales.  

Current risk assessment protocols in general are not in step with the complexity of molecular 
impacts that can occur when attempting to modify complex, long-living organisms destined 
to propagate in wild ecosystems.  

Gene Flow and Contamination 

A consistent concern for GMOs in general has been the potential for contamination of non-
GM food supplies in the market place, as well as the genetic contamination via gene flow, of 
modified traits from a GM organism to a non-GM organism following reproduction.  

Genetic contamination is a big problem for forest trees, with the ability to control gene flow 
practically impossible due to the long-range and varied dispersal of pollen or seeds by 
wildlife (e.g., mammals, birds, insects) and weather systems (wind and rain), as well as 
vegetative propagation (asexual reproduction from regeneration of plant tissue, e.g., roots, 
stems) in some species.  Moreover, reproductive tree characteristics such as high fecundity 
together with seed dormancy, high seed viability and dispersal, further complicate these 
risks, increasing uncertainty regarding the ability to control contamination events. Gene flow 
within the species, as well as inter-species gene flow via horizontal gene flow or 
hybridisation has been one of the major concerns around potential GM tree issues. Risks are 
further exacerbated by the longevity of tree species.  

Gene flow is difficult to measure, influenced by the reproductive biology of the plant, pollen 
survival rates, climactic, abiotic and management factors, the large scale of potential 
dispersal, impacts of the genetic change, as well as inherent difficulties in detecting low 
levels of introgression of transgenes over such large spatial scales. As stated by the US 
National Institute of Science Report (2019) on tree biotechnology, “This problem is greatly 
magnified for trees, which are typically outcrossing, can disperse pollen and seeds over 
dozens or even hundreds of kilometers (Slavov et al., 2009; Williams, 2010), and may 
contribute pollen for centuries” (Committee on the Potential for Biotechnology to Address 
Forest Health et al., 2019).  Long-distance pollen travel has been documented in pine with 
germination rates of 2-57 % after dispersal distances of 3-41km for pine pollen (Williams, 
2010), and high potential for long-distance gene flow between fragmented populations of 
pine by wind-mediated dispersal (Jiménez-Ramírez et al., 2021). Chestnut trees are known 
to produce huge amounts of pollen, that have been shown to travel distances of up to 40 km 
(Peeters & Zoller, 1988). They were also recently confirmed to be highly pollinated by 
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insects in Europe, providing a major pollen and nectar resource for a large variety of wild 
insects, including honeybees, at a critical period of the year when resources are scarce 
(Petit & Larue, 2022).  

Genetic contamination has already been reported for all but one of the commercialised trees 
to date, including during field trials. Genetic contamination was reported just two years after 
commercial planting of GM poplars in China (New Scientist, 2004). The lack of licencing of 
the GM trees further compounded the ability to control the problem. Hawai’ian papaya 
cultivation similarly reportedly led to widespread contamination of non-GE papaya, including 
organic and feral populations (Bondera & Query, 2006). GM papaya trials in Thailand (of the 
US developed SunUp varieties) also resulted in genetic contamination (Davidson, 2008) and 
subsequent import bans from the EU with significant economic impacts (GMWatch, 2004). 
This occurred amidst warnings from concerned environmental groups, despite assurances 
that trial biosafety protections would be sufficient to prevent spread. Freedom of information 
requests made about the GM Chestnut project also raise questions regarding the biosafety 
standards of the trials, with some plants being reported as missing (Davis, 2021).  

Pollen-mediated gene flow from transgenic trees has not been widely assessed thus far in 
countries like the US, where field trials are generally required to bag flowers to prevent 
spread (Committee on the Potential for Biotechnology to Address Forest Health et al., 2019). 
However, lapses in protocol have been observed for GM Chestnut trials, reducing 
confidence in how much trials have inadvertently led to contamination events, as has been 
previously documented for GM crops (Price & Cotter, 2014).  

The spread of transgenic traits, as well as unintended genetic changes, comes with both 
known and unknown risks. Intended traits such as reduced lignin, that is associated with 
weakened tree structures and subsequent growth and pathogen/pest defence problems, 
may spread from GM plantations to wild populations, potentially risking forest resilience. 
Faster growing trees also risk increasing resource use requirements, e.g., water, reducing 
resilience and exacerbating, rather than addressing, climate problems. Unintended impacts 
such as those already associated with agricultural traits, such as Bt insecticidal toxins, may 
go on to impact non-target organisms and thus forest biodiversity.  

Contamination of wild populations, including potentially fruit relatives, also adds a deeper 
level of complexity to risks of unintended effects. Trees, unlike annual crops, have a low 
level of domestication that may allow them to compete and persist in wild ecosystems, with 
most breeding programs to date only progressing through a few generations (El-Lakany, 
2004; FAO, 2004; Isik et al., 2015). Any unintended effects of a modified trait at the 
molecular level, such as disturbances to the genome, may also be impacted by the genetic 
background and wider environmental interactions.  

Contamination raises particular concern for conservation projects attempting to restore 
species for conservation goals, such as the GM American Chestnut project. As Davis (2021) 
warns, an ultimate unintended consequence of a GM restoration project, would be the 
jeopardising of current restoration efforts already working with native varieties, by 
permanently altering species germplasm forever.  

Another source of contamination is the Agrobacterium vector itself, the bacteria used to 
deliver the transgenes to the trees during the development process. Agrobacterium is a soil 
bacterium that infects plants, causing tumours, but has been reported to also infect 
mammalian (human) cells, presenting a biosafety risk to both human and environmental 
health (Adnan et al., 2013; Kunik et al., 2001). The spread of Agrobacterium was detected in 
soils of a Chinese poplar plant in greenhouse conditions after 1 month, though little data 
exists from environmental releases (G. Wang et al., 2018).  
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Ecological consequences may result from transgene flow in unexpected ways. For example, 
developers have long insisted that contamination of wild relative species of crops modified to 
carry herbicide resistance genes is irrelevant to environmental risk. The claim is that any 
genetic contamination beyond crop fields where herbicides are not applied will not have any 
biological impact on the organism or exposed organisms. However recent data showed that 
genetic contamination of wild cotton relatives resulted in ecological consequences. Interplay 
between the herbicide-tolerance trait and other pathways involved in nectar production 
resulted in reduced nectar in wild plants, and its subsequent association with ant species 
that ordinarily protect the plant against herbivore damage. Increased herbivore damage 
raises serious concerns for the impact on evolutionary processes of wild cotton species 
located in their centre of origin in Mexico (Vázquez-Barrios et al., 2021).  

