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Abstract: Gene-editing methods, particularly CRISPR, provide extraordinary opportunities for
scientific insights and applications in the life sciences. However, the prospects for near-term
applications to commercial forestry appear limited. Loss-of-function phenotypes that can be
imparted by mutation of one or a few conserved genes offer the best opportunities in the near term.
For traits with complex inheritance, there is insufficient science to guide gene-editing efforts, and
Genome-Wide Association Studies (GWASs), without strong validation, typically cannot provide
high-confidence gene identification. Other obstacles include the difficulty of transformation in
many important genotypes, difficulties of transient editing or complete editor removal, and
complexity of use in breeding programs. Gene edits that cause loss-of-function traits will generally
be recessive, and thus not be expressed among outbred progeny, so vegetative propagules (clones)
will be required in most cases. There are also important societal constraints, such as strict regulations
for field trials in most countries, and market certification systems that do not allow any kinds of
recombinant DNA-modified trees, including those produced by gene-editing, in certified
production forests. We conclude that gene-editing applications will be extremely limited for the
foreseeable future (i.e., at least 10 years). Nevertheless, gene-editing is a very powerful scientific
tool that will be widely used by molecular forest scientists and can lead to important applications
in the longer term, if research advances are made on key fronts and regulatory and market obstacles
greatly attenuated.
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1. What Is Gene-Editing?

Gene-editing is the ability to make precisely targeted modifications to genes. It
differs from its close relative “genetic engineering” (GE) (also widely called “genetic
modification” or GM) in that the goal is not to impart new traits using inserted genes
(transgenics), but to modify innate characteristics of native genomes. In practice, however,
the distinction is not absolute as many forms of gene-editing also impart novel changes
to genomes. Though earlier forms of gene-editing tools have been in use for several
decades, their efficiency in plants has been so low that they received little attention in
science or application. That changed with the development of CRISPR systems, which
have extraordinary and near universal efficiency and precision, especially for loss-of-
function mutations in plants (reviewed in [1,2]).

In most applications gene-editing causes targeted, double-strand breaks in DNA
which are then usually repaired by cells imperfectly, causing frame shift or deletion
mutations that give loss-of-function phenotypes. Because of its high efficiency (often 50-
100%), using gene-editing it is also easy to obtain biallelic loss-of-function mutations,
often termed knock-outs (KOs), so inbreeding is not required to cause phenotypic effects
from recessive mutations (e.g., [3]). This is especially useful for forest trees, where strong

Forests 2022, 13, 1887. https://doi.org/10.3390/f13111887

www.mdpi.com/journal/forests



Forests 2022, 13, 1887

20f14

inbreeding is typically avoided, heterozygosity is high, and the onset of reproduction is
often delayed for years [4,5]. Thus, if clonal propagation is feasible, a gene edited KO that
imparts a useful trait could potentially be deployed directly into field trials and
commercial plantings (i.e., unless prevented by regulatory and/or societal barriers, as
described below). In addition, high efficiency makes it feasible to mutate multiple gene-
targets in a single transformation experiment, especially where the goal is to combine
multiple gene KOs. The frequency of off-target mutations, a significant concern in
animals, appears to be extremely low in plants, at least with the well-studied Cas9
nuclease [5], and of course far lower than the extensive unintended genetic diversity
produced via comparable conventional breeding methods such as introgression.
However, the somaclonal variation that can be introduced by genetic transformation and
regeneration methods can still be significant and requires analysis during further
breeding and field evaluations.

In addition to KOs, gene-editing can be used to produce targeted changes to genes
and genomes of many kinds, a capability whose diversity is growing as new forms of
gene-editing reagents continue to be developed. In these applications, a base-editor or
DNA template is often used to direct the kinds of mutations that occur, such as to impart
specific new amino acids to change the property of an enzyme, including, for example,
susceptibility to herbicide toxicity. It can also swap-in a major change to a promoter, thus
modifying gene expression in a minor or major way. Both of these types of modifications
were needed for successful gene-editing to produce glyphosate-resistant cassava [6].
Recent innovations include the ability to make large deletions, such as to remove one or
several entire genes and beyond (e.g., [7]). Furthermore, by using a deactivated nuclease
fused to other proteins, such as transcription factors or enzymes that modify epigenetic
states, gene-targeted and transient regulation of gene expression can be achieved [8].

