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Application of Genetic Engineering Technology in Trees: Innovations, Challenges, and Future Prospects

Abstract
Genetic transformation has become an important tool in forestry to facilitate specific alterations improving tree growth, stress tolerance, and wood quality. This review summarizes the recent advances in genetic transformation systems like Agrobacterium mediated systems, gene gun, and nanoparticle-based systems that have revolutionized the efficiency and precision of gene transfer in tree crops. Genome editing systems like CRISPR-Cas9, TALENs, and ZFNs are revolutionizing tree biotechnology to make targeted gene modification possible without exogenous DNA introduction, solving the problems of abiotic stress tolerance (drought and salinity) and biotic resistance (pests and pathogens). RNA interference (RNAi) and gene stacking strategies also offer novel tools for enhancing multiple traits, while cisgenesis and intragenesis offer comparatively safer alternatives to transgenesis using inherent genetic material. Even with these developments, tree genetic engineering is confronted with several challenges in the form of low transformation efficiency levels, regulatory limitations, and public skepticism. Technical issues like transgene stability, unintended mutations, and species-specific resistance hinder the large-scale use of these technologies. Ethical and environmental issues, especially gene transfer to wild relatives, require the creation of effective containment methods and extensive risk assessments. However, the promise of genetically engineered trees to contribute to sustainable forestry, climate adaptation, and industrial usefulness highlights their significance. Future research should aim at refining transformation methods, enhancing the accuracy of genome editing, and encouraging interdisciplinary collaboration to synchronize biotechnological innovation with environmental and societal requirements.
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1. Introduction
Genetic engineering has emerged as a powerful tool for improving tree species by enhancing growth, productivity, and resilience against environmental stresses. Due to the long generation cycles, high genetic diversity, and complex reproductive systems that limit traditional tree breeding, genetic modification is a viable way to speed up progress (Neale & Kremer, 2011). While genetic engineering enables quick and accurate changes to desired features, traditional tree breeding operations take decades to accomplish considerable genetic improvement (Harfouche et al., 2014). In order to facilitate the transfer of desired genes from distant or otherwise incompatible relatives, genetic engineering also offers ways to get beyond natural reproductive barriers (Schuler et al., 2008).
With the advancement of biotechnology, transgenic and genome-editing techniques have been employed to introduce desirable traits with accuracy, solving the majority of the forestry problems (Merkle & Dean, 2000). These genetic enhancements not only increase the productivity of the trees but also render them immune to changing climatic conditions, insects, and diseases (Polle et al., 2006). Genetic engineering assists in minimizing the reliance on chemical pesticides and fertilizers, thus lending support to sustainable forestry operations and environmental conservation (Li et al., 2009). Major improvements in genetic transformation techniques have transformed the field of tree biotechnology. Some of the techniques that have made the process more efficient include Agrobacterium mediated transformation, gene gun-mediated transformation, and nanoparticle-assisted gene delivery (Pena & Seguin, 2001). Agrobacterium mediated transformation is still widely used because it can bring about stable genetic integration without causing much disruption to the genome. But species-specific constraints have caused researchers to move towards other methods such as nanoparticle-mediated transformation, which improves the efficiency of gene delivery (Cunningham et al., 2018). The construction of site-specific recombination systems, including Cre-lox and FLP-FRT, has made it possible to erase marker genes after transformation, boosting biosafety and public acceptance of genetically modified trees (Ow, 2002).
Such methodologies not only permit the targetted genetic modification into the resulting transgenic, but also prevent selectable marker gene issues. Further, gene silencing based on RNA such as RNAi (RNA interference) has also been used in targetted gene control especially in suppressing the susceptibility towards pathogens (Fire et al., 1998). Genome editing technologies like CRISPR-Cas, TALENs, and zinc-finger nucleases (ZFNs) have also improved the efficiency and accuracy of genetic modification (Jinek et al., 2012). They facilitate accurate deletions, insertions, and regulatory changes, enhancing genetic stability and allowing the fine tuning of desirable traits. CRISPR-based genome editing, for example, has demonstrated promise in the modification of genes linked with stress tolerance, disease resistance, and growth improvement (Zhang et al., 2014). One of the main areas of emphasis in tree genetic engineering is enhancing abiotic stress tolerance, since trees are vulnerable to environmental stresses like drought, salinity, and high temperatures.
