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Abstract: Pathogens, especially invasive species, have caused significant global ecological, economic, and social 

losses in forests. Plant disease research has traditionally focused on direct interactions between plants and 

pathogens in an appropriate environment. However, recent research indicates that the microbiome can interact 

with the plant host and pathogens to modulate plant resistance and/or pathogen pathogenicity, and thereby 

altering the outcome of plant-pathogen interactions. Thus, this presents new opportunities for studying the 

microbial management of forest diseases. Compared to parallel studies on human and crop microbiomes, 

research into the forest tree microbiome and its critical role in forest disease progression has lagged. The rapid 

development of microbiome sequencing and analysis technologies has resulted in the rapid accumulation of a 

large body of evidence regarding the association between forest microbiomes and diseases. These data will aid 

the development of innovative, effective, and environmentally sustainable microbial management of forest 

diseases. Herein, in this review, we summarize the most recent findings on the dynamic structure and 

composition of forest tree microbiomes in belowground and aboveground plant tissues (i.e., rhizosphere, 

endosphere, and phyllosphere), as well as their pleiotropic impact on manipulating plant immunity and 

pathogen pathogenicity, highlighting representative examples of Biological Control Agents used to modulate 

relevant tree microbiomes. Lastly, we discuss the potential application of forest tree microbiomes in disease 

control as well as their future prospects and challenges. 

Keywords: microbiome; rhizosphere; phyllosphere; endosphere; plant immunity; pathogen suppression; 

biological control agents; woody plants 

 

1. Introduction 

Forests provide a multitude of benefits to humans, including climate regulation, water supply 

and regulation, habitats for biodiversity. Nevertheless, the current condition of global forest 

resources does not bode well for their conservation [1]. Apart from human deforestation, outbreaks 

of old diseases and the emergence of new diseases is one of the most influential factors threatening 

forest resources. Typical examples of devastating diseases include chestnut ink disease (Phytophthora 

cinnamomi and Phytophthora cambivora) [2], chestnut blight (Cryphonectria parasitica) [3], Dutch elm 

disease (Ophiostoma ulmi and O. novo-ulmi) [4], sudden oak death (Phytophthora ramorum) [5], pine wilt 

disease (Bursaphelenchus xylophilus) [6], ash dieback (Hymenoscyphus fraxineus), and laurel wilt 

(Raffaelea lauricola) [7]. These diseases have led to the disappearance of the forest trees and the 

degradation of forest ecosystems. The occurrence of forest diseases in nature requires a susceptible 

host, a pathogen, and suitable environmental conditions (e.g., temperature and humidity) [8–11], as 

explicitly stated by the disease triangle theory, a principle of plant pathology. However, studies have 

traditionally focused on the interaction between a single woody plant and a single pathogen, with 

little attention paid to the role that environmental factors (e.g., biological and abiotic factors) play in 

pathogenic colonization and pathogenicity. In this disease triangle, the influence of other woody 

plant (WP)-colonizing microorganisms, namely the microbiota, on pathogen colonization and plant 

defense against infection is not considered.  

Plant microbiomes exist widely in rhizosphere, phyllosphere, and inside plants. Microbiome-

wide association studies (MWAS) have been widely used to investigate the links between the altered 
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microbiome and the development of human diseases, including, but not limited to, type 2 diabetes, 

rheumatoid arthritis, liver cirrhosis, obesity, and colorectal cancer [12]. Due to its present success in 

the field of human and animal diseases, MWAS have been broadened to investigate the association 

between the plant microbiome and disease [13,14]. Accumulating studies suggest that, like the human 

microbiome, the plant microbiome also plays an important role in promoting plant growth and 

development, nutrient uptake, and disease defense [15,16]. Plant microbiomes are not static. Their 

structure and function change in response to pathogen infection, to directly or indirectly regulate the 

plant immune system, ultimately determining plant health. As a result, some related concepts such 

as Core Microbiome (CM), Synthetic Microbiome (SynComs), Defense Microbiome (DefenseBiome), 

and Agricultural Precision Microbiome have evolved. Our understanding of the plant microbiome 

and its function in plant health has advanced considerably in recent years due to the rapid 

development of microbiome-related technologies and approaches. The attention from the initial 

description stage to mechanisms governing the assembly and function of microbiota, and potential 

applications in integrated plant management programs was shifting. Key drivers affecting the 

assembly of plant-associated microbiota are identified by microbiome-genome-wide association 

studies (mGWAS) and metagenomic association studies, which also link certain microbial species to 

genes involved in plant colonization, plant physiology, and fitness-related features. Metaproteomic 

and metabolomics technologies have been used to mine and identify key proteins, signaling 

molecules, hormones, and secondary metabolites in the microbiome, thereby revealing new 

mechanisms by which the microbiome aids plant defense against disease. In this context, forest 

pathologists also sense an opportunity to study on the relationships between taxonomic composition 

and functioning of the WP microbiota and disease control [17–21]. 