2. Knowledge Base to Enable Gene-Editing in Tree Breeding

To implement gene-editing, it is essential to know the identities and sequences of
genes that control phenotypes of interest. In contrast, conventional breeding requires no
knowledge of genic control of traits, nor requires technology to insert DNA (or protein-
RNA complexes) and regenerate non-chimeric organisms. Knowledge of the genic control
of traits comes from two main sources: functional annotation of genomes, or gene
discovery based on genetic variation in populations of the target trees.

Functional annotation is usually derived indirectly from tractable herbaceous plants,
such as Arabidopsis, the main engine of gene discovery for all plants. However, enabled
by rapid and low-cost sequencing technology, genome and transcriptome resources are
now available for most commercially important tree species. This makes it feasible to
target homologous genes in tree species that were first identified in Arabidopsis or other
plant models and is the main method that has been used to modify flowering, wood
chemistry, and other traits in gene-editing studies of trees and clonal crops (reviewed in
[5]). This approach is particularly useful where the traits of interest can be simply obtained
from a KO or, in some cases, by simple overexpression (such as to enhance transformation
or regeneration rate). For example, herbicide resistance can be obtained by targeted
modification of herbicide binding sites and/or increased expression of resistance alleles in
highly conserved genes, as cited above for cassava. It can also be directly used to KO genes
essential for fertility, such as to produce male-sterile trees to promote hybridization,
enhance growth rate, or prevent male and/or female gene flow to aid regulatory
compliance, public acceptance, or ecological mitigation (reviewed in [9]). Targeting of
homologous genes is also feasible for commercially important wood quality traits such as
lignin composition [10] and can help to produce disease resistance by targeting of well-
known classes of susceptibility (S) genes [11].

However, most of the effort in forest tree breeding is to improve polygenic traits such
as wood volume and quality, and adaptation to complex stresses. It is likely that variation
in such traits is due to the combined effects of hundreds to thousands of genes, and the
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identity of these genes cannot be usefully inferred from model plants like Arabidopsis. A
common approach for generating hypotheses about these genes is via phenotype-
genotype association studies, which were initially limited to selected candidate genes
[12,13]. This approach then evolved into Genome-Wide Association Studies (GWASs),
which have been widely used to statistically implicate loci underlying complex
phenotypic traits in other organisms, most notably humans [14,15]. GWAS approaches
have also been applied to forest trees, though we contend that, thus far, such studies have
largely failed to identify clear gene-targets for editing.

3. GWASs in Forest Trees—Where Are We?

The arrival of GWASs around 2014-2015 generated considerable excitement,
particularly as new sequencing-based genotyping technologies [16] quickly blurred the
distinction between model and non-model organisms for genomic studies. In theory,
GWASs provide one of the most promising frameworks currently available for identifying
functionally important genes in the absence of a priori knowledge. Biomedical studies
clearly demonstrated that this potential is achievable [14,15], including the rapid
identification of genetic risk factors for severe SARS-CoV-2/COVID-19 [17,18]. However,
typical study population sizes in early forest tree GWASs (reviewed in [19-21]) were very
small, likely limiting the reliability of the reported associations.

