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Abstract
Endophytic microorganisms inhabit internal plant tissues without causing visible disease and can substan- tially modify plant growth, immunity, nutrient acquisition and tolerance to environmental stress. Their effects arise from coordinated interactions among microbial colonization traits, plant immune surveillance, phytohormonal signalling, redox regulation, nutrient exchange and resident microbial communities. Endo- phytes are not immunologically invisible; rather, successful strains regulate the amplitude, duration and spatial distribution of pattern-triggered immunity. Controlled immune accommodation permits internal colonization, whereas reactive oxygen species, mitogen-activated protein kinase cascades and specialized metabolites constrain excessive microbial proliferation. Many endophytes simultaneously prime systemic tissues through jasmonic acid, ethylene, salicylic acid and N-hydroxypipecolic acid-associated pathways, enabling faster defence activation after pathogen challenge without the metabolic cost of constitutive resistance. Growth promotion results from microbial auxin production, 1-aminocyclopropane-1-carboxylate deaminase activity, biological nitrogen fixation, phosphorus transfer, siderophore production, improved root architecture and maintenance of photosynthesis under stress. Representative systems include Bacillus velezensis FZB42, Enterobacter sp. SA187, Paraburkholderia phytofirmans PsJN, Colletotrichum tofieldiae, Serendipita indica and endophytic Beauveria, Metarhizium and Epichloë species. Synthetic communities and bacterial–fungal combinations can broaden disease suppression and environmental stability, although strain identity and functional compatibility are often more important than taxonomic richness. Multi-omics, spatial imaging, stable-isotope tracing and synthetic biology are improving mechanistic resolution, while encapsulation and hydrogel technologies are enhancing inoculant delivery. However, field performance remains constrained by host genotype, resident microbiota, formulation, environmental variability and biosafety concerns. This review integrates current understanding of endophyte diversity, colonization, immune modulation, growth promotion, stress adaptation and field translation, emphasizing the need for mechanism-guided, ecology-aware and genomically validated inoculant development.
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1.Introduction Plant immunity is a major determinant of coloniza- tion.Pattern-recognitionreceptorsperceiveflagellin, Global crop productivity is increasingly constrained elongationfactorTu,peptidoglycan,lipopolysaccha- byclimatevariability,soildegradation,nutrient-use ridesandfungalchitin,activatingcalciuminflux,re- inefficiency,emergingpathogensanddecliningagro- activeoxygenspecies, mitogen-activatedproteinki- chemicaleffectiveness.Drought,salinity,heat,flood- nasecascades,callosedepositionandantimicrobial ing, nutrient deficiency and pathogen infection fre- metabolism[21–23]. Beneficialmicroorganismsare quentlyoccurtogether,disruptingphotosynthesis,hor- thereforenotimmunologicallyinvisible;theymodu- monalregulation,redoxbalance,nutrientacquisition latetheintensity,durationandspatialdistributionof andreproductivedevelopment.Thesechallengeshave defence.

increasedinterestinmicrobiome-assistedcropman- agement,particularlytheuseofendophyticmicroor- Root commensals suppress selected immune path- ganisms capable of colonizing internal tissues and waysandmicrobial-pattern-inducedgrowthinhibition directlyregulatingplantmetabolism,immunityand [9,24–25]. Spatial restriction of immune perception stressadaptation.

preventsroot-meristemdamageandpermitscoloniza- tionwithoutseveregrowthpenalties[26].Controlled Plantsareincreasinglyregardedasholobiontswhose immuneactivationmayalsosupportmutualism.Plant- performance reflects interactions among the host derivedreactiveoxygenspeciesstimulatedauxinpro- genome,associatedmicrobiotaandenvironment.The ductionby Bacillusvelezensis FZB42,increasinglateral- endosphereisaselectivelyassembledhabitatinflu- rootdevelopment,bacterialsurvivalandfungalprotec- encedbyhostgenotype,organidentity,developmental tion[19].RBOHD-dependentreactiveoxygenspecies stage,immunestatus,nutritionandmicrobialcompe- alsosuppressedthesecretionsystemofapotentially tition.Arabidopsisstudiesdemonstratedprogressive harmful Xanthomonas commensalwhilepreservingits microbial filtering from bulk soil to the rhizosphere protectivefunction[27].