Strengthening the prevention and control of forest diseases and protecting the healthy 

production of forest trees are major issues facing the development of the forest industry [22]. Trees 

possess their own unique attributes, such as long generation times, heterogeneous materials, large 

size, lignification, and complex relationships with other biological populations. As a result, research 

into the forest tree microbiome has significantly lagged behind that of gramineous and herbaceous 

plants. Therefore, in-depth and extensive research into forest tree microbiomes will provide new 

strategies for the introduction of new BCAs for high-efficiency seedling breeding, disease-resistant 

breeding, and biological control. This will also contribute to the sustainable production of wood and 

the ability of forest ecosystems to deal with environmental pressure. In this review, we discuss the 

ways in which the forest tree microbiome (mainly the rhizosphere and endosphere microbiomes) 

protect plants against disease, various changes that can occur within the forest tree microbiome upon 

pathogen infection, and prospects for the integration of tree-pathogen-microbiome interactions into 

forest health management. 

2. Tree Rhizosphere Microbiome-Mediated Protection against Pathogens 

In the natural environment, WP-microbial interactions (in different forms, namely antagonism, 

amensalism, parasitism, and symbiosis) occur inside (such as in the leaf endosphere and root 

endosphere) and on WP surfaces (such as the rhizosphere and phyllosphere) [23,24] (Figure 1). The 

above- and belowground microbial communities are actively recruited from the surrounding 

microbial reservoir to promote plant growth and development, enhance stress tolerance, and improve 

disease resistance. Plant roots provide a unique niche for soil microbial communities, attracting a 

wide variety of microbial communities which are then distributed in the rhizosphere, roots, and 

surface. Among them, the rhizosphere is a hotspot of microbial habitat and activity, and an important 

location for energy flow and material exchange between the plant roots and soil [25,26]. The selective 

recruitment of microorganisms from bulk soil and their interrelated systems is called the rhizosphere 

microbiome (Figure 1). The interaction between the rhizosphere microbiome and the plant expands 

the functional scope of the host plant. 
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Figure 1. The phyllosphere, endosphere, and rhizosphere are depicted schematically as the major 

habitats for the diverse microflora that compose plant-associated communities. 

2.1. Soil-Borne Pathogens and Beneficial Microbes in the Tree Rhizosphere 

Compared to herbaceous and cereal plants, the rhizosphere zone of woody plants is larger, 

contains more microorganisms, has increased variety, and is more active. When certain 

microorganisms expand and reproduce in large numbers, they have the potential to cause root 

diseases in forest trees. For example, P. cinnamomic is a destructive and widespread soil-borne 

pathogen that infects woody plant hosts, such as eucalyptus, oaks, chestnuts, and pines. 

[27]. Ralstonia solanacearum causes bacterial wilt in eucalyptus [28] and fig trees [29]. Ceratocystis sp. 

causes damping off in many forestry species, including Acacia spp., Eucalyptus spp., and Quercus spp. 

[30,31]. Vascular wilt is caused by the fungus Verticillium dahliae, a classical soil-borne disease that 

presents a threat to olive trees [32], smoke trees [33], and many other tree hosts [34].  

Approximately 2 – 5% of rhizosphere microorganisms mainly form two types of symbioses 

[arbuscular mycorrhiza (AM) and ectomycorrhiza (ECM)] with forest roots, which have a significant 

impact on promoting plant growth and reducing plant diseases [35–38]. Some can be used as 

biocontrol agents (bacteria: Bacillus and Pseudomonas, fungi: Trichoderma and yeast, and 

actinomycetes: Streptomyces) to inhibit pathogen growth and reproduction by competing with 

pathogens for rhizosphere nutrition and niches, or by secreting siderophile elements, hydrolytic 

enzymes, volatile organic compounds, and antibiotics, thereby indirectly promoting plant growth 

[17,39]. For instance, the Pseudomonas fluorescens strain, PICF7, has been applied to olive trees to 

induce host resistance to Verticillium wilts, caused by the pathogen V. dahliae [40,41]. Some plant 

growth-promoting rhizobacteria (PGPR) can function as biological triggers to induce resistance, plant 

disease severity and incidence under greenhouse and field conditions [42].  