Genetic engineering aimed at stress responsive genes has been found to be effective in increasing tree survival under stress conditions (Yamaguchi-Shinozaki & Shinozaki, 2006). Gene introduction that controls osmotic balance and antioxidant responses has greatly enhanced drought and salinity tolerance in transgenic trees (Ashraf & Foolad, 2007). Similarly, genetic engineering has been applied to improve biotic stress resistance, including pest and pathogen resistance, by introducing genes encoding antimicrobial peptides and insecticidal proteins (Wang et al., 2018). Aside from stress resistance, new research has also considered growth characteristic and wood quality changes. Genome editing and metabolic engineering advancements have made it possible for scientists to control lignin biosynthesis, leading to trees with enhanced wood quality for industrial purposes (Vanholme et al., 2013). Gene stacking methods, which permit the introduction of multiple genes regulating various traits, have also increased the potential to engineer trees with better performance qualities (Halpin, 2005). In spite of its promise, tree genetic engineering is confronted with various challenges.  Ethical issues, regulatory limitations, and social suspicion over the use of genetically modified organisms (GMOs) have been persistently hampering the global utilization of genetically improved trees within commercial forestry (Strauss et al., 2009).
Most forest certification regimes currently bar the application of genetically modified trees, further restricting their utilization. Nevertheless, other approaches like cisgenesis and intragenesis, in which genes from the same or closely related species are used, are becoming increasingly more acceptable options (Schouten et al., 2006). These techniques retain the advantages of genetic engineering while minimizing issues regarding transgene introduction. This article will discuss the recent innovations in genetic engineering technologies for trees based on transformation methodologies, genome editing technologies, stress tolerance enhancement, and commercialization challenges. Through the synthesis of recent research findings, this article presents an overview of the state of affairs of the application of genetic engineering in forestry and sustainable development.
2. Advances in Genetic Transformation Techniques
Agrobacterium-Mediated Transformation
Agrobacterium transformation is a common technique of transferring exogenous DNA into the tree genome. The technique takes advantage of the natural capacity of Agrobacterium tumefaciens to deliver T-DNA into plant cells, resulting in stable genetic integration (Gelvin, 2003). It is a preferred technique owing to its efficiency and low frequency of gene rearrangements (Tzfira & Citovsky, 2006). The Agrobacterium gene transfer capacity is enhanced by virulence (vir) genes, which enable specific traits to be incorporated into the host genome with minimal interference (Gelvin, 2010). This method has proved to be working with many types of trees, including poplar, pine, and eucalyptus, and as such is among the most predictable genetic transformation approaches in forestry biotechnology (Pena & Seguin, 2001). Efficiency in Agrobacterium mediated transformation has been improved with the optimization of parameters such as bacterial strain selection, co-cultivation environment, and the type of plant tissue (Hansen & Wright, 1999). This has been in the form of testing the application of hypervirulent forms of Agrobacterium, as well as novel virulence gene mutations, as a method of enhancing transformation of tree species that have generally been resistant to this technology in the past (Lacroix et al., 2006).
Gene Gun and Nanoparticle Mediated Transformation
The gene gun approach, or biolistics, is a direct DNA-coated particle bombardment into the cells of plants. This method is especially beneficial for those species that exhibit minimum susceptibility to Agrobacterium mediated transformation (Sanford, 1990). Gene gun transformation provides the opportunity to introduce genes into resistant species without host-specific limitations of bacterial mediated transformation (Altpeter et al., 2005). Nevertheless, the method has the drawback of inducing the insertion of numerous genes and random integration, which can result in gene silencing or instability (Klein et al., 1987). Over the last few years, nanoparticle-mediated transformation has been the method of choice, ensuring efficient gene transfer and bypassing structural obstacles offered by plant cell walls (Cunningham et al., 2018). Nanoparticles enhance the precision of targeted delivery of DNA and minimize the chance of inducing undesired genetic change (Torney et al., 2007). Various nanoparticles, including carbon nanotubes and mesoporous silica nanoparticles, have been explored for potential use in transferring genetic material into tree cells (Liu et al., 2009). This has been found to enhance the efficiency of transformation in tree genera that are otherwise recalcitrant to transformation, thus broadening the scope of genetic transformation in forestry (Lv et al., 2020).