andendosphere[1–3],withcomparablepatternsre- portedinrice,maize,wheatandbarley[4–7].Compar- Endophytesinducesystemicresistanceanddefence ativegenomicstudieshaveidentifiedmicrobialgenes priming. Root colonization by Pseudomonas fluo- associatedwithmotility,nutrientacquisition,stress rescens WCS417 enhanced distal resistance through tolerance,immuneinteractionandplantadaptation jasmonic acid- and ethylene-associated signalling [8–11].

withoutconstitutivesalicylicacidaccumulation[28– 30]. Colonized plants maintained limited basal de- Endophytismisacontext-dependentecologicalstate fencebutrespondedmorerapidlyafterpathogenchal- ratherthanafixedtaxonomicproperty. Microorgan- lenge [31]. More recently, fungal colonization was isms may shift between mutualism, commensalism showntoregulateFMO1-andUGT76B1-dependentN- andpathogenicitydependingonstrainidentity,host hydroxypipecolicacidhomeostasis,providingamolec- genotype, microbial abundance, tissue localization, ular mechanism for dose-dependent regulation of nutritionalstatusandenvironmentalconditions. Col- shootgrowthandimmunity[32].

letotrichumtofieldiae promotesArabidopsisgrowthby transferringphosphorusunderphosphatedeficiency Endophytes also regulate auxin, cytokinins, gib- [12],whereasfungalendophyticcompetenceislinked berellins, ethylene, salicylic acid, jasmonates, ab- tospecificgenomicandtranscriptionalfeatures[13]. scisicacidandbrassinosteroids.Microbialauxinpro- Regulatorychangesinfungalsecondarymetabolism motes root branching, whereas ACC deaminase re- can also shift the association towards pathogenic- ducesstress-inducedethyleneaccumulation[33–35]. ity,illustratingthemolecularplasticityofendophytic Enterobacter sp. SA187 improved salinity tolerance lifestyles[14].

throughethylene-pathwayreprogrammingandcoor- dinatedsulfurmetabolism[36–37].Endophytesalso Endophyticcolonizationinvolveschemotaxis,attach- improvenitrogen,phosphorus,iron,zincandpotas- ment,biofilmformation,tissuepenetration,apoplas- siumacquisitionandregulatespecializedmetabolites tic adaptation and competition with resident mi- involvedinmicrobialrecruitmentandimmunity[38– croorganisms. Motility, adhesins, exopolysaccha- 42].

rides,siderophores,cell-wall-modifyingenzymesand oxidative-stresstolerancecontributetoestablishment Theresultingphenotypereflectsinteractionsamong [15–19].Metatranscriptomicanalysisofa106-member the microbial strain, host genotype, resident micro- bacterial–fungal community identified more than biomeandenvironment.Thisreviewsynthesizesthe 3,000microbialgenesassociatedwithroot-interface diversity,ecologicalorigin,colonization,immunereg- adaptation,energymetabolismandcolonization[20]. ulation, growth promotion, stress protection, multi- omicsanalysisandagriculturaltranslationofbacterial Trichoderma, Fusarium, Clonostachys, Epichloë, Beau- andfungalendophytes[43].

veria, Metarhizium, Alternaria, Penicillium, Chaetomium and Diaporthe. Serendipitaindica and S.vermifera col- 2.Diversity,EcologicalOriginandFunctional onizerootepidermalandcorticaltissuesandinfluence Classification calciumsignalling,auxinhomeostasis,nutrienttrans- portandsystemicdefence[52–54].Entomopathogenic Endophyticcommunitiesincludebacteria,actinobac- Beauveria and Metarhizium speciesmayestablishen- teria,filamentousfungiandyeasts.Proteobacteria,Fir- dophyticallyafterseed,root,soilorfoliarapplication micutes,ActinobacteriaandBacteroidetescommonly andimproveresistancetoinsectsandpathogens[55– dominate bacterial communities, whereas Ascomy- 58]. Verticallytransmitted Epichloë speciescolonize cota and Basidiomycota dominate fungal communi- cool-seasongrassesandproducealkaloidsthatreduce ties [1,5,7]. Host genotype and tissue type strongly herbivory,althoughsomemetabolitesmaycauselive- influenceendophyticcommunitycomposition. Pro- stocktoxicity[59–61].Endophytesoriginatefromsoil, teobacteriawerereportedasthedominantbacterial rhizosphere,seeds,aerialsurfaces,pollen,insectsand groupintherootsandshootsof Pelargoniumgrave- vegetativepropagules.Horizontaltransmissionoccurs olens [44]. Bothsharedandgenotype-specificendo- fromsoil,airorwater,whereasverticaltransmission phyticmicroorganismshavebeenidentifiedindiffer- occursthroughseeds,embryos,pollenorvegetative entricegenotypes[45]. Substantialfunctionalvaria- tissues[62–64]. Persistentbacterialandfungaltaxa tionhasalsobeenobservedamongfungalendophytes canbetransmittedacrosssuccessivericegenerations isolatedfromhairyvetch[46].