A survey of more recent GWASs in forest trees (i.e., since 2018, Table 1) shows a great
variety of study populations, sample sizes, analysis methods, and numbers of identified
candidate genes, but there are several clear patterns. First, sample sizes even in very recent
forest tree GWASs remain low, typically less than 1000 (Table 1). Based on experience with
human GWASs and theoretical expectations, this would be expected to yield only a
handful of significant hits at best [14,15]. Thus, the high numbers of reported associations
in many studies (column “Hits” in Table 1) are surprising. Unresolved statistical
confounding caused by population structure and relatedness, a perennial caveat of
GWASs [22-24], seems like the most likely explanation, though that does not necessarily
apply to every single association reported. Second, the statistical methodology used in
forest tree GWASs is evolving. Multi-SNP and multi-trait GWAS analyses are becoming
more common and may partly mitigate the severe lack of statistical power [25-28].
Similarly, integrative “multi-omic” network analyses that combine methylome,
transcriptome, and metabolome data sets are being used to rank candidate genes
identified in GWASs (e.g., [25,26]), although we found no examples of directly leveraging
gene expression (or data from other omic layers) into association tests for forest trees.
Transcriptome-wide association study (TWAS) approaches, for example, offer distinct
advantages over conventional GWASs [29], and will likely see increasing use in research
with forest trees over the next few years. However, for complex traits, there are substantial
challenges as to what tissues, time points, and environments to sample for such studies.
Third, none of the methodological advances applied in recent forest tree GWASs
addresses the key issue of confounding, although effective diagnostic methods do exist.
For example, we did not find examples of using Linkage Disequilibrium (LD) Score
Regression [24] in forest trees, even though it is now a well-established approach for
statistically teasing apart confounding from high polygenicity in human GWASs. By its
nature, the application of LD Score Regression is limited to systems with well-developed
and integrated genomic toolboxes (i.e., genome assembly anchored to linkage maps and
detailed knowledge of genome-wide LD), which are only available in a few species of
forest trees such as Populus and Eucalyptus [30-33]. We expect to see this approach applied
both retrospectively and in future GWASs to potentially increase confidence in the results
from studies in which confounding was well accounted for. In the meantime, even less
sophisticated means of visualizing or quantifying confounding, such as inclusion of
quantile-quantile plots and/or reporting the genomic control inflation factor (Acc), can be
used more consistently as they provide a reasonable indication of potential confounding
issues [24]. The extensive population structure/admixture in most forest tree GWASs can
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also provide advantages, as strikingly illustrated by the recent examples of the importance
of Neanderthal haplotypes as COVID-19 risk factors [34]. To turn this challenge into an
opportunity, a methodological transition may be necessary from conventional mixed-
linear model approaches (i.e., which were developed and tested in much more homoge-
neous populations) to trans-ancestry meta-analyses and explicit inference of chromosome
segment ancestry [35-38]. Finally, examples of good practices, such as validation through
independent GWAS [39] or direct confirmation of gene function [26,27]—for which gene
editing is a very powerful tool—are starting to appear and will hopefully become more
common. Given the legitimate concerns about false positive GWAS results, some sort of
validation is critical.

The road ahead with GWASs in forest trees will be long and challenging. Sample size
remains the main limiting factor, and a complete change of perspective may be necessary
to make significant progress. For example, it may be possible to move beyond common
garden plantations and data sets from breeding programs, which have dominated forest
tree GWASs so far, to attempting larger-scale phenotyping and genotyping in natural or
planted stands [40]. However, even if genotyping costs were not prohibitive, this ap-
proach would only be applicable to highly heritable traits that are also amenable to re-
mote-sensed phenotyping (e.g., pest/pathogen resistance and phenology). Continuing the
current trend of using broad, often range-wide, GWAS populations is also appealing,
given the expected rapid pace of climate change. However, this must be balanced against
the critical need to start building confidence in GWAS results by defining clear quality
standards, including explicit quantitative measures of confounding (discussed above),
and acceptable validation practices [41].

In the near term, the main value of GWASs is likely to be to inform models of biolog-
ical processes (e.g., biosynthetic and signaling pathways) that control traits of interest,
rather than directly identifying target genes for editing. Target genes for pathway infer-
ences can be inferred by examination of combinations of interacting genes by physiologi-
cal and computational inference. In silico models of plant growth and productivity that
explicitly represent metabolic and regulatory pathways at the resolution of individual
genes and regulatory elements could inform data integration and prediction [42]. These
models might then enable researchers to target the edits that create the most leverage for
altering phenotypes while also minimizing undesirable pleiotropic effects. Initial efforts
have been effective at improving the power of GWAS by evaluating the effects of muta-
tions on metabolic pathways [43]. However, practical implementation presents an extraor-
dinary challenge given the biological and environmental complexity inherent to tree and
forest productivity.
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Table 1. Summary of recently published (i.e., since 2018) GWAS's in forest trees.