Ecosystem-wide exposure 

The longevity of trees means that they provide resources to many species over decades and 
sometimes hundreds of years, allowing forests to harbour substantial biodiversity 
(Brockerhoff et al., 2017). The diversity of forest life thus exposes large parts of the 
ecosystem via fruit, pollen, live and dead matter both above and below the ground across 
large spatio-temporal scales.  

Chestnuts, for example, provide a rich source of pollen to insects including honeybees. Their 
nuts are also widely consumed by numerous animals from bear species to birds, while 
leaves provide a resource to insects such as numerous species of moths. Below the ground 
the species is also a host to beneficial ectomycorrhizal fungi, including species thought to 
mediate water relations, and increase soil carbon (Bauman et al., 2018). Early field trials of 
GM aspens with altered auxin hormone levels found that one line showed reduced 
mycorrhization, thought to be a result of unintended molecular effects that may have led to 
unpredictable and unexpected changes (see Frankenhuyzen & Beardmore, 2004). Fungal-
tree cross-kingdom communication is now understood to allow beneficial fungal colonisation 
of trees, via suppression of the tree immune systems (e.g., via fungal release of RNA 
molecules) (Wong-Bajracharya et al., 2022). Such complexities in relationships may lead to 
risks from traits such as those designed to resist fungal pathogens, for example.  

Risks to soil may arise through several mechanisms, including direct effects of the novel trait 
and indirect effects due to unintended alterations to the plant as a result of the GM process. 
Moreover, changes to management practices, e.g., use of chemical inputs, or expansion of 
artificial plantations may potentially alter the soil ecosystem. For example, GM trees such as 
the Brazilian eucalyptus express the transgenic material in the roots, with potential 
accumulation of any novel or altered root exudates and residues over time. Another concern 
is how the tree litter such as leaves, wood, bark, etc., will impact soil (Lebedev et al., 2022). 
Bt toxins expressed in commercialised crops are also widely detected in root exudates and 
soil, even for up to 3 years (Liu et al., 2021), and have been shown to induce toxic metal 
uptake by crops (Zhang, 2015), and to be linked to adverse soil impacts, including toxicity to 
non-target organisms such as earthworms (Zwahlen et al., 2003), and mycorrhizal fungi 
(Chen et al., 2016). Transgenic Bt plants have also been shown decompose less in soil than 
non-Bt plants, the ecological consequences of which are currently unclear (Flores et al., 
2005). 

Altering lignin levels, which are consumed and degraded by soil microorganisms, may also 
alter the soil ecosystem, and also carbon release. Trunks from trees modified to have 
reduced lignin levels have previously been shown to decompose more rapidly. Reducing 
lignin levels in poplars has already demonstrated shifts in the bacterial community, 
hypothesised to result from an unintended altered abundance of particular phenolic 
metabolites in the xylem of the trees (Beckers et al., 2017).  
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Beyond fruit trees, forest trees including chestnuts also provide a source of food for people, 
as does honey from eucalyptus, raising implications for food and feed safety. Risk 
assessment documents show the presence of transgenic products (antibiotic resistant gene 
product) in the honey from GM eucalyptus, the implications of which have not been 
empirically tested, but instead presumed safe. This also has socio-economic implications 
that threaten organic or non-GMO markets, since levels of transgene product are above the 
contamination threshold allowed for organic certification (National Technical Biosafety 
Commission, 2015).  

Forests as complex ecosystems  

GM trees pose some distinct risks from current GM technologies that have thus far been 
overwhelmingly restricted to a narrow range of commodity crops. While GM crops have 
consistently raised public concerns over the safety and corporatisation of the food system, 
GM forest trees may directly impact wild forests that are essential for the survival of our 
planet. Forests (particularly tropical ones) are global centres of biodiversity, with tree 
biodiversity (not just tree numbers) reducing climate change impacts by increasing carbon 
capture, regulating drought, pest attacks and fire outbreaks (Beugnon et al., 2022). Trees 
and forest ecosystems provide vital ecosystem and societal roles including preserving soil 
fertility, providing shelter, oxygen, food, protection from floods, fires, pollution, wind, 
landslides and soil erosion, carbon storage, supporting both terrestrial and aquatic systems, 
and providing an array of dietary, medical and culturally significant resources for people 
across the world. Healthy forests sustain ecosystems and societies over time and space.  

The introduction of herbicide-tolerance, or insecticidal properties, into complex ecosystems 
risks increasing the already known adverse impacts associated with the use of these traits in 
GM crops. The use of herbicides as intended with the current Brazilian herbicide-tolerant 
eucalyptus, involves blanket spraying of herbicide, with expected adverse impacts on 
biodiversity. The unintended impacts of herbicides such as glyphosate are now well 
established, both in terms of human and environmental health, though new data continues to 
emerge (see GeneWatch UK, 2022), including toxicity to non-target organisms, loss of 
habitats for species such as the Monarch butterfly in the USA, and rapid rises in resistant 
weed species with concomitant increases in pesticide usage. A recent example is a new 
study reporting that glyphosate herbicides can directly induce mortality in insects, thus 
exerting potential pesticidal as well as herbicidal properties (Defarge et al., 2023). 
Glyphosate herbicides have been detected in soil, rain, air, surface water as well as 
groundwater samples, contaminating water systems that are regulated by forests (Battaglin 
et al., 2016; Mas et al., 2020; Rendon-von Osten & Dzul-Caamal, 2017).  