2.2. Root Exudates and Microbial signal Molecules Affecting Rhizosphere Microbiome of Trees 

Trees can change the composition of rhizosphere microbiota by secreting bioactive exudates 

(e.g., organic acids, amino acids, fatty acids, phenolics, plant growth regulators, nucleotides, sugars, 

putrescine, sterols, and vitamins) into the rhizosphere region [43–46]. Root exudates, in addition to 

serving as carbon and nitrogen substrates for microbial growth, have a variety of impacts on 

rhizosphere microbes, acting as signaling molecules, attractants, stimulants, but also as inhibitors or 

repellents [47,48]. For example, Rudrappa, et al. [49] showed that L-malic acid, an intermediate 

product of the tricarboxylic acid cycle, which is secreted from Arabidopsis roots, selectively signals 

and recruits the beneficial rhizobacterium Bacillus subtilis in a dose-dependent manner, resulting in a 
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stronger immune response to Pseudomonas syringae pathovar tomato (Pst). Salicylic acid (SA), a 

defense phytohormone secreted in the Arabidopsis root zone, has been reported by Lebeis, et al. [50] 

to modulate colonization of the root microbiome by specific bacterial taxa, thereby contributing to 

the root microbiome composition. Banana root exudates contain fumaric acid, which attracts B. 

subtilis N11 and promotes biofilm formation [51]. Flavonoids secreted by the roots of the Chinese 

tallow tree (Triadica sebifera) can increase AM fungal spore germination and colonization and may 

also impact soil microbes and other soil processes [52].  

Since the types and concentrations of root exudates vary among different plant species, different 

natural populations within the same plant species, and further different plant growth stages, 

nutritional status, and stress exposure [45,53,54], host genotype play an important role in determining 

the composition of the rhizosphere microbiome [55]. In addition, rhizosphere microbes can also 

produce and release signal molecules (e.g., volatile organic compounds, oxalic acid, glucose) or 

extracellular metabolites (e.g., amino acids, vitamins), which can change both microbe-to-microbe 

and plant-to-microbe communication in the rhizosphere. For example, fungal hyphae are used by 

bacteria for migration into soils in an interaction, known as “fungal highways”. This process is a 

synergistic example of inter-microbial assisted dispersal [56,57]. Further, N-acyl-homoserine lactone 

(AHL) quorum-sensing (QS) signaling molecules are produced by PGPRs, which are responsible for 

plant growth promotion [58] and the induction of protection against pathogens [59]. Microbial 

volatile organic substances (VOCs), including 2,3-butanediol, 3-phenyproprionic acid, chokol K, and 

3-octanone, function as chemical weapons against other microbes, as regulators of plant growth and 

stress resistance, and as signals mediating intra- and interspecies communications [60–62]. 

2.3. Root Microbiome Enhances Plant Disease Resistance 

The interactions between plants and the rhizosphere microbiome can generate a strong selective 

pressure that shapes the rate and pattern of microbial evolution and eventually influences the 

composition of the rhizosphere microbiome [63]. In response to pathogen attack, plants can send 

specific signals that favor the recruitment of beneficial microbes that are able to enhance plant 

defenses or directly hinder pathogen growth and invasion. This phenomenon is known as the “cry 

for help hypothesis” [64–66].  

In comparison to annual and/or herbaceous plants, perennial woody plants can establish long-

term associations with their associated microbiome. For most crops used in previous studies, short 

growth periods limit the stability of the rhizosphere microbiome. Therefore, their role in plant 

resistance is easily disturbed by environmental conditions [67,68]. As a result, it is difficult to gain 

additional insights into the importance of plant species selection and the impact of environmental 

filtering on the composition of the rhizosphere microbiome during short-term growth. Conversely, 

due to long-term interactions between trees and the soil microbiome, trees can establish relatively 

stable rhizosphere microbiome characteristics and plant functional traits [47,69] that support 

resistance to biotic stresses from soil-borne pathogens. Taken together, optimizing the tree 

rhizosphere microbiome may be an effective way to improve forest health [70–72]. 

3. Tree Rhizosphere Microbiome-Mediated Protection against Pathogens 

The phyllosphere (all aboveground compartments of a plant, often leaves) accounts for a 

substantially larger proportion of a terrestrial plant than the root system. Leaves, with a global leaf 

envelope estimated to be about 109 km2 [73], represent one of the most rich habitats on earth [74], and 

are inhabited on (i.e., epiphytic) and inside (i.e., endophytic) by a diverse range of microbes, primarily 

bacteria, filamentous fungi, and yeast strains [75], followed by protists [76] and bacteriophages [77] 

(Figure 1). However, in comparison to those of rhizosphere microbes, the functional roles of 

phyllosphere microbes remain a subject that has been less explored. Emerging evidence suggests that 

the phyllosphere microbiome also plays a crucial role in plant health and growth [75,78]. Yet, the 

underlying mechanism through which the phyllosphere microbiome interacts with the host immune 

system and consequently confers host plant development and defense remains largely unknown. 

