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In recent years, forests have been exposed to an unprecedented rise in pests and
pathogens. This, coupled with the added challenge of climate change, renders forest
plantation stock vulnerable to attack and severely limits productivity. Genotypes resistant
to such biotic challenges are desired in plantation forestry to reduce losses. Conventional
breeding has been a main avenue to obtain resistant genotypes. More recently, genetic
engineering has become a viable approach to develop resistance against pests and
pathogens in forest trees. Tree genomic resources have contributed to advancements in
both these approaches. Genome-wide association studies and genomic selection in tree
populations have accelerated breeding tools while integration of various levels of omics
information facilitates the selection of candidate genes for genetic engineering. Furthermore,
tree associations with non-pathogenic endophytic and subterranean microbes play a
critical role in plant health and may be engineered in forest trees to improve resistance in
the future. We look at recent studies in forest trees describing defense mechanisms using
such approaches and propose the way forward to developing superior genotypes with
enhanced resistance against biotic stress.
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INTRODUCTION

Forest trees in their native range are introduced and domesticated as plantation stock encounter
various biotic and abiotic factors that influence their persistence and productivity. In recent
years, introduced pests and pathogens have been increasing at an alarming rate (Santini et al.,
2013; Wingfield et al, 2015; Hurley et al., 2016). In some cases, these invasions threaten tree
species with local extinction, such as the fungal pathogen Cryphonectria parasitica, that is
responsible for the devastating chestnut blight that has all but eliminated the American chestnut
from North America and led to novel transgenic strategies to save this tree (Newhouse et al.,
2014). In recent years, Austropuccinia psidii has been introduced into various regions of the
world and threaten some Myrtaceae with extinction (Roux et al., 2013; Granados et al., 2017;
McTaggart et al., 2017). Additionally, various pine plantations have suffered losses from pitch
canker disease caused by Fusarium circinatum (Gordon and Reynolds, 2017). Invasive pests
can also cause major loss to forestry operations. For example, introduced Eucalyptus plantations
have experienced devastation by the gall wasp, Leptocybe invasa (Dittrich-Schroder et al,
2012). At the same time, global climate change will exacerbate disease and pest incidence
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(Sturrock et al., 2011; Das et al., 2016), as is the case with
the devastating outbreaks of the mountain pine beetle (Six
et al, 2018). The rapid increase in both biotic stress factors
in many forests and forest plantations require a matching
increase in options to mitigate their impact.

Plant defenses are complex and multiple signaling pathways
may be induced following recognition of the attacker through
effectors or molecular patterns specific to the invader (Jones
and Dangl, 2006; reviewed in Naidoo et al., 2014). Resistance
genes interact with effectors to induce effector-triggered immunity
(ETI), accompanied by a hypersensitive response and containment
of the invader. In the absence of such specific pathogen
recognition, a basal level of defense may be induced during
pathogenesis, although this may be too weak to fight off the
invading microbe. Plant biotic stress interactions have been
dissected in model herbaceous plants and have extended our
knowledge of the sophisticated defense systems to different
invaders. A challenge in forest trees is that the underlying
resistance mechanisms are not always the same as described
or predicted in model systems necessitating study of defense
pathways and strategies utilized by tree species directly. Resistance
may be polygenic (quantitative) or the result of a single major
gene (qualitative; reviewed in Kovalchuk et al., 2013). The latter
type of resistance may become ineffective over time due to
rapidly evolving pathogens. Durable resistance that persists over
time and across environments is needed in long-lived forest trees.

Long-term solutions to biotic stress interactions are clearly
needed, and an important component is the inclusion of
strategies that utilize plant-encoded genetic resistance to a
particular stress. Genomic resources for forest trees have
supported tree breeding and selection efforts in the form of
genome-wide association studies (GWAS) and genomic selection
(GS). In addition, genomic resources have improved our ability
to infer defense pathways and genes important for producing
superior forest trees with resilience against biotic stress. In
this minireview, we will highlight recent discoveries in tree
systems employing such approaches and propose a way forward
for the insightful selection of candidate genes for genetic
engineering and improvement of trees.

Breeding for Resistance

Conventional tree breeding, based on phenotype selection, has
been a successful means of attaining resistance against pests
and pathogens (Figure 1A). Sniezko and Koch (2017) review
some examples of successful resistance breeding programs
around the world. An example from Africa is the hybridization
of Eucalyptus grandis with Eucalyptus urophylla which has
improved resistance against the fungal pathogen, Chrysoporthe
austroafricana (Wingfield, 2003).