In the case of insectidal properties, the toxicity of Bt insecticides to soil organisms such as 
earthworms and mycorrhizal fungi that are vital to forest ecosystem health could have major 
implications that are very difficult to assess and predict. There is extensive evidence that the 
target pests evolve resistance to GM Bt crops (Alvi et al., 2012; Dhurua & Gujar, 2011; 
Fatoretto et al., 2017; A. Gassmann, 2021; A. J. Gassmann, 2016; A. J. Gassmann et al., 
2011; Gunning et al., 2005; Gutierrez-Moreno et al., 2020; Ludwick et al., 2017; Tabashnik & 
Carrière, 2017; Wan et al., 2012; Zhu et al., 2015). In GM trees, Wang, et al. (2018) report 
that no resistance has yet been found in Bt poplars, but note that this could be because 
insect pests may also feed on other plants, diluting the effect of the toxins, or because the 
test plots used were relatively small. They state that, if large plantations of GM poplar are 
permitted in the future, it is likely that selection pressure will be much higher so that pests 
are more likely to evolve resistance. Intended reduction in target pest numbers may also 
have unintended impacts such as rises in secondary pests, as widely experienced already 
with Bt crops such as cotton for example, leading to increased pesticide use (Hagenbucher 
et al., 2013; Kranthi, 2014; Lu et al., 2010; Nagrare et al., 2009; Nair & Bhardwaj, 2015; S. 
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Wang et al., 2008; P. Yang et al., 2005). Wang et al. (2018) cite research published in 
Chinese which shows the number of herbivorous insects was significantly lower in 
transgenic poplar 107, whereas the number of sucking insects was significantly higher. This 
may illustrate a potential problem with secondary pests. Industrial agro-ecosystems are to 
some extent, easier to manage and control, due to limited biodiversity and the use of 
management practices to mitigate unintended effects. However, this cannot be relied upon 
for wild forest ecosystems across the time-scales required to prevent or control for such 
unintended harms.  

Important questions are also raised by our increasing awareness of the extent to which tree 
relationships with soil microorganisms are vital for forest ecosystems. Seminal work on the 
fungal networks that live in symbiosis with tree species is revealing their yet-to-be fully 
understood role in providing live communication networks between trees, even between the 
mother and its offspring (Simard, 2021). These connections between roots and soil life are 
now thought key for plant nutritional uptake, communication, family networks, resilience to 
stressors such as salinity, drought, heavy metals and disease; other microbiome 
relationships, with interdependent and far-reaching relationships, with for example aquatic 
life, e.g. salmon, feeding and sustaining mycelial networks, and by extension, trees (Ryan, 
2017; Simard, 2021). The complexities of forest ecosystems go beyond current human 
understanding, let alone our ability to predict or control any potential impacts, raising alarm 
regarding both the intended as well as unintended impacts of GM tree traits.  

The long-lived nature of trees also means that any introduced risks may only become visible, 
or be maintained, across hundreds of years, outliving the developers of the trees, and 
affecting the species composition of forests for centuries. Some pine trees do not reach 
reproductive age until they are 20 years old, and can live for over 1000 years (Committee on 
the Potential for Biotechnology to Address Forest Health et al., 2019). Not only does this 
have implications for the exposed ecosystems, but also future generations of people who 
may have to bear the costs of unexpected or unintended effects (Committee on the Potential 
for Biotechnology to Address Forest Health et al., 2019). Ecosystem or food web effects are 
difficult to study due to high complexity (Lim & Traavik, 2007). Ecosystem impacts of 
invasive animal species have been documented to take decades to become visible, for 
example. The longer life-span of trees introduces yet more uncertainty, such as, for 
example, the potential invasiveness of the GM Chestnut that, in effect, is designed to replace 
the native populations.  

The expansion of GM trees also risks the expansion of commercial forests and monoculture 
plantations that can pose a threat to the sustainability of healthy, wild forest ecosystems. 
Tree plantations are already linked to increased chemical use, which will form an inherent 
part of any herbicide-tolerant tree cultivation practice, with obvious implications for 
biodiversity impacts and thus forest ecosystem and wider climate function. Plantations, as 
such, cannot be thought of as a healthy alternative to natural forests. Moreover, plantations 
are designed for rapid turnover of trees, with fast growing trees harvested rapidly, 
undermining the role that older trees have in carbon capture and as mother trees that 
supporting young developing trees. As recently stated by a forestry academic, "The value 
you have in large mature trees is almost incalculable, and so you should avoid losing that at 
any cost - regardless of how many trees you think about planting" (BBC, 2023). Plantations 
such as those envisaged by the Living Carbon Project may be thought of as a dangerous 
distraction that can drive opportunity costs away from the essential work required to 
preserve and re-build natural forests. Finally, the expansion of plantations facilitates 
expansion into fertile agricultural land, jeopardizing human livelihoods, agrarian reform 
policies, land rights and sovereignty ( Canadian Biotechnology Action Network and the 
Campaign to STOP GE Trees, 2022). The GM rubber tree in India is another example of a 
crop now being targeted for cultivation in plantations outside of its natural range in the 
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country; and raises concerns regarding potential export to other rubber plantation economies 
in Thailand, Indonesia, Vietnam, India, Cote d’Ivoire, mainland China, and Malaysia 
(Canadian Biotechnology Action Network and the Campaign to STOP GE Trees, 2022).  

Evolutionary responses to trees 

The consequences of transgene expression in natural ecosystems in evolutionary and 
ecological processes is a major concern for GMOs, and in particular long-lived organisms 
such as trees. When engineering at a population level, e.g., of wild forest ecosystems, 
evolutionary dynamics need to be considered. Evolutionary processes make it possible to 
turn events with a low probability of ever happening into events that may feasibly happen, 
and may be impossible to detected or mitigated over the time-scales of tree species. GM 
may influence evolutionary processes by, for example, altering the fitness of a GM tree such 
that it may be survive beyond the normal range of a conventional counterpart, e.g., by being 
able to withstand chemical pesticides. More relevant to current tree projects is the potential 
to alter the evolutionary processes of pathogens. Forests are under increasing threat as a 
result of disease and pathogen attacks (Davis, 2021), and thus ensuring forest resilience 
against disease is an obvious priority for forest management. Such interactions are 
environmentally mediated and thus very difficult to predict or assess. With the development 
of disease resistant trees, the potential arises to encourage the evolution of pathogen or pest 
resistance as has already been documented with the GM papaya (see above) as well as 
with commercialised GM crops. The short life spans of pathogens versus GM trees means 
that the evolution of resistance in pests will likely develop rapidly upon exposure to even to a 
single generation of GM trees.  

