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ADDRESSING THE PROBLEM—WHY FORESTRY NEEDS DIAGNOSTIC TOOLS?

Over the last two decades, European forest ecosystems have been exposed to increasing stress associated with an increasing number, duration and severity of extreme events triggered by climate change (Dyderski et al., 2018). For forest plants, the concomitant stresses are not limited to direct detrimental effects of rising temperatures, drought and heavy rainfall, but also include enhanced virulence of native plant pathogens and herbivores and the introduction of new pests (Stenlid and Oliva, 2016). The detection of forest diseases at an early stage, when visible symptoms cannot yet be observed, is a crucial prerequisite to counteract regional spreading of pathogens. However, the effective monitoring of forest damage and diseases requires reliable and easy-to-use portable test systems.



CURRENT METHODS FOR DETECTION AND DIAGNOSIS OF FOREST DAMAGE AND DISEASES IN AN ASYMPTOMATIC STAGE

For the detection and asymptomatic diagnosis of plant diseases, currently, a wide variety of biochemical molecular methods is applied. These approaches include well-established methods such as polymerase chain reaction, immunofluorescence, fluorescence in situ hybridization, enzyme immunosorbent assay and flow cytometry, and the use of portable sensors developed on the basis of the above-mentioned laboratory techniques. For a detailed description of the principles, advantages, and disadvantages of these methods we recommend several recently published review articles by Fang and Ramasamy (2015), Lau and Botella (2017), and Luchi et al. (2020). A common feature of most molecular biology techniques is that they are based on the recognition of pathogen DNA, RNA, or protein molecules present in the sampled plant tissue and often assume an advanced stage of the infection, which has spread over a large part of the tree. Such molecular markers are often highly specific for a particular pathogen and are therefore susceptible to false negative results in diseases caused by non-indigenous pathogens (i.e., invasive species) or species with high genetic diversity (Luchi et al., 2020). Therefore, other types of molecular markers are required for the detection of disease by different types of stress in forest populations at the early, asymptomatic stage.

Several advanced techniques have been applied to monitor stress conditions in agricultural land and forests, including biophysical methods such as thermographic, hyperspectral reflectance, and advanced fluorescence imaging techniques, as well as metabolome analyses such as profiling of volatile organic compounds or plant hormones (Martinelli et al., 2015). However, the interpretation of the results obtained with these methods depends on the availability of large amounts of data that would allow to distinguish between normal seasonal and diurnal variations of the measured parameters and their pathological profiles, and on appropriate data processing and analytical techniques. Both data collection and data analysis require special experience and are not field applicable.

To overcome these disadvantages, the development of a new test system based on host immune responses could be a promising strategy. We hypothesize that new host-derived markers, in combination with serological techniques already well-established for forest disease diagnosis, will provide a promising tool for the detection of forest damage and diseases at their early asymptomatic stage. Such a prospective technology will be an antibody-based Lateral-Flow-Test (LFT) targeting a particular stress-induced plant defense protein (Figure 1A).
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FIGURE 1. Plant defense proteins as potential markers for an early detection of forest diseases. (A) Schematic representation of a plant proteins-based test system. In trees, visible symptoms often appear years after disease induction. At molecular level, plants develop a systemic defense response from hours to days after onset of infection or stress. Plant defense proteins, such as antimicrobial peptides (AMP), can be detected in leaf extracts using Lateral-Flow-Test (LFT) with two specific antibodies. The first anti-AMP antibody forms a mobile complex with an AMP molecule and flows in the direction of the stripe region containing an immobilized second anti-AMP antibody capturing this complex. If AMPs are present, the color of the corresponding stripe region changes because of macroscopic gold particles bound to the mobile anti-AMP antibody. Using LFTs, tree diseases can be detected at an early asymptomatic stage. In addition, more detailed results are conceivable with a multiple-readout test stripe containing multiple test lines with two antibody pairs against different antigens, e.g., one antibody pair against a general stress-marker and another against an AMP characterized by a narrow spectrum of antimicrobial activity. More technical details of LFTs are described elsewhere (Yetisen et al., 2013). (B) Current state of knowledge on defense proteins in woody plants: The case of defensins. Total number of defensin and defensin-like genes predicted using standard homology-based genome annotation (brown) and AMP-targeted (orange) pipelines are given for selected herbaceous and woody plant species (species names in green and black, respectively). Information about the number of genes identified using the AMP-specific approaches is available for A. thaliana, A. halleri, and A. lyrata (Silverstein et al., 2005), M. truncatula (de Bang et al., 2017), T. aestivum (International Wheat Genome Sequencing, 2018), V. vinifera (Giacomelli et al., 2012), S. lycopersicum, P. persica, and P. trichocarpa (Liu et al., 2017). Stars indicate species, for which corresponding information is not available.