[64].Seed-associatedbacteriaalsocontributetothe assemblyofspermosphereandrhizospheremicrobial communitiesinwheat[65].Functionally,endophytes can be classified as nutrient-acquisition facilitators, phytohormoneregulators,defence-primingmicroor- ganisms,biocontrolagents,abiotic-stressmodulators, phytoremediationpartnersandproducersofbioactive metabolites[66]. Thesecategoriesoverlapbecause effectivestrainscommonlycombineseveralfunctions. 3.EstablishmentandColonization

resident microbiota, tissue entry and maintenance Important bacterial genera include Pseudomonas, ofacompatibleinternalpopulation. Rootexudates Paraburkholderia, Enterobacter, Kosakonia, Herbaspir- containing sugars, amino acids, organic acids and illum, Azoarcus, Gluconacetobacter, Bacillus, Paeni- phenolics act as nutrients and signalling molecules. bacillus, Streptomyces, Sphingomonas and Methy- Chemotaxis, motility, pili, adhesins, exopolysaccha- lobacterium [8,10,17,47].Proteobacterialendophytes rides,biofilmformationandoxidative-stresstolerance are common in roots because of their motility and aremajorcolonizationdeterminants[10,16–17,19]. metabolic versatility, whereas Sphingomonas and Methylobacterium frequently occupy aerial tissues. Entry occurs through lateral-root emergence zones, Paraburkholderia phytofirmans PsJN can colonize roothairs,wounds,stomataandhydathodes. Bacte- roots, cortex, xylem, stems, leaves and reproduc- ria may occupy intercellular spaces, cortical tissues tive structures and has been associated with im- andxylem,whereasfungalhyphaecommonlyoccupy provedgrowth, chillingtolerance, salinitytolerance epidermal and cortical tissues. PsJN spreads from andpathogenresistance[16,48–51]. Bacillus species grapevinerootstoaerialorgansthroughvasculartis- arevaluablebecauseofdurableendosporesandpro- sues[16,48],while C.tofieldiae and S.indica remain ductionoflipopeptides,siderophoresandhydrolytic primarilyassociatedwithroots[12,52].

enzymes.Diazotrophic Herbaspirillum, Azoarcus, Glu- Hostnutritionregulatescolonizationoutcomes. Un- conacetobacter and Kosakonia cancolonizecortical derphosphatedeficiency, Arabidopsis permits C.tofiel- andvasculartissuesandimprovenitrogenacquisition diae colonizationandreceivesphosphorus,whereas [15,17].

phosphatesufficiencystrengthensfungalrestriction Fungalendophytesinclude Serendipita, Colletotrichum, [12,67].Priorityeffectsarealsoimportant.Earlyseed Colonizedtissue Key Endophyte Hostororigin Majormechanism Reportedresponse orapplication references Rootorsoil Onion-derived; Growth,chilling Paraburkholderia application; Systemicdefence, grapevine, andsalinity [16,48–51] phytofirmansPsJN roots,xylem ionandredoxregulation riceandquinoa tolerance andshoots ROS-induced Rootbranching Bacillusvelezensis Arabidopsisroot Rootinoculation bacterialauxin andfungal [19] FZB42 association production protection Ethylenesignalling, Enterobacter Indigofera Salinityand Rootinoculation KMBAandsulfur [36,37] sp.SA187 argentea heattolerance metabolism Seedorroot Improvednitrogen Herbaspirillum Rice,maize application; Nitrogenfixation acquisition [15,17] seropedicae andgrasses corticaland andnutrientregulation andbiomass vasculartissues JA–ET-dependent Seed,rootor Rootgrowthand Pseudomonasspp. Diversecrops resistance,siderophores [28–31] soilapplication diseasesuppression andantibiotics Phosphorustransfer Growthunder Colletotrichum Arabidopsis Rootcortex andimmune phosphate [12,67] tofieldiae accommodation deficiency Rootepidermis Calcium,auxin Rootgrowthand Serendipitaindica Broadhostrange [52,54] andcortex andnutrientsignalling stresstolerance Tomato,maize, Seed,root, Beauveria JA,SA,antioxidants Growthand wheatand soilor [56–58] bassiana andinsectpathogenicity pestresistance legumes foliarapplication Cool-season Verticalseed Alkaloid-mediated Persistenceand Epichloëspp.