Attempts to develop pathogen-tolerant GM trees also come with intrinsic risks of generating 
a reservoir of disease within populations. This risk is acknowledged by GM Chestnut 
developers (State University of New York College of Environmental Science and Forestry, 
2020), though the risk of such a scenario has been entirely ignored in their application for 
release. Breeding programs, surviving populations, as well as hybrid varieties that have 
been introduced from Chinese varieties, may well be at risk of increased blight as a result of 
such a scenario. GM Chestnuts are developed to tolerate the blight fungus, such that it 
survives and can spread. Brewer (1995) found that the spread of blight is greater where 
there are greater numbers of trees that can be infected. Boland (2012) state (p.9) that, 
“Locations for new plantings of American Chestnut for restoration or nut crops should be 
chosen carefully as they may act as a bridge to connect diseased populations of American 
Chestnut to isolated populations that have escaped disease”.  

As discussed above, with trees designed to resist insects, such as Bt poplar trees, there is 
also the potential for the evolution of resistance in target pests, as well as secondary pest 
infestations following any suppression of target pests.  Secondary pest infestations are 
commonly associated with Bt crops and have often led to crop failures (Sirinathsinghji, 
2022). The potential for secondary pest infestations within complex forest ecosystems raises 
further uncertainty over ecological consequences, and may exacerbate the threats that 
invasive species already pose to tree species.  Similarly, as discussed above, weeds evolve 
resistance to blanket spraying of GM crops with the associated herbicide, and this leads to 
increased use of herbicides and associated threats to biodiversity (GeneWatch UK, 2022). 
Similar effects could pose similar or greater risks to forest ecosystems.  

Challenges to efficacy 

There are several challenges to efficacy that severely undermine the rationale for any go-
ahead of GM tree releases. These include both technical challenges as well as wider 
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questions over the use of reductionist approaches that aim to tackle single problems using 
simplistic GM traits aimed for introduction into complex ecosystems.  

Technical challenges have hampered the development of products largely to those already 
commercialised in the agricultural sector. These commonly used traits are now widely 
associated with efficacy problems, e.g., the development of resistance to viruses (Papaya), 
insects (Bt crops) and weeds (crops with tolerance to glyphosate and other herbicides). 
Despite their limitations, R&D has not progressed much beyond these traits since GM tree 
technologies were first investigated. Trait development still overwhelmingly focuses on the 
profitability of industrialised wood plantation industries, yet the decades of research into 
altering wood properties, e.g., via lignin modification, has been dogged with efficacy 
problems that are a testament to the complexity and unpredictability of the GM process, 
particularly in complex organisms such as trees.  

Thus, promises have been made for more than 20 years, that have not been delivered. For 
example, in 2003, Sedjo (2003) claimed that, “Genetically modified (GM) or transgenic trees 
are approaching commercialization in forestry”, and concluded that, “The economics suggest 
that social benefits could be obtained from lower-cost wood production that might be 
forthcoming from transgenic trees”. Sedjo (2005) again suggests that “GE [genetically 
engineered] trees have the potential to provide substantial financial and economic returns 
under appropriate conditions” and that these conditions might be particularly favourable in 
developing countries such as China and Brazil. However, Sedjo (2003 and 2005) was not 
correct in this prediction: there are still no plantation or forest GM trees on the commercial 
market. 

Attempts to alter lignin have thus far been associated with a variety of problems including 
growth retardation. Lignin is a structural molecule that is essential for structural integrity as 
well as providing defence against pest and pathogen attacks. Pleiotropic effects of lignin 
alteration, where a single gene influences two or more apparently independent traits, have 
been associated with alterations in flower morphology and pigmentation in plants, for 
example (Federation of German Scientists, 2008; Tzfira et al., 1998). To date, most single 
gene modifications have had adverse effects on growth, or alternatively, the effects of 
modification have not translated to real-world alterations in field trials. For example, 
reduction in lignin for the purpose of biofuel production does not necessarily result in 
increased wood processability (Voelker et al., 2010), with reductions of lignin adversely 
affecting wood chemistry and plant metabolism. Likewise, a long term study in Wenling 
(China), found that lignin-modified poplars did not show a significant improvement in sugar 
yield compared to the wild type (Wang et al., 2018). Other studies that have reported lignin 
reductions have found that reductions disappear or lessen when trees are subject to 
environmental conditions versus controlled lab studies (Bryant et al., 2020). The unintended 
increased production of extractive molecules such as complex polyphenols deposited in 
wood, interfere with the process (also leading to discoloration and deformed stems). Work 
continues to optimise altered lignin modifications to reduce unintended effects, but this may 
result in trees being developed with more complex modifications with additional genes, e.g., 
the insertion of curcumin (derived from haldi, a.k.a. turmeric) as an alternative to lignin as 
means to increase biofuel processing (summarised by Bryant et al., 2020).   