Site-Specific Recombination and Marker Gene Removal
In an effort to overcome concerns linked to marker genes in transgenic trees, site-specific recombination systems such as Cre-lox and FLP-FRT have been developed. Such systems allow the removal of selectable marker genes once transformation has been successfully accomplished, thus enhancing the biosafety profile of transgenic trees (Ow, 2002). The Cre-lox system uses the Cre recombinase enzyme to remove specifically marker genes inserted between recognition loxP sites, thus causing the development of marker-free transgenic plants (Dale & Ow, 1991). Similarly, the FLP-FRT system utilizes FLP recombinase to carry out targeted excision of marker genes, which minimizes genetic instability and regulatory approval (Lyznik et al., 1996). Besides Cre-lox and FLP-FRT systems, scientists have explored transposon-based approaches and CRISPR-Cas9 technology as means to produce marker-free transgenic trees (Yau & Stewart, 2013). These approaches offer a more accurate and efficient means of marker gene removal, all while ensuring stable genetic alterations. Marker gene removal is a critical aspect of the regulatory approval process and public acceptance of transgenic trees, as it is with the relief of concern regarding the occurrence of foreign DNA in commercial tree plantations (Darbani et al., 2007).
New Transformation Methods
Beyond traditional and nanoparticle-mediated methods, novel transformation methods are being explored to enable genetic transformation in tree crops. Electroporation, a technique of delivering electric pulses to facilitate the entry of DNA into protoplasts, has been promising in hard cell-walled woody plants (Bates, 1994). Genome editing tools, such as CRISPR-Cas systems, are also being integrated with transformation procedures to enhance the precision of gene modification and reduce unintended genetic changes (Zhang et al., 2014). Another potential approach is the use of peptide-based delivery systems, which involve the use of cell-penetrating peptides in the delivery of genetic material through plant cell membranes without cell injury (Chugh & Eudes, 2008). The process is not invasive but highly effective relative to conventional transformation protocols, thus reducing the risks of random gene integration and genome instability.
3. Genome Editing Technologies in Tree Improvement
CRISPR-Cas and Other Genome Editing Tools
The CRISPR-Cas technology has revolutionized the practice of genetic engineering through precise and targeted modification of the tree genome. Compared to traditional transgenic methods, CRISPR-Cas allows knockout, insertion, and replacement of genes without the need for including exogenous DNA (Doudna & Charpentier, 2014). The CRISPR-Cas9 system, derived from bacterial immune systems, has been extensively applied to genome editing due to its simplicity, efficiency, and specificity (Jinek et al., 2012). This tool enables targeted editing of genes by the application of guide RNA (gRNA) to guide the Cas9 endonuclease to the target locations, producing double-stranded breaks that are repaired, introducing the intended mutations (Cong et al., 2013). In addition to CRISPR-Cas9, other genome editing tools have developed in tree biotechnology. Zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) enable site-specific gene editing but are encumbered with complicated protein engineering, thus excluding its widespread use (Gaj et al., 2013). The operation of these tools is to identify particular DNA sequences and trigger targeted modifications, like CRISPR, but they are not as easy and versatile as RNA-based guide systems (Carroll, 2011). CRISPR-Cas variants, such as CRISPR-Cas12 and CRISPR-Cas13, have also been developed for more specific uses, like base editing and RNA-targeted modifications, expanding their uses in tree biotechnology (Zetsche et al., 2015; Abudayyeh et al., 2016).