[59–61] grasses transmission herbivoredefence insectresistance endophytesmayoccupynichesbeforesoilmicroorgan- propriateimmuneactivationinrootmeristemsmay isms,whereasestablishedresidentcommunitiesmay causegrowtharrest,whereasrestrictionofimmune excludeintroducedstrains[11,68].

responsestodifferentiatedtissuespermitsmicrobial accommodation[26].Regenerativeagriculturalprac- Colonizationshouldthereforebeverifiedthroughvali- ticesmayenhancesoilmicrobialdiversityandnutrient datedsurfacesterilization,strain-specificquantitative cycling,whileconventionalfarmingsystemsmayin- PCR,fluorescenceimaging,confocalmicroscopyand creasetheabundanceofpathogensandantimicrobial- temporalabundancemeasurements.Recoveryfrom resistancegenes[69].

surface-sterilizedtissuesaloneisinsufficientevidence ofstableinternalcolonization.

4.2ReactiveOxygenSpeciesandRedoxControl 4.ModulationofPlantDefence Reactive oxygen species restrict microorganisms at 4.1ImmunePerceptionandAccommodation high concentrations but act as signalling molecules Pattern-recognition receptors activate calcium sig- whenmaintainedatcontrolledlevels.Host-derivedre- nalling,reactiveoxygenspecies,MAPkinasecascades, activeoxygenspeciescanstimulatebacterialauxinsyn- callosedepositionanddefencemetabolismfollowing thesisin Bacillusvelezensis FZB42,promotinglateral- microbialrecognition[21–23].Beneficialendophytes root formation and plant protection [19]. RBOHD- canselectivelyattenuateorspatiallyrestrictthesere- derived reactive oxygen species can also suppress sponses,whilerootcommensalsmaysuppresspattern- virulence-associated secretion in commensal Xan- induced root growth inhibition and defence-related thomonas, thereby maintaining a protective rather transcription[9,24,25].

Immune-suppressivebacteriacanfacilitatecoloniza- tion by non-suppressive members of the microbial Endophytesalsomodifysuperoxidedismutase,cata- community,indicatingthatimmuneaccommodation lase,peroxidase,ascorbateperoxidaseandglutathione mayfunctionatthecommunitylevel[24]. However, reductase. Thesechangescanreducelipidperoxida- completeimmunesuppressioncouldpermitexcessive tion,electrolyteleakageandphotosyntheticdamage microbialproliferation,sosuccessfulendophyticcolo- underbioticorabioticstress[70].

nizationrequiresbalancedimmuneregulation.Inap- 4.3InducedSystemicResistanceandPriming 5. Plant Growth and Physiological Perfor- Root-associated P. fluorescens WCS417 induces sys- mance temicresistancethroughjasmonicacid-andethylene- Endophytesregulateplantdevelopmentthroughaux- associatedpathways[28–30]. Colonizedplantsmay ins, cytokinins, gibberellins, ethylene, abscisic acid, maintainonlylimitedbasaldefencebutrespondmore salicylicacid,jasmonatesandbrassinosteroids.Micro- rapidly and strongly after pathogen challenge [31]. bial indole-3-acetic acid promotes lateral roots and Thisprimedstateenhancescalciuminflux,oxidative roothairs,increasingwaterandnutrientabsorption. bursts,MAPkinaseactivation,callosedepositionand ACCdeaminaselowerstheethyleneprecursorACCand antimicrobialmetabolismwithoutrequiringcontinu- helpsmaintainrootelongationunderdrought,salinity, ous expenditure of metabolic resources [71,72]. An floodingandpathogenpressure[33–35]. ACCdeam- N-hydroxypipecolicacid-dependentroot-to-shootsig- inaseisrequiredforgrowthpromotionbythefoliar nallingsystemregulatesthebalancebetweenplant symbiont Paraburkholderiadioscoreae,althoughthis growth and immunity [32]. Fungal colonization al- enzymeisnotessentialformicrobialcolonizationof tersFMO1-andUGT76B1-dependentNHPhomeostasis. thehostplant[78].