3.1. Multiple Factors Drive the Colonization of Microbial Aggregates on the Phylloplane 

The colonization source of the phyllosphere is relatively less certain. Recent evidence suggests 

that phylloplane microorganisms are ultimately derived from soil [79]. At the same time, extensive 
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studies are available for the soil and rhizosphere bacterial community on phyllosphere bacterial 

colonization in Arabidopsis thaliana [80–83] and maize [84]. Bacteria are the most abundant and 

diverse microbial group in the phyllosphere [74], but they are less diverse than those in the 

rhizosphere or soil [85,86]. Izhaki, et al. [87] identified 32 bacterial species associated with Citrus 

paradisi leaf surfaces. Epiphytic mycobiota on the phylloplane of two deciduous trees and three 

evergreen shrubs increases during plant growth [88]. In characterizing phyllosphere bacterial 

communities in a neotropical forest, Kembel, et al. [89] showed that leaves from individual trees were 

habitat to more than 400 bacterial taxa and that a core microbiome of taxa including Actinobacteria, 

Alpha-, Beta-, and Gammaproteobacteria, and Sphingobacteria dominated phyllosphere bacterial 

communities. Generally, the bacterial phyla belonging to Proteobacteria, Firmicutes, Actinobacteria, 

and Bacteroidetes were found to be the most abundant in several plant phyllospheres, including A. 

thaliana, common ash (Fraxinus excelsior), poplar, and other tree leaves [80,82,89–93].  

Usually, soil types and properties, climate, the genetic traits of the plant (genotype and 

phenotype), geographical location, and attack by pathogens, etc. are drivers that contribute to the 

assembly of the phyllosphere bacterial communities[94–96]. However, how these factors affect the 

microbial communities in the phyllosphere is not fully understood. Moreover, there is still 

controversy about the main determining drivers. Finkel, et al. [97] found that different species of the 

salt-excreting desert Tamarix trees (T. aphylla, T nilotica, T. tetragina) grown in the same geographical 

location possessed highly similar bacterial communities, suggesting that geographical location rather 

than plant species was found to be the major determinant of phyllosphere bacterial community 

composition. Afterwards, sampling T. aphylla leaves growing across the Sonoran Desert in the 

Southwestern United States provided additional evidence of the main impact of geographic 

distances on phyllosphere bacterial communities [98]. However, some other studies offered 

contradictory insights that the genetic traits of the plant drive the bacterial community composition 

on leaf surfaces. For example, regardless of the geographical location where the leaf samples were 

collected, the phyllosphere bacterial communities associated with Pinus ponderosa were remarkably 

similar to each other. Additionally, leaves from 56 distinct tree species collected from the same 

geographical location contained bacterial populations unique to each plant species [93]. Laforest-

Lapointe, et al. [99] in a study of leaves of five tree species also demonstrated that host species identity 

is a stronger driver of temperate tree phyllosphere bacterial communities than forest sites or time.  

The fungal microbiota of the phyllosphere consists of two dominant groups: yeast and 

filamentous fungi [100]. On healthy plant leaves, yeasts are the main foliar epiphytic fungi. Because 

they contain many pathogens on plant systems, phyllosphere fungi have received a lot of attention. 

Infectious filamentous fungi must survive in a harsh and unstable phyllosphere environment, such 

as one with nutrient deprivation, high UV radiation, temperature and humidity fluctuations, etc. 

[100], and need to escape from various direct and indirect physical damages until conditions are 

suitable for plant infestation. The filamentous fungal communities in the phyllosphere were highly 

diverse at all stages of plant growth, including a variety of pathogenic and non-pathogenic fungi such 

as Cladosporium, Alternaria, Fusarium, Penicillium, Acremonium, Colletotrichum, Mucor, and Aspergillus 

[88,101,102]. Upon global warming, the beneficial microbiota in the phyllosphere were found to 

decrease, whereas pathogens were enriched [103,104]. Until now, the main drivers regarding 

phyllosphere fungal communities have been equally difficult to summarize. For instance, soil is the 

main driver in determining fungal community composition, diversity, and abundance on oak 

(Quercus macrocarpa) leaves [105]. Host genetics is a determinant of fungal community assembly on 

beech (Fagus sylvatica) leaves [100]. Similarly, host genotype is the most influential factor determining 

the assembly of the foliar fungal microbiome of balsam poplar (Populus balsamifera) [106,107]. In 

general, the composition of phyllosphere microorganisms is the combined result of flora competition, 

climate selection, and host selection [93,108–112]. 

3.2. Stability of Microbial Consortia against Pathogen Perturbation 

The leaf surface creates a stressed and unstable conditions, including deficient in nutrient 

supplies, harmful ultraviolet (UV) radiation, oxidative stress, low water, fluctuating temperature 

through the day and biotic stress. The phyllosphere associated microbes, no matter whether they are 

commensal, beneficial, or detrimental, will employ distinct fitness strategies (tolerance or avoidance 

strategy) to cope with this combination of stresses and eventually for successful colonization [113]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 September 2023                   doi:10.20944/preprints202309.1160.v1

https://doi.org/10.20944/preprints202309.1160.v1


 6 

 