4. Applications of Genetic Engineering in Tree Biotechnology
Strengthening Resilience to Stresses (Drought, Salinity, and Pest Resistance)
Genetic transformation has been of prime significance in augmenting the abiotic stress resistance of trees, including drought, salinity, and fluctuations in high and low temperatures. Trees face issues concerning fluctuating water availability and soil salinity in their native habitats, hence susceptibility to stresses caused by climate change. Genetic transformation has made it possible to incorporate stress inducible genes that regulate water uptake, osmotic adjustment, and ion regulation, thus ensuring enhanced survival and productivity under unfavorable environmental conditions (Yamaguchi-Shinozaki & Shinozaki, 2006). The most notable genetic modification is the addition of dehydration-responsive element-binding (DREB) transcription factors that enhance drought-resistant gene expression. These transcription factors enable the enhancement of root structure and water retention capacity in trees (Lata & Prasad, 2011). Similarly, genes encoding for osmoprotectants like proline and glycine betaine have been added in trees to enhance their ability to withstand cellular dehydration due to drought (Ashraf & Foolad, 2007).
Genetic manipulation from a salt tolerance point of view has targeted mainly the salt overly sensitive (SOS) pathways, which are important for ion transport regulation and overcoming the adverse accumulation of sodium in plant tissue (Zhu, 2002). Overexpression of genes such as NHX1 and HKT1 has resulted in better ion homeostasis, allowing genetically altered trees to thrive under salinity conditions while retaining their physiological processes (Munns & Tester, 2008). Such genetic changes are of paramount importance in afforestation efforts directed toward reclaiming degraded or saline-inflicted land. Resistance to pests and pathogens has also been improved by genetic engineering. Genetic modification of poplar and eucalyptus species with Bacillus thuringiensis (Bt) toxin genes has given them strong resistance against insect pests, minimizing the use of chemical pesticides (Wang et al., 2018). Moreover, genetic alterations for pathogenesis-related (PR) proteins have enhanced tree disease resistance by increasing their capacity to resist fungal and bacterial infections (van Loon et al., 2006). Through the production of more chitinases and glucanases, transgenic trees demonstrate enhanced immunity against plant pathogens like Phytophthora and Fusarium species (Jach et al., 1995).
Improving Growth, Yield, and Wood Quality
Genetic manipulation of trees has made it possible to create varieties with high yields that have improved growth characteristics. A lot of focus has been on the manipulation of phytohormone biosynthesis, particularly regarding auxins, gibberellins, and cytokinins, and how they influence tree height, biomass composition, and branching architecture (Eriksson et al., 2000). Gibberellin biosynthetic gene overexpression led to transgenic trees that had increased growth levels and better carbon sequestration ability (Hedden & Phillips, 2000). Similarly, enhanced cytokinin biosynthesis has made it possible to have better shoot development, thereby better timber yield (Sakakibara, 2006). The quality of wood is an important trait that has been enhanced through genetic modification. The lignin composition in the cellular structure of trees is important in determining the properties of wood used in the production of paper and biofuels. In an attempt to modify lignin biosynthesis pathways, scientists have attempted to downregulate some genes, including COMT (caffeic acid O-methyltransferase) and CCoAOMT (caffeoyl-CoA O-methyltransferase), which allows for the production of tree species with low lignin content and increased cellulose accessibility (Vanholme et al., 2013). Such genetic modification leads to trees that need less chemical processing in the pulp and paper industry, hence making the production process more environmentally friendly. Furthermore, genetic engineering has allowed for the enhancement of cellulose biosynthesis in trees by overexpressing cellulose synthase (CesA) genes. Gene modification leads to enhanced fiber strength and flexibility, thereby making engineered trees more palatable for timber and bioenergy (Joshi et al., 2004). Alterations in the hemicellulose and pectin composition have also been explored in an attempt to develop tree species with tailored wood properties for specific industrial uses (Pauly & Keegstra, 2008).