Species Traits Na MP Hits< Reference (Year)
Gymnosperms
Picea abies disease 64 373,384 36 (34 genes) [44] (2018)
wood formation 517 178,101 52 (39 genes) [45] (2019)
growth, phenology 763-834 917,107 387 [46] (2019)
growth, phenology, cold hardiness, wood quality 1428-4138 134,605 55 [39] (2021)
Pinus taeda growth, metabolites, C isotopes, disease 377 87,825 2335 [47] (2019)
Pinus massoniana growth, wood quality, resin properties 69-122 472,348 166 [48] (2019)
Pinus elliottii growth, wood quality, oleoresin 240 53,229 32 (31 genes) [49] (2022)
Pseudotsuga menziesii growth, phenology, cold hardiness 271 20,397 799 (2173 genes) [50] (2021)
Sequoia sempervivens drought-related anatomy/physiology 82 57,357 29 [51] (2022)
Sequoiadendron giganteum drought-related anatomy/physiology 71 52,987 14 [51] (2022)
Angiosperms
Eucalyptus cladocalyx growth, wood quality 480 3879 87 (8 genes) [52] (2021)
Eucalyptus grandis x urophylla growth 3373 41,320 356 (184 genes) [53] (2019)
Eucalyptus obliqua disease 637 1.13M 33 [54] (2021)
Eucalyptus polybractea growth, leaf area, terpenes 468 239M 2623 [27] (2019)
Populus trichocarpa disease 882 8.25M 96 (73 genes) [55] (2018)
leaf stomata 424 221M 562 (280 genes) [56] (2019)
growth, phenology, wood/leaf chemistry 461 813,280 806 [57] (2019)
bark texture 917 8.25M 755 (98 genes)  [58] (2019)
leaf morphology/physiology 681-876  6.78M 4 (4 genes) [26] (2019)
wood/leaf anatomy and chemistry 411-674 6.74M 57 (8 genes) [25] (2020)
Populus tremula phenology 94 443M 910 (92 genes)  [59] (2018)
leaf morphology 116 451IM 0 [60] (2020)

2 Number of trees used in GWAS analyses; ®* Number of markers used in GWAS analyses;  Number
of significantly associated markers (and genes, where specified) reported from single-trait analyses,
M designates millions.

4. Factors Affecting the Use of Gene-Editing

The ability to apply gene-editing depends not just on biology, but also on a host of
technical and social factors (Figure 1). Biological knowledge that is required includes the
identities of at least some of the genes whose structure and expression affects the target
traits, but also how the expression of those genes at the RNA and protein level interacts
with that of other genes in molecular networks. This knowledge would allow predictions
about how changes in specific genes are likely to affect both the target traits and non-
target traits (such as basic stress tolerance) that we must be careful not to adversely impact
while seeking to modify traits for production purposes. Forest trees are likely to require
more retention of their basic adaptive qualities compared to food crops, as their environ-
ments are generally less controlled and less accessible. Because the basic structure of tran-
scriptional and metabolic networks is often highly conserved among species [61], high-
quality inferences in trees can generally be made from the core networks in model organ-
isms, especially Arabidopsis. However, making refinements to networks, for example, to
precisely modify wood structure and chemistry, will require detailed information from
forest trees growing in relevant environments, and such information is lacking even for
the most advanced and sophisticated network models, such as for lignin biosynthesis in
Populus [62].
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Figure 1. Biological, technical, and social factors that affect the use of gene-editing in production
forests. Biological characteristics that affect the value of gene-editing include the extent of genetic
vs. environmental control of traits, complexity of genetic architecture, and how much traits can be
modified, while maintaining adaptation to the environment. Technical capacity for gene-editing in-
cludes how well edits can usefully affect traits in diverse populations and the ability to edit and
regenerate healthy trees in commercial genotypes. Social constraints include the extent of economic
value created from edits vs. required research and commercial cost to create usefully edited trees,
and the costs and political obstacles to obtaining legal and commercial license to plant edited trees.

Traits that can be affected by one or a few genes and are highly heritable (i.e., are not
strongly affected by environment) will be much simpler to modify successfully by gene-
editing than traits that need to be controlled by large numbers of genes and whose expres-
sion strongly depends on growth environment. Although most traits show polygenic in-
heritance in natural populations, there are multiple examples of useful trait modification
by one or a few genes in agriculture or forestry. Well-known examples include cell wall
and terpenoid chemical composition, resistance to biotrophic pathogens, flowering char-
acteristics, and plant stature (semi-dwarfism or apical dominance) [63,64]. For example,
the time of flowering onset tends to vary quantitatively and is affected by many genes
[65], however, overexpression of a single gene can dramatically accelerate or delay flow-
ering, including in forest trees (e.g., [66,67]). Similarly, modifying the expression of loci
that explains less than 1% of the phenotypic variance in a GWAS population can result in
relative phenotypic changes of 43-66% in RNAI transformants [26], at least in laboratory
or greenhouse environments. For this reason, effect sizes observed in GWASs, and even
detection of a gene itself through GWAS, should not be the only means of prioritizing
gene-targets for editing. This is in part because GWAS detection and estimated effect sizes
are strongly dependent on allele frequency; they are therefore limited by the standing
range of natural variation, itself a product of a long, complex, and stochastic evolutionary
processes. A much wider genotypic and phenotypic space could be available in managed
plantation environments where trees may be more protected from biotic and abiotic
stresses through density and weed control, and in some cases by fertilization or pesticide
use. Plantation trees are also typically grown for much shorter time periods compared to
their natural longevity, in theory allowing more rapid growth and a reduced investment
in stress mitigation and pest protection.