PREREQUISITES OF GENE- OR PROTEIN-BIOMARKERS FOR THE EARLY DETECTION OF DISEASES

First of all, we have to keep in mind that the purpose of such markers is not to detect a particular species of plant pathogens or herbivores but rather to identify a general problem resulted from a predefined range of causative agents. Therefore, good host-derived markers should respond to a broad spectrum of stressors. In addition to the broad target range, potential markers are expected to exhibit specific spatio-temporal expression pattern. Disease-causing agents trigger two types of reactions in plants: a local reaction restricted to the attacked tissue and systemic reactions including biochemical and biophysical changes in tissues and organs distal to the affected locus (Eyles et al., 2010). Only genes or proteins involved in systemic reactions constitute potential markers for the early disease detection. Finally, in order to have an unrestricted time for sampling, a reliable marker should be rapidly upregulated and maintain a high expression level during a particular stress with negligible diurnal variation.



ANTIMICROBIAL PEPTIDES AS POTENTIAL MARKERS FOR THE EARLY DETECTION OF FOREST DISEASES

Are there any proteins in plants that fulfill the above criteria? To answer this question, we present here the relevant current knowledge about a large group of proteins of innate plant immunity, the antimicrobial peptides (AMPs), with special emphasis on the defensins as the best-studied class of AMPs. These peptides comprise a diverse group of short, cysteine-rich proteins, some of which are also known as Pathogenesis-Related (PR) proteins. AMPs, which are ubiquitous in higher plants, are characterized by a remarkable primary sequence variation and high stability of their three-dimensional protein structure maintained by disulfide bonds formed by highly conserved cysteine residues (Campos et al., 2018; Kovaleva et al., 2020). Based on their tertiary structure, AMPs are classified into defensins, thionins, lipid-transfer proteins, heveins, and other multigene families. Depending on the species, each family consists of dozens to hundreds of genes. AMPs are secreted mainly in the apoplastic space of peripheral cell layers and act as the plant's first line of defense against pathogenic fungi, bacteria, viruses, and herbivores (Lazzaro et al., 2020).


Spectra of the AMP Antimicrobial Activities

The majority of AMPs are positively charged at their surface and cause broad-spectrum antimicrobial activity by interacting with negatively charged microbial membranes. This interaction leads to a change in membrane structure, followed by cell death or, in some cases, to an intrusion of AMPs into the pathogen interior, where they interact with specific intracellular targets (van der Weerden et al., 2008). Other known AMP mechanisms of function include interaction of AMPs with specific lipid, protein, or oligosaccharide molecules of bacterial or fungal cell walls (Thevissen et al., 2000), inhibition of fungal phytopathogenic proteins (Slavokhotova et al., 2014), induction of systemic iron deficiency (Hsiao et al., 2017), and inhibition of digestive enzymes of insects (Major and Constabel, 2008). Each particular mechanism determines the spectrum of antimicrobial activities and spatiotemporal expression patterns of individual AMPs.

The specificity of antimicrobial activity and target range of individual AMPs vary widely within and between species. The type I defensins AtPDF1.1 and AtPDF1.2 from Arabidopsis thaliana are probably the best studied AMPs involved in non-specific plant resistance to a wide range of biotic and abiotic challenges such as necrotrophic fungi, bacteria, herbivorous insects, and an excess of heavy metals (Nguyen et al., 2014; Hsiao et al., 2017). Many AMPs are known to possess a more specific antimicrobial activity with their target range limited to a particular taxonomical group of plant pathogens. These limitations are due to the aforementioned ability of some AMPs to attach to membrane or cell wall molecules specific to certain groups of microorganisms such as fungi-specific sphingolipids or digestive enzymes of insects (Thevissen et al., 2000; Wijaya et al., 2000; Medeiros and Pockman, 2011). The most striking example of extreme functional specialization are defensin-like peptides involved in the regulation of plant-bacterial symbiosis. These AMPs are able to differentiate even between different strains of a symbiotic bacterium (Simsek et al., 2013).