ModerateNHPlevelssupportplantgrowthwithlim- itedimmuneactivation,whereashigherNHPconcen- Endophytesenhancenutrientacquisitionthroughni- trationsenhancedefenceresponsesbutrestrictgrowth trogenfixation,phosphorusandpotassiumsolubiliza- [32].

tion, siderophoreproductionandregulationofroot transporters. Diazotrophic Herbaspirillum, Azoarcus, Gluconacetobacter and Kosakonia improvenitrogen availability [15,17]. C. tofieldiae transfers phospho- rusunderdeficientconditions[12],whilerootmicro- bialcommunitiesintegratephosphate-starvationsig- nallingwithimmunity[38].

Endophyticinoculationmayimprovechlorophyllcon- tent,photosystemstability,stomatalconductance,car- bon assimilation and water-use efficiency. Pteridic acids H and F produced by Streptomyces iranensis HM35 act as potent growth-regulatory metabolites

Undersalinity,endophytesmaymaintainfavourable 4.4DirectAntagonismandCommunityProtection potassium-to-sodiumratios,increaseosmolytesand Endophytesdirectlysuppresspathogensthroughnu- protect photosynthetic systems. Under drought, in- trientcompetition,siderophore-mediatedironseques- creasedrootdepth,branching,antioxidantactivityand tration,antibiotics,lipopeptides,volatilecompounds, water-useefficiencyimproveplanthydration.Under chitinases,glucanases,quorumquenchingandmyco- heat,endophytesregulatemembranestability,heat- parasitism. Bacillus, Pseudomonas, Streptomyces, Tri- shockresponsesandcellularredoxbalance. choderma, Clonostachys andnon-pathogenic Fusarium commonlycombinetheseactivities.

Growthpromotionanddefenceneverthelesscompete forcarbon,energyandnutrients.Endophytesreduce Aconsortiumof Bacillusvelezensis, B.megaterium and thistrade-offbymaintainingdefenceinaprimedstate, Herbaspirillum huttiense reduced Rhizoctonia solani improvingresourceacquisitionandspatiallyseparat- rootrotintomatoandincreasedphenoliccontentand inglocalaccommodationfromsystemicresistance.A antioxidantactivity[73].Diseasesuppressionmayalso microbiota–root–shootsignallingcircuitcoordinates resultfrommicrobiomerestructuringthroughthere- plantgrowthanddefenceunderlow-lightconditions cruitmentoractivationofprotectivemicrobialcom- throughMYC2-mediatedregulation[80].TheNHPsig- munities[74–76].Interactionsbetweenbacterialand nallingsystemfurtherdemonstratesthatplantgrowth fungalcommunitymemberscanalsobeessentialfor andimmunityarequantitativelycoordinatedrather plantsurvivalunderfungalpathogenpressure[77]. thanfunctioningasstrictlyopposingprocesses[32]. Mechanism Representativeendophytes Majorcomponents Consequence References RootPseudomonas, PRRs,MAPKs Colonization Localimmune Xanthomonasand andtissue-specific withreduced [24–26] accommodation syntheticcommunities immunity growthpenalty Bacillusvelezensis RBOHDand Restricted ROS-mediated FZB42 microbialauxin virulenceand [19,27] regulation andXanthomonas orsecretionsystems stablemutualism commensals Pseudomonasfluorescens Systemic JA,ET,MYC2and Fasterresponse WCS417,Bacillus [28,29,31] resistance defencepriming tosubsequentattack andTrichoderma Dose-dependent NHP-mediated FMO1,UGT76B1 Root-associatedfungi regulationof [32] signalling andNHP growthandimmunity Bacillus,Pseudomonas, Siderophores, Direct Inhibitionof Streptomycesand antibioticsand [73,74] antagonism pathogengrowth Trichoderma hydrolyticenzymes Exudates, Assemblyof Microbiome metabolitesand disease-suppressive Bacterial–fungalconsortia [75–77] restructuring microbial microbial competition communities 6.Multi-Omics,FormulationandFieldTrans- sortiacancombinenutrientacquisition,hormonalreg- lation ulation,pathogensuppressionandstressprotection. However,antagonisticinteractions,unequalgrowth Whole-genomesequencingidentifiesgenesinvolved ratesandpoorcompatibilityamongcomponentstrains inmotility,adhesion,secretion,nutrientacquisition, mayreducecommunitystability. Strainidentityand secondarymetabolismandbiosafety.Comparativege- specificmicrobialinteractionsmaythereforebemore nomicscandistinguishbeneficialstrainsfromrelated importantthantotalspeciesrichnessindetermining pathogens.Beneficialandpathogenic Colletotrichum pathogenprotection[82].