The technical capacity for gene-editing is a limiting factor for most trees and crops,
which is a direct result of the common recalcitrance to gene insertion and regeneration in
most genotypes [68]. In cases where the final product needs to be free of all transgenic



Forests 2022, 13, 1887

7 of 14

DNA for regulatory or market acceptance —which is most commonly done by segregation
of the editing agents away from the edited gene-targets — this presents another major chal-
lenge due to the delayed reproduction and high heterozygosity of forest trees. Efforts are
underway to use transient, often protein based or viral editing, to avoid this problem;
however, there is little indication that this can as yet be done at scale in any forest trees or
other perennial and clonal crops [5].

The target population for gene-editing is a critical consideration. The deployment of
gene edited trees thorough sexual propagules (vs. vegetative propagation) presents seri-
ous constraints in forest trees as the large majority of edits produced to date are KOs, and
thus likely to produce recessive gene action. If one or a small number of gene edited trees
are outcrossed to other trees with functional alleles at the target locus, the trait is unlikely
to be expressed in progeny. Thus, dominant gene edits, such as those that upregulate or
downregulate expression in trans, are likely to be highly desirable for such situations.
However, these are also likely to be regulated as GMOs, which may be problematic for
acceptance. Knock-in modifications, where genes or promoter elements are inserted,
could mitigate this problem, but a rule of thumb is that such targeted modifications—
which generally require some type of controlled recombination—are substantially more
difficult than KOs in plants, though improvements to CRISPR technology seem to occur
continuously [69]. However, such edits would also likely be regulated as GMOs. In gen-
eral, when transformation and regeneration efficiency is an obstacle, as is the rule in com-
mercially important forest trees, “clean” gene edited plants lacking the CRISPR machinery
will be very difficult to produce at scale.

Where clonal deployment is practiced, gene edited propagules are much more read-
ily employed. The advent of clonal systems has had major impacts on intensive forestry
in many countries [70] —particularly for Eucalyptus, Pinus, and Populus—and gene-editing
may further amplify its impacts. In these systems, additive gene action does not need to
be the dominant form; non-additive gene action in all its forms, including the use of re-
cessive allelic configurations, can be readily deployed [71]. In addition, the edits can be
customized to specific genotypes, which can be very important for target traits like mod-
ified wood quality and pest resistance (because there is extensive genetic variability that
will interact with the edits imparted).

Societal considerations are major factors affecting the feasibility of gene-editing. First,
they affect the willingness of governments and companies to invest in science and tech-
nology. After initial zeal for recombinant biotechnology shown by a number of major for-
estry companies worldwide in the 1980s and 1990s, nearly all of that effort disappeared
over the ensuing decade, presumably due to the increasingly strict regulation, market bar-
riers, and globally publicized negative events that characterized agricultural and forest
biotechnology generally [72-74]. It is also possible that the transgenic traits offered, such
as herbicide and pest tolerance, were of insufficient economic importance in forestry sys-
tems (compared to their benefits for annual crop agriculture), to provide a strong enough
economic incentive for their use, especially as technical obstacles remained high (e.g.,
transformation efficiency). Second, regulations in much of the world use the recombinant
DNA method as the trigger for regulation; in effect, this trigger means a crop is presump-
tively harmful and cannot be grown unless proven “safe,” which is normally possible only
after extensive and costly multi-year studies. During the period of research and breeding
prior to a decision to commercialize, every pollen grain, seed, and vegetative propagule
must be contained and killed, something that is nearly impossible to do with the large
size, delayed reproduction, and extensive potential for gene dispersal from pollen, and
sometimes also seed, in forest trees during breeding trials. Such releases and admixtures
in agricultural crops have in the past led to billions of dollars in legal penalties and fines,
so is a very serious risk. Exploring the benefit of a gene edited tree in a normal breeding
program, unless it is fully exempt from regulation, is effectively impossible, unless drastic
isolation measures are taken. There are regulatory exemptions for gene-editing in some
countries, but these only apply to “clean” and simple edits, particularly those that could
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have been produced by natural breeding or hybridization [75]. In reality, it will be difficult
to fully remove all transgenic elements in forest trees, as discussed above, and complex
gene edits or those that use a co-inserted DNA template (that acts as an editing guide) will
not be exempt in the USA or other countries that we are aware of. In addition, given the
costs and difficulty of transformation and regeneration, we expect that products will often
have a combination of valuable transgenic traits such as herbicide, stress, or pest re-
sistance, as well as edits, to make the investment in transformation and regulatory com-
pliance economically worthwhile.