Significant technical bottlenecks also remain for GM trees that limit the number of species 
that can be modified by both first-generation and newer GM techniques such as genome 
editing. Most genome editing research is still dedicated to basic research. Compared to 
annual plants, trees are more difficult to engineer due to long vegetative periods, low 
transformation efficiency, difficulty in growing tissue cultures, and a limited number of 
mutants (Fan et al., 2015; Osakabe et al., 2016). Moreover, many economically valuable 
tree species currently cannot be genome edited, because they are recalcitrant to 
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Agrobacterium transformation and/or to tissue culture regeneration (Bewg et al., 2018). In 
addition, commercial production heavily relies on clonal propagation of elite genotypes 
(Bewg et al., 2018). The term clone is used to mean a genetically uniform plant material 
derived from a single individual and propagated exclusively by vegetative means (rather than 
by planting seed): this is an expensive, specialist process. Finally, outcrossing tree species 
creates additional problems in generating stable inheritance of modifications due to a high 
degree of heterozygosity (meaning lots of genetic variability). This makes target sites 
destined for modification harbour distinct sequences, and thus renders editing ineffective. To 
generate homozygous trees, where all copies of a gene are mutated, further requires 
multigenerational screening which is hampered by long generational times of trees. 
Moreover, while many in the GMO industry see genome editing as a way around GMO 
regulations (if the final product can be deemed free of transgenic material), the reality is 
more complicated. The vast majority of genome editing still requires the introduction of 
transgenic material, including transgenes encoding for the editing machinery. Engineers will 
often then attempt to breed out the transgenes while attempting to preserve the ‘edited’ 
change in the new GMO organism. However, in trees the low efficiency of the engineering 
process, along with the delayed reproduction and high levels of heterozygosity in forest 
trees, makes it extremely difficult to breed out any transgenic material at scale. How genome 
editing can really be deployed to address forest health beyond what is already being 
developed with standard transgenic technologies remains highly questionable. Hence, 
genome editing serves as a distraction to more viable forest management systems.  

Other GM techniques such as the use of RNA interference (RNAi) technologies (as being 
deployed by the Living Carbon project, and commercialised papaya and apple varieties), are 
subject to unstable functioning. RNAi is a cellular process that can be hijacked by GM 
developers to switch off, or ‘silence’ genes (Jackson et al., 2003). However, unstable 
downregulation is a shortcoming of the technology, which has been reported for lignin-
modified trees (Leplé et al., 2007; Van Acker et al., 2014b; Voelker et al., 2010). Moreover, 
off-target activity of the technology can also target additional genes for silencing, 
complicating and camouflaging the effects of the process.  

The long R&D process for GM tree development is challenged at a wider efficacy level by 
the advances being made in conventional breeding. The GM eucalyptus approved in Brazil 
is an example. Developers report in the risk assessment, that the GM tree was developed 
from tree clones from a decade ago, though conventional breeding programs have since 
produced clones “with properties that are similar to the ones of the genetically modified 
plant”. Ironically, this admission of the lack of improved efficacy over new conventional 
varieties was used as the basis of their safety claim that any increased water usage by the 
trees as a result of the faster growth trait would not pose a greater risk beyond conventional 
varieties (National Technical Biosafety Commission, 2015).  

The reductionist approaches of GM trees struggle to deal with problems faced by trees living 
in wild ecosystems, where environmental effects can mediate, compensate or over-shadow 
any positive impacts of a given trait. As seen with the GM Chestnut trials, a wide range of 
pests damaged both the GM and non-GM seedlings (State University of New York College 
of Environmental Science and Forestry, 2020). Similarly, suggestions to engineer ash trees 
to be resistant to the fungal pathogen that causes die-back, may be of limited use when the 
invasive grey squirrel is a major cause of UK forest damage.  Rubber plants are yet another 
example of a crop that is being modified to grow beyond its natural climatic range, yet global 
production is under threat from pathogens such as leaf blights, and white root disease. 
Moreover, traits such as sterility fail to take into account the characteristics of trees in 
question, which may affect potential efficacy. Flower sterility does not deal with potential 
gene flow or contamination via vegetative propagation, nor does it consider that the long-
lived nature of trees raises uncertainty regarding the stability of the trait and whether it would 
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maintain sterility throughout its life-span. Indeed, as raised in the section on molecular 
impacts above, sterility traits have been shown to be unstable in experimental projects.  

Regulatory considerations 

Currently, GM trees are regulated in the same manner as other GM crop products, with 
legislation across the world largely designed for assessing risks relevant to annual crop 
production. Existing risk assessments across the globe already face routine challenges by 
those concerned over GM crop releases, for a lack of stringency in considering all potential 
biosafety as well as wider socio-economic and ethical considerations. For trees, current risk 
assessments are arguably entirely unfit for purpose to deal with all potential risks. Moreover, 
GMO regulations are currently being aggressively lobbied against by the GMO industry to 
expand and accelerate commercialisation, with some national authorities now excluding new 
forms of genetic engineering from legislation, including certain forms of genome editing that 
do not intentionally result in introducing foreign genetic material into an organism. This 
includes countries such as Canada and Brazil. On-going discussions are also taking place in 
the EU, with the potential for the region to shift towards deregulation of GMOs not designed 
to carry transgenic material. Currently, EU legislation would regulate any genome edited tree 
as a GMO.  

In nations such as the US, where the vast majority of GMOs are already deregulated, certain 
GM tree applications may slip through without any regulatory oversight at all1. In the US, 
GMOs are regulated by three authorities, the USDA, EPA and FDA. Depending on the trait, 
GM trees may require little, if any, oversight from these authorities. There may be no 
oversight unless the plant is considered a plant pest or carrying foreign DNA that is derived 
from a plant pest (regulated by the USDA), to possess pesticidal properties (regulated by the 
EPA), or may enter the food supply (voluntary consultation with the FDA). Environmental 
impact assessments (EIAs) may be performed under the purview of the USDA and lack 
sufficient environmental consideration. As of 2018, the USDA had received 6 petitions for 
deregulated status (5 fruit trees and a eucalyptus), though only the eucalyptus tree was 
subjected to an environmental risk assessment to comply with National Environmental Policy 
Act (NEPA).  