Spatio-Temporal Patterns of Antimicrobial Peptide Formation Under Stress

Similar to their target ranges, plant AMPs show a great heterogeneity in tissue specificity and longevity after onset of the stress response. Many functionally promiscuous AMPs are known to be tightly integrated into general immune signaling networks and therefore form an integral part of the plant's systemic response to infection or environmental stress. For example, the aforementioned broad-spectrum defensins AtPDF1.1 and AtPDF1.2 are known to be part of the plant's immune response triggered by the phytohormones ethylene and jasmonic acid. In response to infestation with necrotrophic fungi and bacteria, these AMPs are upregulated both locally at the inoculation site and systemically in tissues distal to the infection site as early as 6 h after the infection and remain detectable during at least the following 3 days (Hsiao et al., 2017). A broad-spectrum defensin PtDef from Populus trichocarpa showed a graduate increase of its expression levels in response to abiotic stresses, such as drought and cold, during seven days of the experiment (Wei et al., 2020). Further examples of systemic AMPs involved in either hormone-mediated or reactive oxygen species-activated MAPK signaling cascades are described in the review by Bolouri Moghaddam et al. (2016). In contrast, defensin-like nodular peptides exhibit a very high tissue specificity: they are not only expressed exclusively in root nodules, but also differentiate between several nodular zones (Roux et al., 2014); their temporal expression patterns are fine-tuned to the developmental stages of bacterial symbionts (Marx et al., 2016).

Some of the examples presented above suggest that AMP markers are applicable for the early detection of plant diseases. Depending on the task, the test-system may utilize either general-stress response, or more specific (e.g., fungal infection) AMP markers, or both (i.e., a dual-readout LFT; Gong et al., 2018). However, along with advantages, we have to consider challenges for developing a test-system for the early detection of plant diseases.



How Much Do We Know About AMPs in Perennial Woody Plants?

Currently, the greatest obstacle to the selection of host-derived markers for early detection of forest diseases is our limited knowledge on defense mechanisms in trees. The plant immune system has been studied primarily in the model organism Arabidopsis and several important crop species. These studies show an incredible between-species variation of gene copy number and biological functions of plant defense proteins, even between closely related species (Hanks et al., 2005; Mondragon-Palomino et al., 2017). Because of this variation, it is impossible to extrapolate findings derived from short-lived herbaceous plants directly to long-lived woody plants. As they are at the forefront of the host-parasite arms race, defense genes are subject to rapid diversification, which hinders their identification using homology-based techniques (Liu et al., 2017). To overcome such obstacles, specific computational approaches have been developed for the identification of genes involved in plant defense. In the case of AMPs, gene identification methods are based on the conserved patterns of cysteine residues and presence of N-terminal signal peptides. In Figure 1B, we show that the number of genes annotated in plant genomes as AMPs varies considerably depending on the identification method applied. So far only very few genomes of perennial woody plants have been screened using specific AMP-targeting approaches. In addition, only very few studies have addressed the functions of AMPs in trees [e.g., Pinus sylvestris (Hrunyk et al., 2017; Khairutdinov et al., 2017), Picea glauca (Picart et al., 2012), and P. trichocarpa (Major and Constabel, 2008; Wei et al., 2020)]. Nevertheless, the results of these studies support the following statements: (a) There is a high diversity of AMPs in long-living woody plants. (b) Similar to herbaceous species, AMPs in tree species are involved in the development of resistance to a variety of biotic and abiotic stresses. (c) The target range and mechanisms of antimicrobial activity of individual AMPs of woody plants are species-specific.




CONCLUDING REMARKS

Defensins and other AMPs are promising candidates for early detection of plant diseases independent of a stress-factor in general. An AMP-dependent test-system can be designed for the tree species dominant in particular regions and used as a part of the regional forest monitoring program. Engineering highly specific antibodies is challenging but possible with modern techniques for the monoclonal antibody production like phage display (Bradbury et al., 2011). Unfortunately, the knowledge on immune responses in woody plants is rudimentary and needs further investigations. Advances in DNA and RNA sequencing technologies make it possible to generate whole genome and transcriptome sequence data for ecologically important forest tree species such as English oak and beech (Mishra et al., 2018; Plomion et al., 2018). This increasing availability of data can partially compensate for the lack of experimental evidence on the diversity, expression type, and tissue specificity of defense proteins of woody plants, information that can be used for the pre-selection of protein markers for developing an antibody-based LFT stripe for early detection of diseases in these species.
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