Another barrier is the restrictions imposed by forestry certification programs. Like
organically certified food, all of the major certification programs for forestry forbid any
use of recombinant DNA methods in certified forests —no matter how limited or what the
ecological benefits might be [76]. Extensive areas of forest plantations in the world have
one kind of green certification or another (i.e., 426 million hectares in 2019, which is about
11% of the global forest area and 30% of roundwood production [77,78]), so the impacts
on forestry operations are globally significant. The no-GMO policy has remained in place
for nearly 30 years despite longstanding protests from biotechnology scientists [79,80].
This may have been the most important reason for the rapid cessation of investment in
transgenic biotechnology, as markets increasingly and rapidly demanded certified (and
thus GMO-free) products, while there was initially no allowance even for field research
[79]. However, as discussed above, it is also not clear if the benefits from transgenic tech-
nology were large enough to spur further development in forestry, though some very
promising results for yield and wood improvement were documented in field trials in
poplar [81-85]. A possibly encouraging sign is the creation of a “learning process” for FSC
certified companies to experiment with genetically engineered or edited trees outside of
certified areas, and where the trees are not used in products, certified or not [86]. How-
ever, the program is highly controversial within FSC, thus its very existence and the pa-
rameters of its operation —and therefore its ultimate impact on the use of GE trees in cer-
tified forests—is completely unknown.

5. Future Prospects and Research Priorities

The first priority to enable application of gene-editing in trees is to improve the iden-
tification of useful target genes. As described above, GWASs are currently limited in their
ability to identify loci that would be impactful and reliable targets. This is partly due to
the very low statistical power of most tree GWASs and the very limited extent of adequate
validation of candidates. Community standards are needed to build confidence in GWAS
results, particularly with respect to statistical power and control of confounding factors
(discussed above). However, for most traits targeted by breeding programs, it is unclear
whether more powerful and reliable GWAS would in fact lead to identification of candi-
dates for which gene-editing would make an important contribution beyond what can be
achieved with conventional breeding or genomic selection [87]. Moreover, because of the
large and complex multigene families of forest trees (that show various degrees of func-
tional redundancy), gene-editing studies with GWAS candidates are unlikely to provide
simple results that lead directly to useful applications. Instead, initial studies are likely to
require further investigation, often including multiple gene-targeting—thus are a first ra-
ther than a final step in technology development. It is clear that, in the near term, the main
value of gene-editing is likely to be as a research tool for exploring candidate genes and
processes.

Second, it is essential to alleviate the bottleneck for functional testing by improving
genome editing approaches. Much progress has been made in developing knock-ins and
base editing, though efficiency remains low in plants. The age of epigenome editing—
where expression-modifying non-sequence modifications such as methylation are
made—is also beginning to dawn. This will provide another suite of tools that can be used
to simultaneously activate or repress large numbers of genes, at least on a temporary basis
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(e.g., that could help overcome the transformation-regeneration bottleneck) [88]. Multi-
plex editing using multiple concatenated guide RNAs in a single construct can also en-
hance efficiency dramatically, thereby opening the possibility of pathway engineering
[89]. Transient viral editing methods have been developed for several plant species and
may even find use in the field for helping high-value trees respond to stressful environ-
ments or pathogen outbreaks. Delivery is typically done using Agrobacterium, but it can
also use packaged RNA particles [90] or nanotechnology [91]. However, no such func-
tional systems appear to have been reported for forest trees. Another important applica-
tion of nanotechnology might be if it could provide efficient gene-editing in pollen with-
out stable insertion, as this should have both the lowest regulatory barriers and easiest
incorporation into breeding programs. However, as haploid KOs, the edits would not be
expressed in heterozygous condition in progeny; expression would require pollination of
previously edited females. The possibilities continue to expand, but progress will be sty-
mied until the efficiency of transformation, or possibly transient editing methods, can be
greatly improved and regulatory barriers reduced.