For example, nonpathogenic phyllosphere-colonizing bacteria actively impact on the plant and gain 

fitness advantages by adjusting plant hormone mimics (i.e., auxins and cytokinins), secreting 

biosurfactants, and mediating plant pathogen interactions [75,114,115]. Finally, some of these host-

adapted microbial colonizers–the epiphytes– stay on the surface of plant organs, while others are able 

to penetrate further inside the plants and are called endophytes [116]. The stability of the leaf-

associated microbial community is known to be closely related to plant health. Recent studies also 

revealed that plants control phyllosphere microbiota to ensure plant health. Chen, et al. [117] 

reported that mutations in genes involved in pattern-triggered immunity (PTI), vesicle trafficking 

and cell death activation cause marked changes in the leaf microbiome of A. thaliana (an overall 

increased bacterial population size, decreased community diversity, and a shift from a Firmicutes-

rich community to a Proteobacteria-rich community) that result in leaf damage (chlorosis and/or 

necrosis) phenotypes, suggesting that mechanisms by which terrestrial plants control endophytic 

microbial abundance and diversity in the phyllosphere to prevent dysbiosis and maintain plant 

health. To our best knowledge, this is the first report regarding the genetic control of microbiome 

assembly in the phyllosphere and how this affects plant health. However, significant knowledge gaps 

still exist about this part. 

3.3. Phyllosphere-Mediated Resistance to Pathogen Invasion 

Plants can employ the “cry for help” strategy whereby they selectively recruit beneficial 

microbes from the environment that can help to combat pathogen stress [118–120]. Such plant-

microbe interactions provide a protective effect on plant health [121]. Not only did rhizosphere 

microbiome responses play an important role in pathogen resistance and plant health [66,122,123], 

but so did the phyllosphere microbiome. For example, Berg and Koskella [124] found that the 

phyllosphere microbiota of tomato plants conferred protection against the causal agent of bacterial 

speck, Pst. Furthermore, the degree of protection depends on the initial dose of microbiota being 

applied. Similarly, considerable changes in leaf-associated fungal and bacterial communities were 

observed upon powdery mildew infection in oak (Quercus robur) [125] and upon Huanglongbing 

(HLB) infection in citrus [126], respectively. The Jakuschkin study further investigated the 

pathobiontic network of different fungal and bacterial operational taxonomic units that were 

connected with each other and directly interacting with Erysiphe alphitoides, suggesting that some of 

these might have been conferring protection to the oak phyllosphere by inhibiting E. alphitoides and 

thereby reducing the probabilities of powdery mildew occurrence. More recently, Li, et al. [127] 

reported that the phyllosphere microbiota of infected citrus leaves displayed a more intense microbial 

network and larger numbers of the native microbes (e.g., Sphingomonas spp.) and the recruited new 

microbes (e.g., Pantoea asv90 and Methylobacterium asv41) compared to those of uninfected leaves by 

the melanose pathogen D. citri. Further, Sphingomonas spp. exhibited promising results in protecting 

the citrus phyllosphere from pathogen invasion via its iron-competition capability. Overall, the roles 

of phyllosphere microbiomes in the resistance to pathogen invasion and the contribution to plant 

health have just started to be recognized and provide a significant opportunity to develop 

microbiome-based tools for disease prevention or prediction. 

4. Contribution of Tree Endosphere Microbiome in the Control of Forest Diseases 

Endophytes that colonize within plant can confer ecological advantages to the host plants and 

improve plant fitness, (i.e., improving nutrient uptake, promoting growth and development, 

imparting tolerance to abiotic stresses, and providing resistance to pathogens) [128]. Endophytes 

have received attention in relation to improved disease resistance in Poaceae Barnhart and Brassicaceae 

Burnett plants compared to forest plants. Endophytes secrete specialized metabolites or bioactive 

compounds that help keep plants away from pathogens by means of antagonism, mycoparasitism, 

and induction of plant defense responses. For example, endophytic bacteria, produce defensive 

enzymes (such as polyphenol oxidase, chitinase, β-1,3-glucanase, and peroxidase) [129,130] and 

phytohormones [indole acetic acid (IAA), ethylene (ET), abscisic acid (ABA), SA, jasmonic acid (JA)] 

[131], and secondary metabolites (phenols, antibiotic, fungicides) [132–135], to enable plants to 

establish a robust resistance against pathogens.  

Endophytes may underscore the induction of defense-related genes and confer pathogens 

resistance [136]. For example, the fungal leaf endophyte Colletotrichum tropicale induces the 
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expression of hundreds of host defense-related genes in Theobroma cacao, resulting in greater plant 

immunity [137]. Moreover, Phoma medicaginis, which causes alfalfa leaf spots, is resisted by arbuscular 

mycorrhizal fungus (AMF) by activating defense activities, including JA, SA, peroxidase (POD), and 

polyphenol oxidase (PPO) [138]. Pathogen-induced activation of enzyme-coding genes associated 

with fungal cell-wall degradation and biosynthetic gene clusters encoding non-ribosomal peptide 

synthases (NRPSs) and polyketide synthases (PKSs) are responsible for disease-suppressive functions 

in endophytes [66]. The endophytic microbiome can provide an extra layer of defense by selectively 

enriching microbes with genetic machinery that produces enzymes and secondary metabolites 

against pathogens [66,71].  