Several resistance loci have been identified in forest trees,
e.g. Pprl (Puccinia psidii resistance 1, Junghans et al., 2003)
and Fusiform rust based on mapping using molecular markers.
Despite this, the marker-aided selection (MAS) approach in
forest systems was limited as most studies reported quantitative
trait loci (QTL) discovery but were not validated for the
application of MAS itself (reviewed in Sniezko and Koch, 2017)

and has recently been superseded by genomic selection (GS).
Grattapaglia et al. (2018) provide a critical review of GS in
this special issue. In GS, associations are made between
phenotypes and genotypes of a structured training population.
A predictive model is made incorporating as many desirable
traits as possible. The model is refined based on additional
populations and used to predict desired phenotypes based on
genotypic information only (Isik, 2014).

In GWAS, associations are made between the phenotype
and the genotype in a structured breeding population (Isik,
2014). It is imperative that the associations are validated in a
second population. The method relies on a high density of
markers and a large discovery population; however, owing to
limited genome information, the former is not always possible.
In the case of white pine blister rust, a preliminary analysis
using a small set of single-nucleotide polymorphism (SNP)
markers was undertaken to identify partial resistance to the
disease in Pinus lambertiana (Vazquez-Lobo et al, 2017).
Significant associations were shown for four of the SNP markers.
In Norway spruce, exon-capture sequencing was applied genome
wide to identify genes associated with susceptibility to
Heterobasidion parviporum (Mukrimin et al., 2018). Muchero
et al. (2018) found Populus trichocarpa loci associated with
the response to the fungus, Sphaerulina musiva, based on genome
resequencing. Three loci were associated with resistance and
one, encoding a G-type D-mannose-binding receptor-like kinase,
was associated with susceptibility. This example demonstrates
that candidate defense or susceptibility genes can be identified
in a GWAS. In the case of SNP markers, candidate genes
within the genomic loci associated with resistance may be inferred
based on genome sequence and further information regarding
the relevance of the gene during a biotic stress challenge can
be determined using functional genomics, e.g. transcriptomics
or proteomics. If genes in these associated regions are differentially
expressed under the biotic stress challenge, it is possible that
they may be contributing to the resistance phenotype.

The approaches can be even more sophisticated using regional
heritability mapping (RHM). RHM uncovers variance not
accounted for in GWAS as the approach examines short segments
of the genome combining the effects of rare and common
SNP variants between individuals to estimate the trait variance
explained by such regions (Nagamine et al, 2012). Resende
etal. (2017) compared RHM and GWAS approaches in Eucalyptus
for trait mapping of wood and Puccinia psidii disease phenotypes.
RHM was considered superior revealing more genomic regions
that could be interrogated for underlying candidate defense
genes. Additionally, the authors suggest that the genomic
architecture revealed by the RHM-QTLs could be used to
enhance genomic selection models.

An exciting prospect in forest trees would be to follow the
approach of Thoen et al. (2017) who performed a GWAS in
Arabidopsis to 11 different stresses separately and examined
combinations of biotic and abiotic stress responses as a phenotype
to explore the genetic architecture that underlies plant immunity.
Contrasting and overlapping SNP associations were identified
in biotic and abiotic stress combinations and it would be interesting
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FIGURE 1 | Two avenues to achieving resistance in forest trees are depicted. In tree breeding approaches, (A) resistant phenotypes are identified in field and tested
under controlled conditions. Such resistant genotypes (green trees) are selected as parents in breeding programs to introduce resistance into a susceptible
background (orange trees). Marker-assisted selection has supported plant breeding programs and new genomic tools could enhance selection of resistant trees,
e.g. GWAS and GS. In the genetic engineering approach (B), structured breeding programs provide the information about individual resistant or susceptible
genotypes that are investigated using a multitude of omic approaches to identify defense mechanisms governing resistance and the power lies in the integration of
such studies to a systems level. In addition, summation of such studies into a user-friendly database can assist with comparisons to identify genes and pathways
especially important for resistance against specific challenges. A network analysis across species provides support for key genes or pathways to manipulate. The
next steps are to test the function of such genes in model systems, and this information is updated in the database. Successful candidates conferring a degree of
resistance can be introduced into the forest tree of interest with intense laboratory and field testing (blue trees). The transgenic tree conferring resistance may

be bred into various clones selected through breeding programs to pyramid resistance.

Superior resistant genotypes

to see if similar patterns are apparent in forest trees for which
high-density SNP markers are available, e.g. Eucalyptus.