The GM Chestnut, currently seeking a ‘deregulation’ decision from the USDA, has triggered 
an environmental impact statement (EIS) to comply with NEPA, as well as a plant pest risk 
assessment, though they are insufficient in assessing all potential risks. The plant pest risk 
assessment ignores the risks of the trees being potential reservoirs for blight. Moreover, the 
EIS fails to include any new evidence beyond what was submitted by the developers in their 
initial application for deregulation status. No studies have been done to assess potential 
allergenicity of pollen (only rudimentary allergenicity food safety assessments have also 
been performed on chestnut; which is also yet to be approved by for consumption by the 

 
1 Three processes are available for gaining approval for environmental release under the USDA. 
First, a ‘notification’ can be given for limited releases of plants that meet certain criteria such as 
containment standards, though these are virtually non-existent for trees as they do not apply to 
releases that last longer than a year. Second, a ‘permit’ can be sought for limited release, which 
requires a more detailed application process, and is required for field trial releases. Third, is the 
process of “petition for deregulated status”, which is the primary path to commercialisation. 
However, the USDA is limited to regulating GMOs that are also deemed to be a plant pest, 
including those that carry inserted foreign DNA derived from a plant pest. There is no oversight 
from the USDA once a GMO is approved for ‘deregulation’. The FDA only requires voluntary 
consultation on GMOs that may enter the food system, i.e., food additives; and the EPA covers 
only pesticides, i.e., GMOs that are designed to be insecticidal, for example.  
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FDA). The risk of the inclusion of antibiotic resistance has not been assessed. Most crucially, 
the potential contamination of native trees, that would not be monitored following 
deregulation, has not been sufficiently addressed, despite it being it being a concern 
repeatedly flagged by the public, and even widely acknowledged by GM tree proponents 
(Strauss et al., 2009) as a general risk of GM trees. In fact, the EIS states that under 
deregulation status, “pollen-mediated gene flow from Darling 58 American Chestnut to wild 
American chestnut populations is intended”, but nonetheless that current methods used to 
control pollination of hybrid species can be applied. However, how successful such practices 
are, can be questioned, due to the lack of monitoring of such impacts (Davis, 2021). The EIS 
is required to analyse potential migration of the tree across borders, though this has also 
been ignored, with implications for restoration projects in neighbouring Canada (Canadian 
Chestnut Council, 2022).  Impacts on non-target organisms have not been adequately 
addressed. The EIS cannot be relied upon to adequately deal with the risks GM trees pose 
to wild ecosystems, including forests.  

International regulations under the Convention for Biological Diversity’s (CBD) legally-
binding Cartagena Protocol on Biosafety (CPB) provide minimal standards for risk 
assessment to signatories of the Protocol, which include countries such as Brazil who 
recently approved a GM eucalyptus variety. In 2008, Parties called for additional guidance to 
specifically deal with the risks posed by GM trees.  Additional guidance has since been 
drawn up, in recognition of “the uncertainties related to the potential environmental and 
socio-economic impacts, including long term and transboundary impacts, of genetically 
modified trees on global forest biological diversity”, and it has been recommended that 
“Parties to take a precautionary approach when addressing the issue of genetically modified 
trees” (CBD, 2016). The guidance refers to specific risks that differ from other plants, such 
as annual crops, due to characteristics such as size, perennial growth habit with a long 
lifespan, and delayed onset of reproductive maturity, as well as the various pathways for 
dispersal and thus contamination. However, this additional guidance is not mandated for 
signatories of the Protocol. The recent approval in Brazil of the GM tree suggests that such 
guidance was not taken on board with only standard risk assessment (RA) procedures being 
followed. In addition, a lack of transparency regarding confidential business information has 
hindered the availability of the data in the performed risk assessment. The risk assessment, 
for example, also failed to address again the issue of allergenicity of pollen, which was 
shown to express the transgenes, and which will also present in honey samples. Issues 
relating to ecosystem health, such as potential increased water usage, were dismissed as 
being equivalent to newly developed conventional varieties that have “similar properties” to 
the GM ‘faster growing’ trees, undermining the very rationale for the project while 
simultaneously ignoring the risk raised in a public hearing, and that the RA was purportedly 
aiming to address.  

Consequences of potential deregulation of genome editing 

GMO regulations across the world are under threat due to the deployment of genome editing 
techniques being promoted by GMO proponents as safe, effective and/or equivalent to 
conventional varieties in order to exclude them from GMO regulations. Some countries have 
already made decisions to deregulate either some or all forms of edited products, while other 
countries and regions are still deliberating. Nevertheless, the vast majority of countries do 
still regulate genome edited products as GMOs.  

Any exclusion of genome edited products from national or regional legislation raises 
significant environmental, food safety, trade and economic implications. Exclusion of 
genome edited trees may allow for environmental releases without the requirement for 
biosafety risk assessments to the environment or human health. Monitoring requirements to 
assess potential adverse impacts of genome edited trees could also be lost, an issue that is 
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particularly pertinent to long living organisms being released into the wild. Removal of 
traceability requirements would also prevent the ability for independent monitoring, e.g., of 
conservation projects that aim to assess the impacts of GE tree releases for restoration 
purposes. With regard to food products, traceability is also essential to allow trade with 
countries that do have regulations in place. Moreover, traceability allows farmers, retailers 
and consumers to choose to grow or consume conventional varieties or organic produce 
without potential for contamination that may jeopardise trade and consumer choice. Finally, 
these regulations operationalise mechanisms to remove, or recall, organisms and their 
products from the environment or food markets, if problems do indeed arise.  

Those lobbying for deregulation see it as a means to accelerate pathways to market by 
allowing products to be released without what they claim are ‘costly and lengthy’ regulatory 
requirements, such as biosafety risk assessments. However, deregulation also poses 
potential complications for the industry. For example, within the UK’s four nations, England is 
currently proposing the deregulation of some gene edited products, while Scotland and 
Wales are proposing to regulate them. Without traceability requirements, monitoring the 
spread of pollen across the border may not be possible. Divergent regulations also have 
major trade implications, with, for example, the potential for a country to ban all imported 
products from a nation that does not regulate or trace gene edited organisms which would 
not be identifiable without labelling. GM trees that are not marketed as food products may 
still have trade impacts, with releases potentially inadvertently contaminating the food 
supply, for example, eucalyptus pollen-derived honey.  