Third, early flowering is an important trait for the success of editing in tree breeding
programs. This is because early flowering would allow (1) removal of gene-editing con-
structs from the edited germplasm via Mendelian segregation to ease regulatory barriers;
(2) accelerate genomic selection— if it could be imparted to many genotypes (perhaps by
systemic, transient gene expression methods as cited below); (3) aid in the introgression
of edited loci into other genetic backgrounds; and (4) enhance the diversity of gene-edited
plantations, which should improve prospects for maintaining performance over the long-
term. A viral-based transient flowering system would be ideal given the recalcitrance of
most forest trees to stable transformation; such a system has been demonstrated for apple
[92], but we are not aware of similar progress for any forest trees.

Fourth, there is also a critical need for enhancing the efficiency of vegetative propa-
gation systems in forest trees. Many commercially important trees cannot be readily prop-
agated asexually, and this limits the rate at which gene edited clones can be scaled up for
commercial production. Bypassing sexual reproduction during propagation enables non-
additive genetic gains to be maintained in species for which inbreeding is poorly tolerated
and inbred lines are not an option. Vegetative propagation also enables the use of sterile
genotypes, which may improve system biosafety and reduce regulatory and public per-
ception issues.

Finally, assuming that gene-editing field research is able to move forward in at least
some amenable genotypes in the next few years despite social constraints, it will still re-
quire many additional years to assess phenotypic effects of the gene-edit modifications
and ready trees for commercial use—including to obtain licenses for use of needed intel-
lectual property in the complex and rapidly changing area of CRISPR technologies [93].
The initial phenotypic assessment will require several years, possibly a decade or more,
for assessments of traits such as mature wood quality, flowering/sterility, and many kinds
of pest and stress resistance. Then, if results are promising, the modifications would need
to be re-tested in additional genotypes and geographies for a similar period. Finally, if the
modification continues to be successful, those modified genotypes would need to be mass-
propagated for commercial deployment as clones, and approvals obtained from regula-
tory, market, and intellectual property institutions. If instead sexual propagules are used,
it is likely to take several more years to create flowering seed orchards or make controlled
crosses at scale, especially where recessive KOs are being employed and specific geno-
types must therefore be crossed for trait expression in progeny. Thus, optimistically, we
will need a decade at minimum, and likely considerably longer, for gene-edited trees to
make a significant impact in commercial forestry. Of course, were conditions to occur
where gene-edited trees could solve an immense and existential challenge that other ap-
proaches cannot (such as to provide resistance to a new and fast spreading disease, or a
marked improvement in heat or drought tolerance to help cope with climate change), this
timeline would be advanced.
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6. Conclusion

The scientific excitement surrounding gene-editing is extraordinary. It is one of the
few methods with a reach across nearly all of biology, enabling much more precise science
and many new therapeutic and agricultural applications. However, although others have
expressed considerable enthusiasm for applications of gene editing in forestry (e.g., [1,2]),
we believe that a combination of biological, technical, and societal constraints make the
prospect for near-term, large-scale applications in commercial forestry remote. The best
places are in clonally propagated, short rotation plantations, where well-known, con-
served genes such as for flowering, herbicide tolerance, and wood chemistry can be tar-
geted. For a larger and broader impact, we await much more science on gene-trait associ-
ations and improvements to genetic transformation/regeneration and editing systems. We
also require innovations in regulatory and certification systems that recognize we are in a
climate emergency world, and breeding progress needs to accelerate, not be slowed. Un-
fortunately, because of the powerful biological and social constraints limiting progress,
we believe that significant commercial use of gene-editing will not begin for a least a dec-
ade—and perhaps much longer.
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