RNA-Based Gene Silencing and Gene Stacking Approaches
RNA interference (RNAi) and artificial microRNA (amiRNA) technologies have been used mainly to silence genes associated with unwanted traits in tree species. Compared to the traditional transgenic approach, RNAi allows direct gene silencing without the introduction of exogenous DNA into the genome, which is a more ecologically friendly and socially acceptable approach (Fire et al., 1998). Another potential application of RNAi is for disease and pest resistance. Through the silencing of particular insect or fungal genes, RNAi technologies have been used to interrupt pathogen infection cycles, reducing the tree's susceptibility to the majority of forest pathogens (Baum et al., 2007). Resistance to insects has been enhanced by targeting larval development genes important to the pests' survival such as Lymantria dispar and Dendrolimus punctatus, hence reducing herbivore damage with no effect on non-target species (Zhu et al., 2012). Gene stacking approaches, including the co-introduction of several genes, have also increased the efficiency of tree genetic transformation. Rather than introducing single-gene traits, scientists have integrated genes that provide drought resistance, pest resistance, and improved growth parameters into one tree genome (Halpin, 2005). The multi-trait approach may be effective in generating robust trees that can survive different environments. For instance, eucalyptus trees were genetically engineered with a set of salt tolerance (NHX1), pathogen resistance (PR proteins), and biomass-enhancing genes and registered better survival rates in industrial plantations (Harfouche et al., 2011). These stacked traits significantly enhance tree performance, minimizing loss from environmental stress factors and pests and optimizing industrial uses.
5. Cisgenesis and Intragenesis: Safer Alternatives to Transgenesis
Cisgenesis and intragenesis refer to the techniques of introducing genes from the same or closely related species, thus ruling out the use of extrinsic DNA. These techniques have been proposed as safer alternatives to traditional transgenic methods, eliminating public and regulatory concerns about arboreal genetically modified crops (Schouten et al., 2006). Unlike traditional transgenesis, where genes from unrelated species are transferred, cisgenesis and intragenesis entail the use of native genetic elements, thus minimizing ecological risks and promoting consumer acceptance (Holme et al., 2013). Cisgenic modifications have been employed to improve disease resistance in tree species by transferring naturally occurring disease resistance genes from the same species (Vanblaere et al., 2011). Intragenic approaches have also been employed to alter metabolic pathways in trees with the goal of ensuring compatibility between species-specific genes (Rommens et al., 2007). These approaches provide a promising alternative to forestry practice, allowing genetic improvement without causing alarm regarding the introduction of transgenes into natural populations (Tzfira et al., 1998).
With increasingly strict regulation authorities on genetically modified organisms, cisgenesis and intragenesis offer a realistic option for the use of genetically modified trees in commercial forestry. Both methods leverage naturally derived genetic diversity and complement breeding methods without encroaching on conventional breeding programs, hence still being in line with conventional breeding practices but accelerating genetic gain (Jacobsen & Schouten, 2007). Future study should focus on maximizing cisgenic and intragenic methods for further application in tree biotechnology while at the same time addressing sustainability challenges relevant to forest management (Telem et al., 2013).
6. Problems in Tree Genetic Engineering
Technical Barriers to Tree Transformation
Despite significant progress, tree genetic transformation is still faced with technical challenges like low transformation efficiency, transgenic plant regeneration challenge, and the appearance of unwanted genetic mutations (Merkle & Dean, 2000). The relatively low tree species transformation efficiency, compared to annual plants, is one of the main challenges. Conifers and hardwoods are most prone to resistance against genetic transformation due to their complex tissue structure and long juvenile phase (Bishop-Hurley et al., 2001). Limited quantities of good quality explants and the ineffectiveness of tissue culture protocols have so far hindered transformation to this date. One of the significant challenges encountered in the area of genetic modification is plant regeneration. A number of tree species possess limited capacity to regenerate in vitro, thereby complicating the recovery of transgenic lines (Ho et al., 1998). Although the progress in somatic embryogenesis and organogenesis has resulted in higher regeneration rates, these advances still remain mostly species dependent and need optimization for particular genotypes (Klimaszewska et al., 2007). Moreover, transgene integration carries the risk of unintended mutations through random insertions, leading to gene silencing or deleterious phenotypic consequences (Kumar & Fladung, 2001). This condition underscores the necessity of accurate genome editing technologies that have the ability to reduce off target effects. Genetic stability of transgenic trees is another issue. Transgenic trees, because they live for several decades, require stable transgene expression for numerous decades. However, studies have shown that transgene expression may be influenced by epigenetic modifications, position effects, and environmental factors, leading to silencing of genes after some time (Li et al., 2009). Sustaining long-term genetic alteration stability is therefore a key research area.