Beyond the hype, any deregulation of genome edited products under the guise of its 
revolutionary ability to generate needed traits, free from transgenic material, remains 
dubious. As raised above, the reality is that genome edited tree development remains a 
lengthy process, with current applicability also limited to a few species. The fact that the vast 
majority of editing techniques include the introduction of transgenes that have to be later 
removed by breeding, puts significant brakes on any rapid development of transgene-free 
trees. Such technical issues suggest a level of hubris common to the GMO industry that 
repeatedly serves to generate short term profits while distracting attention from more viable, 
long-term solutions. Significant opportunity costs are a risk of succumbing to the regular 
hype surrounding genome editing as a means to address any food or environmental issue. 
Moreover, free of transgenes or not, any release of a genome edited tree would still be the 
release of a modified organism carrying a novel combination of genetic material with both 
intended, as well as potentially unintended changes to the genome.2 

Conclusion 

GM tree development has faced a number of technical challenges that have hindered 
widespread production of GM tree traits. Nonetheless, a limited number of GM tree 
commercialisations are potentially on the horizon for release, including into wild forest 

 

2 It is worth noting that techniques are under development to allow the bypassing of transgenic 
processes, such as the grafting of shoots from conventional varieties onto GM rootstock that have 
been modified to release genome editing machinery into the grafted material (L. Yang et al., 
2023). Such techniques are experimental and aim to avoid intended introduction of exogenous 
DNA, but this does not get around unintended DNA introductions and other observed, unintended 
molecular impacts of genome editing techniques. For example, even without the introduction of 
any DNA, exogenous DNA can still be integrated via the production of DNA copies of the guide RNA 
molecules that are introduced into the target organism as part of the CRISPR genome editing 
machinery (Petri et al., 2022).      
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ecosystems. Such releases may now be technically feasible, yet fundamental challenges to 
their potential ‘success’ and safety remain when taking into consideration the wider 
complexities of forest and wild ecosystems. Modifying wild ecosystems raises fundamental 
risks and uncertainties that cannot be adequately assessed with current GMO risk 
assessment processes. Current GM assessments omit analysis of forest health and potential 
long-term impacts on the full range of parameters that are relevant to tree releases, including 
impacts on soil, species-interactions, water systems, gene flow, nutrient uptake, disease 
resilience, stress resilience, communication networks, and evolutionary processes. But more 
crucially, it remains highly questionable whether any risk assessment can ever be sufficiently 
robust to ensure against harms, given current human understanding and lack of knowledge 
about trees and forest environments.   

As such, promoting GM trees as emergency measures to address environmental problems 
currently at the forefront of people’s concerns, may merely serve to undermine much harder, 
ongoing work to restore forest ecosystems, including decades-long American Chestnut 
breeding programs. The potential for significant opportunity costs may result from any focus 
on GM projects with lofty goals that risk acting as little more than a distraction.  Efforts to 
supposedly appease public anxieties over widespread environmental destruction may, 
instead, entrench the environmental or food problems they purport to address, if more viable 
alternatives are neglected.  

The expansion of plantation monocultures as a result of GM commercial forestry threatens to 
undermine efforts to restore healthy forests and surrounding, critical ecosystems such as 
savannahs and peatlands. Moreover, forests themselves have been shown to have an 
immense capacity to regenerate. Rather than expanding plantations under the guise of 
climate action or restoration, natural forests should be stewarded to recover and be 
managed in context and knowledge specific manners that incorporate the existing forms of 
regeneration (e.g. Schmidt et al., 2021). Given the lifespan of trees, any GM releases could 
have impacts that manifest over centuries and even millennia. Although humanity can 
release GM trees, it remains extremely questionable whether we will ever be confident of the 
long-term impacts. As raised by a US EPA official in reference to the GM Chestnut, “Just 
because we can do something, should we?” (Grandoni, 2022).  
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Appendix 1. Summary of Global Field Trials 

Below is a summary of field trials being conducted in different global regions. These 
summaries exemplify the limitations of GM research to date, which have suffered from a 
narrow focus on a few tree species and traits. Technical limitations hamper which species 
can be modified, and what traits can be developed. Knowledge gaps also hinder what traits 
can be developed with understanding of gene function still limited. Financial motivations 
have also served to direct R&D towards a few traits beyond those that aim to maximise 
industrial plantation industry profits.  

Table 1 

a) EU field trials conducted since 2002: 

Country Species Trait Application date 
Sweden Grey Poplar Wood quality (lignin) 

Genome edited 
(CRISPR/Cas 
system) 

2022 

 Poplar (hybrid 
aspen) 

Wood quality (lignin) 

Genome edited 
(CRISPR/Cas 
system) 

2020 

 Poplar (hybrid 
aspen) 

Wood quality (lignin 
or xylan)   

2018 

 Poplar (hybrid 
aspen) 

Growth alterations 2017 

 Poplar (hybrid 
aspen) 

Altered phenology 2016 

 Poplar (hybrid 
aspen) 

Wood biomass 2016 

 Apple rootstock 
grafting 

Growth alterations 2016 

 Poplar (hybrid 
aspen) 

Growth alterations 2014 

 Poplar (hybrid 
aspen) 

Wood quality (lignin) 2014 

 Poplar (hybrid 
aspen) 

Altered phenology 2012 

 Poplar (hybrid 
aspen) 

Altered growth 2011 

 Poplar (hybrid 
aspen) 

Wood quality 2011 

 Poplar (hybrid 
aspen) 

Altered 
growth/drought 
stress 

2011 

 Apple rootstock 
grafting 

Rooting ability 2010 

 Poplar (hybrid 
aspen) 

Altered growth 2010 
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 Poplar (hybrid 
aspen) 

Wood quality (lignin) 2008 

Belgium Grey Poplar  Wood quality  2021 
 Grey Poplar  Wood quality (lignin) 2013 
 Grey Poplar  Wood quality (lignin) 2009 
 Apple Altered flowering, 

self-compatibility, 
fruit quality, yield 

Application rejected 
in 2002 based on 
concerns over 
genetic 
contamination 

Finland Poplar (hybrid 
aspen) 

Wood quality 2018 

 Poplar (hybrid 
aspen) 

Wood quality 2018 

 Silver Birch Sterility/altered 
flowering 

2018 

 Poplar (hybrid 
aspen) 