Relatively little research has been conducted on the use of biocontrol endophytes to control forest 

pests and diseases. Most of the limited available studies largely focus on identifying beneficial 

endophytes that antagonize pathogens and structurally characterizing their metabolic antimicrobial 

compounds [139,140]. An example of bioactive natural compounds identified from beneficial 

endophytes of woody perennials include, phomopsolides and the stable α-pyrone isolated from the 

conifer endophyte Diaporthe maritima, respectively, exhibited antifungal activity towards 

Microbotryum violaceum and B. subtilis pathogens [141]. In addition, Sumarah, et al. [142] identified 

five foliar fungal endophytes isolated from Pinus strobus (eastern white pine) that produce potently 

antifungal compounds. Further investigation revealed that the pyrenophorol in the culture filtrates 

of the pine endophyte Lophodermium nitens was responsible for suppressing growth in the pine 

pathogen Cronartium ribicola [143]. More bioactive antimicrobial metabolites (lipopeptides, 

pyrrolizin, glucoamylase, garcinia cambogia chlorophyll, and chitinase) were shown to inhibit or kill 

pathogens, which alleviated forest tree diseases [144]. Thus, the capacity of endophytes to alter 

interactions with  pathogens may provide integrated disease management tools. However, the 

specific mechanisms underlying endophyte-mediated pathogen resistance in these studies are not 

fully understood.  

5. Pathogen Invasion Triggers Innate Immune Responses in Plants 

Plants make good use of two types of immune receptors, located on the cell surface and inside 

the cell, which can recognize invasive microorganisms (e.g., viruses, bacteria, fungi, oomycetes, 

nematodes, insects) and activate protective immune responses in the plant. However, when 

pathogens infect host plants, they secrete effectors into the host cells or extracellular space to interfere 

with host physiological activities to facilitate their infection or colonization. Cell surface-localized 

immune receptors, also known as “pattern-recognition receptors (PRRs)”, consist mainly of single-

transmembrane receptor-like kinases (RLKs) and receptor-like proteins (RLPs) that detect pathogen-

associated molecular patterns (PAMPs), such as bacterial flagellins, bacterial elongation factors, 

fungal chitin polysaccharides, fungal xylanases, and endogenous elicitors. The immunity triggered 

by PRRs is known as pattern-triggered immunity (PTI). Intracellular immune receptors are mainly a 

class of receptor proteins containing nucleotide-binding (NB) and nucleotide-binding leucine-rich 

repeat receptors (NLRs), which recognize cytoplasmic effector proteins to elicit effector-triggered 

immunity (ETI). 

In addition to pathogens, some plant symbiotic microbes also possess microbe-associated 

molecular patterns (MAMPs) that can stimulate the innate immune response (MAMP-triggered 

immunity, MTI), which is similar to PTI [145]. When symbiotic microbes are present, plants will 

actively reduce PRR expression levels and MAMP responsiveness to allow symbiotic microbes to 

thrive and exert their beneficial effects on host plants [145,146]. For example, in the mycorrhizal 

symbiosis, the mycorrhizal symbiotic receptor, OsMYR1, and its ligand, CO4, will competitively bind 

OsCERK1, thus inhibiting the formation of immune receptor complexes between OsCERK1 and 

OsCEBiP, which weaken PAMP-mediated immune responses to promote its own symbiosis [147]. 

Therefore, the immune system may also be an alternative route to affect the plant microbiome. 

6. The Microbiome Enhances Plant Immunity and Functions as an Extension of the Plant 

Immune System 

Increasing evidence indicates that under pathogen stress, the composition of the plant 

microbiome changes leading the plant to actively recruit beneficial or protective microbes [148], to 

aid pathogen resistance and improve plant immunity [95,148–150]. Recently, it was demonstrated 
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that infection of citrus trees by Candidatus Liberibacter asiaticus, associated with Huanglongbing 

(HLB), was shown to drastically alter the composition of citrus communities across the disease 

spectrum [126]. Moreover,  specific compounds in tree root exudates stimulate key rhizosphere 

bacteria to cooperate in suppressing soil-borne pathogens [72]. The plant microbiome interacts with 

pathogens directly or indirectly to strengthen pathogen resistance (Figure 2). 