Genetic Engineering Tree Resistance

In the absence of natural genetic variation for resistance against
a particular biotic stress, genetic engineering may become
necessary. The steps toward engineering resistance include gene
discovery, candidate gene selection, transformation, and testing
(Figure 1B). Gene discovery has been aided by omics approaches
in forest trees.

Comparative Genomics

A trend observed in the recent genomes of tree species suggests
an increase in the number of NLR genes in comparison to
herbaceous plants. This may be attributed to their increased
exposure to more pathogens during their longer lifetime (Yang
et al,, 2008; Neale et al, 2017). Specific pathogenesis-related
genes were also expanded in different forest tree species
such as Pinus tecnumanii compared to other sequenced
genomes (Visser et al., 2018).

Transcriptomics and Proteomics

Host-pathogen interaction studies have benefitted from the use
of transcriptomic approaches and have gained popularity in
tree species where comparisons are made between species with
disparate tolerance to pathogens (Mangwanda et al., 2015; Meyer
et al, 2016). The dual-RNA sequencing approach allows for
the intimate study of pathogen and pest as transcripts in both
organisms can be captured simultaneously (Naidoo et al., 2017).
Host tree responses including defense mechanisms and the
corresponding virulence mechanisms in the pathogen can
be identified. Some examples are studies on Notholithocarpus
densiflorus and the oomycete, Phytophthora ramorum (Hayden
et al., 2014), Populus and the fungal pathogen, Septoria musiva
(Liang et al., 2014), E. grandis and Chrysoporthe austroafricana
as well as Eucalyptus nitens and Phytophthora cinnamomi
(Mangwanda et al., 2015; Meyer et al., 2016). Proteomics offer
another level of functional relevance to genes involved in plant
defense and iTRAQ (Isobaric Tags for Relative and Absolute
Quantitation) was applied in Eucalyptus challenged with C.
austroafricana and Calonectria pseudoreteaudii (Chen et al., 2015;
Zwart et al, 2017). In the case of the interaction with
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C. austroafricana, proteins specific to cell death, salicylic acid
signaling and systemic resistance were more apparent compared
to the transcriptomic study (Mangwanda et al, 2015). Thus,
proteomics may provide novel insight into plant-microbe
interactions as there is not a one-to-one relationship between
transcript levels and protein abundance.

Metagenomics

Metagenomic studies in forest trees have typically found thousands
of taxa associated with individual trees from tropical forests to
the boreal region and have linked the importance of these
microbiomes to tree health (e.g. Kemler et al, 2013; Kembel
and Mueller, 2014; Hacquard and Schadt, 2015; Agler et al,
2016; Jakuschkin et al., 2016; Vivas et al., 2017; Bullington et al.,
2018). Above- and below-ground endophytic microbes can
contribute to host immunity through multiple direct and indirect
(via the host) interactions. Indirectly, endophytes can impact
pathogens and pests through changes in the host physiology
that affect growth or priming of the immune response via induced
systemic resistance (ISR) and plant volatile production (Hardoim
et al., 2015; Brader et al,, 2017). Endophytic microbes can also
directly impact pathogens and pests directly through competition,
exclusion, and antibiosis (Agler et al., 2016; Bamisile et al., 2018).
A further mechanism by which endophytic microbes, especially
mycorrhizal fungi, may affect plant pathogens and pests is through
altered nutritional status of the plant (Gange et al., 2005; Lehr
et al., 2007; Pfabel et al, 2012; Kaling et al.,, 2018). In future,
therefore, we need to improve the depth of our understanding
on how mutualistic colonization of tree tissues impact pest and
pathogen interactions by combining a range of omic approaches
to understand the molecular mechanisms at play.

Advances in our knowledge of mechanisms by which beneficial
microbes play a role in plant health as well as in our understanding
of holistic plant systems are opening up new avenues whereby
we can begin to consider actively selecting tree genotypes that
specifically foster microbiomes to improve plant health (Mueller
and Sachs, 2015). Past research has demonstrated that it is
possible to control various aspects of the root and/or foliar
microbiome through genetic manipulation of different metabolic
pathways within the tree through single-gene alterations (Beckers
et al., 2016; Veach et al, 2018). While these examples are a
proof of concept that minute genomic changes to a tree’s genome
can have significant impacts on microbial populations, the
question now remains as to whether we can intentionally breed
or engineer tree genotypes that specifically target and foster/
repress the growth of specific microbes within plant tissues.
While much research is needed within this area for tree species
of economic importance, advances in this area have been made
in agricultural crops (Besserer et al., 2006; Fierer et al., 2007;
Carvalhais et al,, 2015). Should similar pathways be targeted
in tree systems we might be able to similarly improve tree
health through naturally present microbial populations.