Wood quality 2013 

 Silver Birch Sterility/altered 
flowering   

2018 

 Silver Birch Sterility/altered 
flowering   

2018 

Netherlands Apples Altered food quality  2015 
 Apples Fungal resistance 2015 
 Apples Altered biomass 2012 
Spain  Poplar (hybrid 

aspen) 
Altered biomass, 
branching  

2012 

 Poplar (hybrid 
aspen) 

Altered biomass, 
branching  

2012 

 Poplar (hybrid 
aspen) 

Altered biomass, 
branching  

2012 

France Poplar (hybrid 
aspen) 

Wood quality (lignin) 2013 

 Poplar (hybrid 
aspen) 

Altered wood quality 
for biofuels 

2013 

 Poplar (hybrid 
aspen) 

Wood quality (lignin) 2007 

Poland Poplar (hybrid 
aspen) 

Wood quality 2015 

 Poplar Altered biomass 2010 

b) USA:  

Species Number of 
permits 

Traits included Date of permit issued 

Poplar 51 19 product quality; 10 
herbicide tolerance, 16 
agronomic quality, 5 insect 
resistance 

1989-2021 

Apple 34 11 altered agronomic 
quality; 17 altered product 
quality 

1995-2020 
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Chestnut 29 22 fungal resistance; 12 
herbicide tolerance 

1997-2021 

Eucalyptus 21 2 herbicide tolerance;7 
altered wood quality; 10 
sterility 

2007-2019 

Walnut 14 10 bacterial resistance 1990-2021 
Sweetgum 6 4 sterility; 1 herbicide 

tolerant; 1 altered growth 
1996-2020 

Rubber 4 3 yield, 1 pest resistance 2007-2008 
Plum 13 5 fungal resistance; 9 

altered agronomic quality; 1 
bacterial resistance 

 

Pine 8 Altered growth rate 2008-2014 
 
 
Table 2 GM Trees registered in Convention for Biological Diversity 
Decisions regarding the import or release of LMOs that may be subject to transboundary 
movement are required to be submitted to the CBD’s Biosafety Clearing House. The 
responsibility lies with countries to submit this information. As such, some records may be 
incomplete.  
 
 
Tree Country and Date of registry  
Herbicide-tolerant eucalyptus Brazil, 2022   
ESF-DAR58-3 - Blight-tolerant Darling 58 
American Chestnut USA, 2020   
Papaya modified for bacterial resistance Malaysia, 2019 
Apple (ArcticTM Fuji) ‘non-browning’ Canada, 2019 
Poplar with modified lignin Belgium, 2019  
Antisense hybrid aspen modified for altered 
phenology (circadian rhythms) Sweden, 2019   
Hybrid aspen with modified autumn 
phenology (circadian rhythms)  Sweden, 2019   
Apple with modified food quality ‘red 
fleshed’ Netherlands, 2017 
Apple (ArcticTM “Golden Delicious”) ‘non-
browning’ Canada, 2015 
Apple (ArcticTM “Granny Smith”) ‘non-
browning’ Canada, 2015 
Apple modified for fungal resistance  Netherlands, 2015 
Eucalyptus modified for increased growth 
and yield Brazil, 2015   
Rubber tree modified to express Human 
Protamine 1 Malaysia, 2015  
Rubber tree modified to express the 
scFv4715 antibody fragment Malaysia, 2015   
Rubber tree modified to express Human 
atrial natriuretic factor Malaysia, 2015   
Rubber tree modified to express a reporter 
gene Malaysia 2015   
Bitter orange modified for bacterial 
resistance Mexico, 2015 
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Bitter orange modified for bacterial/fungal 
resistance Mexico, 2015 
Bitter orange modified for bacterial/fungal 
resistance Mexico, 2015 
Aspen modified for increased growth rate Russia, 2015   
White birch modified for increased growth 
rate Russia, 2015   
White birch modified for herbicide tolerance Russia, 2015   
Aspen modified for herbicide tolerance  Russia, 2015 
Papaya modified for viral resistance USA, 2015 
Papaya modified for viral resistance USA, 2015 
Silver birch lines with potential pest or 
fungal disease resistance Finland, 2015   
Hybrid aspen lines with modified wood 
development Finland, 2014   
Hybrid aspen lines with modified stomatal 
regulation Finland, 2014   
Papaya modified for viral resistance USA, 2014 
ARS-PLMC5-6 - Plum Tree modified for 
resistance to Plum pox virus United states, 2014   
Papaya modified for delayed ripening Malaysia, 2013 
Papaya modified for viral resistance USA, 2013 
Poplar with modified lignin Belgium, 2012  
Cold tolerant eucalyptus  Japan, 2011   
Apple modified for non-flowering, fungal 
resistance Netherlands, 2012 
Grape vine modified for resistance to fungal 
pathogens 

2017 (authorised in 1999 prior to Cartagena 
protocol) 

Grape vine modified for resistance to fungal 
pathogens 

2017 (authorised in 1999 prior to Cartagena 
protocol) 

Grape vine modified for the expression of a 
marker gene 

2017  (authorised in 1999 prior to 
Cartagena protocol) 

Aspen, male, modified for modified for an 
altered morphology and reduced growth. 

Germany, 2016  (authorised in 1996 prior to 
Cartagena protocol) 

Aspen, female, modified for modified for an 
altered morphology and reduced growth 

Germany, 2016  (authorised in 1996 prior to 
Cartagena protocol) 

Hybrid Aspen, female, modified for an 
altered morphology 

Germany, 2016  (authorised in 1996 prior to 
Cartagena protocol) 

Hybrid Aspen, female, modified for an 
altered morphology and reduced growth 

2016  (authorised in 1996 prior to 
Cartagena protocol) 

Hybrid aspen modified for observing 
horizontal gene transfer into 
ectomycorrhizal fungi 

2016  (authorised in 1996 prior to 
Cartagena protocol) 

Poplar modified for increased glutathione 
content 

Germany, 2012 (authorised in 1996 prior to 
Cartagena protocol)  
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