6.1. Acting Directly against Pathogens: Direct Interaction between Microbes 

Pathogen infected plants can recruit and enrich beneficial microbial communities to directly 

antagonize infecting pathogens via a variety of methods, such as the ʺcry for helpʺ strategy. Specific 

mechanisms include competing with pathogens for ecological niches and nutrients, secretion of 

antagonistic compounds (such as antibiotics, lysozyme, and volatile substances), parasitism and 

predation, and inhibition of pathogen signaling systems, among others (Figure 2). For example, The 

Gram-negative bacterium, Pantoea agglomerans, inhibits the growth of Erwinia amylovora, which causes 

fire blight disease on apple and pear trees, through its antibiosis activity [151,152]. Bacillus sp. strains 

secrete lipopeptides (like Surfactin, Iturin, and Fengycin), polyketides, surfactants, and VOCs, among 

others, to directly kill or suppress pathogen growth, thereby improving the natural soil resistance 

against pathogens [153–156]. Some probiotic Bacillus bacteria can also eliminate pathogens by 

interfering with pathogen QS signaling [157]. Beneficial fungi can effectively inhibit the infection of 

destructive fungal pathogens such as Sclerotinia sclerotiorum, Fusarium oxysporum, and Rhizoctonia 

solani through mechanisms of parasitism [158–160]. Therefore, the plant microbiome offers a 

goldmine for antagonists that can directly inhibit pathogens. 

 

Figure 2. Both interactions of the microbiome with the host and pathogens contribute to plant 

protection against pathogens. Plants infected by pathogens can recruit and enrich beneficial microbial 

communities to directly antagonize the pathogens via a variety of methods, such as the ʺcry for helpʺ 
strategy. Specific mechanisms include secretion of antagonistic compounds (such as antibiotics, 

lysozyme, and volatile substances), competition with pathogens for ecological niche and nutrients, 

inhibition of pathogens� signaling systems, parasitism and predation, and so on, thus directly 

inhibiting pathogen proliferation and infection. On the other hand, the plant microbiome can also act 

indirectly by priming plant immunity, such as induced systemic resistance (ISR) triggered by 

microbe-associated molecular patterns (MAMPs), defense hormones, plant growth-promoting 

rhizobacteria (PGPRs), and so on, to inhibit pathogen invasion and protect the underground and 

above-ground parts from encroachment. 
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6.2. Acting Indirectly against Pathogens: Stimulating or Inducing Plant Immunity 

Plant microbiome can act indirectly by priming plant immunity (e.g., ISR) to inhibit pathogen 

invasion and protect the under- and above-ground parts from encroachment (Figure 2). For example, 

a disease-resistant synthetic bacterial community was constructed and found to protect plants 

through a synergistic effect of high-abundance bacteria inhibiting fungal pathogen growth and low-

abundance bacteria activating plant ISRs [161]. Foliar infection by the downy mildew pathogen, 

Hyaloperonospora arabidopsidis, leads to the promotion of three bacterial species 

(Xanthomonas, Stenotrophomonas, and Microbacterium) in the rhizosphere of Arabidopsis plants, 

conferring a soil-mediated legacy that provides increased resistance against this pathogen [162]. A 

set of important studies have provided a wealth of data showing that infection with pathogens in the 

above- and below-ground plant tissues results in a change in the pattern of root secretions, thereby 

inducing the selective recruitment of beneficial root-associated microbes, forming soil memory or 

legacy effects of disease resistance to protect a subsequent population of plants growing in the same 

soil against the same pathogen [65,162,163]. In general, the recruitment of beneficial microbes in the 

plant rhizosphere during pathogen invasion is beneficial to better mobilize the role of the rhizosphere 

microbiome in the plant defense system, enhance the ability to control plant diseases, and even 

unlock new breeding strategies. However, further research is needed to understand the mechanisms 

by which plants recruit beneficial microbes to resist disease and how the microbiome initiates ISR.  

7. Future Perspectives: Integrating Tree-Pathogen-Microbiome Interactions into Forest Pest 

Management 

7.1. The Challenges of Applying BCAs in Protecting Trees 

Compared to annual crops like wheat or potatoes, or herbaceous plants, tree generations can 

persist for decades. Therefore, strategies to control tree diseases need to be effective over many years, 

not just during a specific growing season [164]. In plantations, the long lifespan and high economic 

costs of trees do not always allow for regular switching of cultivated species (e.g., crop rotation). In 

addition to these limitations in the application of agronomic and cultural practices, the use of 

chemical treatments attracts growing concerns about environmental pollution and the adverse effects 

of chemicals on humans and animals. Thus, manipulation of the plant microbiome is considered to 

be a very promising and environmentally friendly approach to fostering plant protection against 

pests.  

In recent years, the potential for BCAs has been realized as a key part of Integrated Pest 

Management (IPM). Current research builds on the development of omic approaches, synthetic 

communities, and microbial network inference to design beneficial microbial consortiums with the 

potential to provide broad and durable plant protection. Such strategies are also increasingly being 

adopted in planted forests, despite the fact that just a few instances of success are known.  

Importantly, adaptation to inner plant tissues and endurance within them for long periods of time 

make endophytes potentially promising biocontrol agents of long term woody plant diseases [165]. 

In fact, tree endophytes have been suggested as a valuable tool for sustaining forest health [166]. 

Effective and/or promising uses of endophytes (bacterial endophytes and fungal endophytes) to 

control diseases in trees are already in practice.  