Metabolomics

Metabolomics in forest tree-biotic stress interactions have been
limited to the study of specific secondary metabolites, e.g.
terpenes (Oates et al., 2015; Naidoo et al., 2018), using methods

such gas or liquid chromatography coupled to mass spectrometry
(GC-MS and LC-MS, respectively) and near-infrared reflectance
(NIR) technologies. Metabolomics in European common ash,
Fraxinus excelsior, revealed different profiles associated with
resistance and tolerance to the fungus, Hymenoscyphus fraxineus
(Sambles et al., 2017). Where possible, combining different
approaches, e.g. transcriptomics and metabolomics, enhances
the selection of pathways implicated in defense. This was applied
in pedunculate oak (Kersten et al., 2013). Oaks resistant and
susceptible to the leaf roll miner herbivore had specific volatile
profiles and susceptible trees produced a volatile blend more
attractive for the pest. At the transcriptome level, resistance
was attributed to constitutive rather than induced defenses.
Plant-plant interactions play an important role in defense signaling
against pathogens (for a recent review, please see Subrahmaniam
et al, 2018 who describe candidate genes defining plant-plant
interactions as cell wall modifications and defense pathways).
This phenomenon has been studied in trees to a limited extent
as indirect defenses. Indirect defenses involve the release of
volatile compounds that attract natural enemies of the pest or
signal neighboring plants of the threat (Unsicker et al., 2009).
This has been demonstrated in elm (Ulmus minor) responses
to the elm leaf beetle, Xanthogaleruca luteola, where oviposition
altered volatile profiles that attracted the specialist egg parasitoid,
Oomyzus gallerucae (Meiners and Hilker, 2000). Eucalyptus also
uses these signals to prime neighboring plants, e.g. feeding by
Ctenarytaina eucalypti induced volatile responses which increased
defense-related compounds in unwounded plants (Troncoso
et al, 2012). Oviposition or herbivory-induced chemical cues
released by plants have been shown to serve as reliable indicators
of the presence of prey to predators and parasitoids of the
pest (Hilker et al., 2002; Bruinsma et al., 2009).

While these previous applications have proceeded at a rapid
rate in forestry research, an area that still lags behind is
phenomics. Phenomics involves the high-throughput capture
of the phenotypes of an organism, influenced by its genotype
and genotype x environment. Phenomics informs the genotype-
phenotype map (reviewed in Houle et al., 2010) and new imaging
technologies are being pursued to achieve this goal. Ludovisi
et al. (2017) describe the use of unmanned aerial vehicle type
of remote sensing and imaging to enable high-throughput field
phenotyping. The authors applied this to black poplar populations
to capture precise phenotypes for drought responses. These
techniques are equally promising for biotic stress phenotyping
to accelerate the development of superior genotypes.

With the generation of multiple levels of omics data, systems
biology views of organisms become possible. This provides
a framework for linking molecular interactions with complex
traits (Mizrachi et al., 2017). The integration of information
from different experiments can be used to generate a network
modeling the dynamics and complexity of a biological system.
The development of such models is iterative and is used to
refine new models. Studies in Arabidopsis show the power
of this approach to uncover key mechanisms important in
plant defense (Mukhtar et al., 2011). A related approach is
systems genetics (also known as genetical genomics) which
incorporates the genetic variation of organisms with the
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systems level phenotyping to dissect complex traits (Jansen
and Nap, 2001). Tree breeding programs provide the structured
populations for such types of studies (Figure 1B). Molecular
mechanisms underlying wood properties in Eucalyptus were
characterized in this manner (Mizrachi et al., 2017), with
systems genetics studies involving tree biotic stress interactions
not far behind.