Regulatory and Social Acceptance Issues
Genetically engineered tree commercialization is hindered by complex regulatory frameworks and consumer distrust. A variety of certification schemes already limit the application of transgenic trees, thereby limiting their use in forestry activities (Strauss et al., 2009). Regulation in accepting genetically engineered trees is typically more complex compared to farm crops, mainly because of concerns over their potential impacts on natural forests and biodiversity. One of the main regulatory concerns is limiting transgenic trees to prevent gene transfer to their wild relatives. Trees, unlike crop plants, can spread transgenes over long distances by seed and pollen dispersal, and this poses concerns of possible unforeseen ecological effects (DiFazio et al., 2004). Therefore, this has led to the use of strong containment strategies, for example, genetic alterations that cause sterility, which reduce the probability of gene escape but require further research to confirm their efficacy (Brunner et al., 2007). Public acceptance of genetically modified trees is another challenge. Consumers and environmental groups are worried about the possible risks of genetically engineered trees, including their effects on ecosystems, soil, and non-target organisms (Tsatsakis et al., 2017). Negative perceptions have led to restrictions on the application of genetically modified trees in certified sustainable forestry systems and thus their commercial uptake. Effective mitigation of these issues by open discussion and extensive environmental research will be vital in increasing acceptance (Strauss et al., 2009).
7. Future Developments and Sustainable Implementations
Genetic modification holds the promise of developing climate resilient trees. By introducing genes that enhance carbon sequestration, nutrient use efficiency, and stress tolerance, genetically modified trees can contribute to sustainable forestry and conservation of ecosystems. Climate change has resulted in more frequent droughts, changing temperature regimes, and enhanced pest pressure, all of which are endangering the world's forests. Genetically modified trees that are drought-resistant can overcome these stresses by sustaining forest cover and ecosystems processes. The moral aspects of genetic engineering in tree varieties continue to evoke controversy among experts and professionals. The proponents advance the advantages related to responsible forestry practice, whereas the opponents express fears of ecological threats and the genetic pollution of indigenous populations. One of the most important ethical issues is the possible interference of existing natural systems. The opponents claim that genetically modified trees have the potential to outcompete indigenous species, disrupt food web patterns, or release unintended environmental effects. The proponents counter that strict regulation, thorough risk analysis, and regulated field experiments are able to avert these threats while maximizing the associated advantages. More research into non-GMO alternatives, such as epigenetic modification and precision breeding technologies, could provide commercially feasible solutions for genetic improvement and minimize ethical issues. Innovation accompanying sustainable forest management will be essential to the mass adoption of genetically enhanced trees.
8. Conclusion
Genetic transformation and genome editing have greatly enhanced the efficiency and accuracy of tree biotechnology. These technologies have made it possible to create transgenic trees with improved stress tolerance, growth, and wood quality. Genetic engineering, despite technical and regulatory issues, holds promising solutions for sustainable forestry, climate adaptation, and forest conservation. Future studies must aim at enhancing transformation efficiency, creating new gene-editing technologies, and overcoming regulatory hurdles to enable the use of genetically modified trees. More studies are also required to evaluate the long-term ecological effects of transgenic trees in natural and plantation forest ecosystems. Studies on containment methods, including genetic sterility and controlled propagation techniques, will be critical in minimizing the risks of gene escape and maximizing regulatory approval. In addition, interdisciplinary cooperation between geneticists, ecologists, policymakers, and the industry is required to ensure that genetic engineering does not conflict with conservation objectives and environmentally friendly forestry management. By combining biotechnology with prudent land use, genetically modified trees can become important tools for solving global environmental problems while preserving ecosystem integrity.
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