7.2. The Advantages in Tree Pathogen Inhibition by Multi-Strain BCAs over Single-strain bcas 

in several cases of the management of soil-borne crop pathogens, different bca consortia, 

consisting of two or more microbial strains, appeared to possess enhanced biocontrol activity than 

single-strain bcas [167–170]. there is growing interest in the use of multi-strain bcas for controlling 

forest diseases. a consortium consisting of trichoderma virens gi006 and bacillus velezensis bs006 was 

found to be more efficient against infection by fusarium wilt of cape gooseberry than the individual 

strains [171]. a bacterial consortium of pseudomonas aeruginosa drb1 and trichoderma harzianum cbf2 

conferred more consistent protection against fusarium wilt of banana than the individual community 

members [172]. the interaction among the members of multi-strain bcas might lead to their superior 

stability and efficiency of disease-suppressing effect. microbial interactions within the plant 

microbiome are essential selective forces that help to establish complex microbial assemblages [173]. 
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consequently, when constructing multi-strain bcas, it is important to pay attention to the 

microbe−microbe interplay-related elements. 

7.3. microbial Interactions Promote Rhizosphere Colonization 

A large number of microbe−microbe interactions have documented their positive role in 

promoting rhizosphere colonization by beneficial microorganisms through boosting biofilm 

formation, microbial growth, migration inside of the microbiome, and interacting with plant roots. 

For examples, a five-species biocontrol community was found to form more biofilm than the single 

strains either under in vitro or in vivo conditions, and thus stimulating the  colonization of host roots 

[174];  Hyphomicrobium spp. is capable of associating with methanotrophs, establishing a 

rhizospheric microbial association where Hyphomicrobium spp. can remove methanol, which 

suppress the growth of methanotrophs in the rhizosphere [175]. The syntrophic interactions between 

multiple microorganisms can promote the growth of rhizosphere microbes by removal of harmful 

substances; fungal hyphae, also referred to as “fungal highway”, can act as vectors for the dispersion 

of bacteria in the rhizosphere [176,177], indicating that the migration of microorganisms can be 

enhanced by the interactions among community members. Thus, the application of multi-strain BCAs 

that actively interact among their members may increase survival of disease-suppressing microbes, 

and their adaption to challenging and shifting environmental conditions. As a result, they might be 

able to maintain their advantageous effects for inhibiting forest diseases. 

7.4. Microbial Interactions Suppress Forest Pathogen Growth 

Multi-strain BCAs are able to exhibit stronger suppressive efficacy on the growth of pathogens 

than single-strain BCAs due to the positive impact of interactions within multi-strain BCAs, such as 

the increased capability to utilize resources [178–181] and the biosynthesis of antimicrobial 

compounds [182,183] stimulated or activated through both inter- and intra-domain microbial 

interactions. contribute to strengthening the inhibition of growth of pathogens. 

7.5. Microbial Interactions Induce Enhanced Plant Defense Responses to Pathogens 

In addition to the above positive features in controlling diseases by multi-strain BCAs, inducing 

elevated host immunities to plant pathogens through the biocontrol consortia has been described in 

many studies. This is mainly directed by activating a number of distinctive metabolic and signaling 

pathways in order to combat a given disease [168,184,185]. However, it still needs to be better 

understood how interactions among the multi-strain BCA members might successfully improve 

specific systemic resistance to pathogens. One possibility is that the interaction between microbes 

inside the biocontrol consortia may result in the generation of more of certain elicitors and potent 

compounds that can more efficiently elicit ISR, as already discussed in part 5. 

7.6. Future Perspectives of Applying BCAs in Protecting Trees 

Because of the inherent characteristics of trees (e.g., large biomass, complicated anatomy, 

longevity, and perennial nature) and pathogens (e.g., complex life cycles, complex infection), 

biological control in trees and woody plants presents challenges, difficulties, and limitations. For 

instance, a tree can be affected by the disease in successive growing seasons, not just during a specific 

growing season, which can impact the effectiveness of biocontrol strategies. As a result, the utilization 

of BCAs as a disease control strategy in trees and woody plants has been implemented to a lesser 

extent than in annual crops and herbaceous species. Despite this, there are many cases where 

biocontrol applications have been successfully used to enhance forest plantations health and even the 

emergence of commercial biocontrol products. One example includes Dutch Trig®, which has been 

used for around 30 years to protect elm trees from infection by the blue stain fungus O. novo-

ulmi, which causes Dutch elm disease (DED) [186]. In order to enhance the effectiveness in applying 

BCAs in mitigating emerging forest diseases, more research is needed to unravel the dynamics of 

such diseases, how they interact with BCA measures, and what impact they may have on the ecology 

of a forested environment. Moreover, biological control with BCAs must be combined with other 

measures (e.g., cultural practices, sanitary cuttings, tree Breeding for disease Resistance, increase tree 

species diversity) in an integrated disease management approach. 
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