SELECTION OF CANDIDATE
DEFENSE GENES

The wealth of omics data that is being generated for trees
during pest and pathogen challenge requires concomitant
development of resources to promote access by the scientific
community. User-friendly databases are increasingly becoming
available to analyze and visualize omics data in woody perennials,
which can assist with identifying key genes and pathways for
resistance. The TreeGenes database (Wegrzyn et al., 2008") is
a forest tree genomics resource for integration and analysis
of genome sequences, transcriptomes, genetic maps, molecular
markers, and phenotypic data for 1,749 species. The Plant
Genome Integrative Explorer (Sundell et al., 2015%) provides
access to genomic and transcriptomic data for Poplar,
Arabidopsis, Eucalyptus, and conifer. PlantGenlIE contains tools
for expression analyses and visualization of gene co-expression
networks within and across forest species (Netotea et al., 2014).
Gramene (Tello-Ruiz et al., 2016%) contains the plant reactome
database for analysis of plant metabolic and regulatory pathways.
MorphDB (Zwaenepoel et al, 2018*) assists in identifying
missing genes in pathways and regulators such as transcription
factors or other signaling genes. Such approaches can place
the potential resistance genes in a functional context relative
to known resistance genes and thus assist in identifying and
prioritizing candidates (Rhee and Mutwil, 2014). Flowing out
of such databases should be the development of a predictive
network model to understand the potential functional role of
genes within a pathway (Figure 1B). Mewalal et al. (2014)
provides an insightful review on identifying and prioritizing
genes using omic approaches to assist new hypothesis-driven
experiments. Once candidate genes are prioritized and selected,
they are tested in model systems for a disease or pest tolerant
phenotype. This has been demonstrated for P trichocarpa
whereby overexpression of a salicylic acid-inducible gene,
PtrWRKY73, in Arabidopsis increased resistance to Pseudomonas
syringae (biotroph) but reduced resistance to Botrytis cinerea
(necrotroph) (Duan et al, 2015). Another study made use
of Nicotiana tabacum overexpressing antimicrobial protein
Sp-AMP2 (PR-19) from Pinus sylvestris L., which enhanced
resistance to B. cinerea (Jaber et al., 2017). Following successful
or unsuccessful demonstration of a candidate gene’s function,
the model can be refined followed by repeated testing until

'https://treegenesdb.org/Drupal/

*http://plantgenie.org/

*http://www.gramene.org/
*http://bioinformatics.psb.ugent.be/webtools/morphdb/morphDB/index/

a desired phenotype is observed (Figure 1B). Then introduction
of the gene into the desired forest tree species is
pursued via genetic transformation. Candidate genes may
be overexpressed, knocked down, or knocked out. Jiang et al.
(2017) utilized CRISPR/Cas9 knockouts of candidate WRKY
transcription factors to unravel regulatory mechanisms in
Populus during interaction with Melampsora rust. Once successful
transgenic lines are obtained, extensive functional testing under
different conditions is made to determine if the candidate
gene confers biotic stress resistance. One limitation of producing
transgenic trees is that transformation may be optimized for
specific clonal backgrounds. This can be circumvented by
incorporating transgenic trees as parents in breeding programs
to transfer the desired resistant phenotype to other genetic
backgrounds (Figure 1).

ADVANCES TOWARD ENGINEERING
RESISTANCE

Forest biotechnology companies have been developing transgenic
forest tree species, Populus and Eucalyptus, to enhance biomass
and resistance to stresses. ArborGen Inc. has developed
transgenic freeze-tolerant Eucalyptus (Zhang et al., 2012) and
SweTree Technologies have developed transgenic hybrid aspen
(Populus tremula x Populus tremuloides) with enhanced growth
properties (Eriksson et al., 2006). FuturaGene Ltd. has developed
and commercialized the first genetically modified Eucalyptus
tree with 20% more biomass (“Brazil approves transgenic
eucalyptus,” 2015) with developments to commercialize disease-
resistant trees (Avisar et al., 2013) underway. Additionally,
genome editing holds great promise for accelerated breeding
in forestry (Bewg et al, 2018). Therefore, once we identify
genes or metabolic pathways crucial to disease resistance,
we will be able to quickly manipulate these pathways and
produce plants that are available to industry in a timelier
manner than ever before.

CONCLUSION

With the unprecedented increase in forest pests and pathogens,
the two avenues to generate resistant trees are necessary. Breeding
and genetic engineering could be combined to accelerate achieving
the goal of resistance in forestry. Genomic tools are enhancing
our rate of gene discovery in forest trees; however, the vast
amounts of data must be more centralized and accessible to
identify candidate genes for testing. As is the trend in model
systems, tree immunity should also be increasingly viewed from
a holistic, systems-based perspective that incorporates the
complexity of the biotic interactions outside, within and below
the tree. This includes the potential for direct manipulation
of host-associated microbes for tree resistance, as well as the
recognition that genetic engineering of the host impacts the
microbiome with potentially important consequences for tree
resistance. A concerted effort has to be made to make engineering
resistance a reality in forestry.
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