speciesmaypossesssimilargenomicrepertoiresbut differ in effector expression and the host responses Fieldperformanceremainslesspredictablethangreen- theyinduce[67].

houseperformancebecauseofindigenousmicrobial competition,environmentalvariabilityanddifferences Hosttranscriptomicsrevealschangesinimmunerecep- among host genotypes. Multi-location and multi- tors,transcriptionfactors,phytohormonalpathways, seasontrialsshouldquantifycolonizationpersistence, nutrienttransporters,antioxidantsystemsandphoto- yield,nutrient-useefficiency,diseaseseverity,product syntheticprocesses.DualRNAsequencingsimultane- qualityandnon-targetmicrobiomeeffects[83]. ouslyexaminestranscriptionalresponsesinboththe planthostandtheassociatedmicroorganism,whereas 7. Constraints, Biosafety and Future Direc- metatranscriptomicsevaluatestheactivefunctionsof tions entiremicrobialcommunities.Membersofsynthetic microbialcommunitiescanactivatestrain-specificcol- Amajorlimitationisinconsistentverificationofendo- onizationprogrammeswhilesharingbroaderfunctions phytic colonization. Recovery after surface steriliza- relatedtoenergymetabolismandenvironmentaladap- tiondoesnotprovestableinternalresidenceifsteriliza- tation[20]. Effectiveformulationsmustmaintainmi- tionisincomplete.Colonizationshouldbeconfirmed crobialviability,physiologicalactivityandgeneticsta- throughsurface-sterilitycontrols,molecularquantifi- bility during storage and application. Common car- cation,microscopyandtemporalpersistence. rier materials include peat, talc, lignite, biochar, al- Microbial performance is context dependent. Nutri- ginate, starch, chitosanandpolymerichydrogels. A tionalconditions,hostgenotypeandenvironmental carboxymethyl-chitosan–alginatehydrogelcontaining stressmayshiftanassociationfrombeneficialtoneu- Ensifer C5protectedthebacterialinoculant,improved tralordetrimental. C.tofieldiae benefits Arabidopsis rootcolonizationandincreasedthefieldyieldof Bras- underphosphatedeficiencybutismorestronglyre- sicanapus [81].

strictedunderphosphatesufficiency[12,67].Changes inmicrobialsecondarymetabolismmayalsoalterthe Single-strain inoculants are comparatively easier to mutualist–pathogenbalance[14].

characterize, formulate and regulate, but they may provide a limited range of functions. Microbial con- Candidatestrainsrelatedtoopportunistichuman,ani- Component Informationoradvantage Principallimitation Whole-genomesequencing Colonization,metabolismandbiosafetygenes Genepresencedoesnotdemonstrateinplantaexpression Dualtranscriptomics Simultaneoushostandmicrobialresponses RequiressufficientmicrobialRNA Metabolomicsandproteomics Activemetabolites,enzymesandeffectors Molecularoriginmaybedifficulttoassign Stable-isotopetracing Quantitativenutrienttransfer Requiresspecializedfacilities Spatialimaging Tissue-andcell-specificcolonization Highcostandcomplexpreparation Seedcoating Economicalandearlyrootexposure Compatibilitywithpesticidesandseedstorage Rootdippingorsoildrenching Directexposureofrootentrysites Highinoculumdemandandsoilcompetition Encapsulationandhydrogels Improvedviabilityandcontrolledrelease Additionalformulationcost Syntheticcommunities Functionalcomplementarity Interactioninstabilityandregulatorycomplexity Multi-locationfieldtrials Agronomicvalidation Highenvironmentalandgenotypevariability malorplantpathogensrequiregenomicsafetyassess- Successfulstrainsestablishcontrolledimmuneaccom- ment.Whole-genomescreeningshouldidentifyviru- modationincolonizedtissueswhileprimingsystemic lencegenes,toxins,transferableantibiotic-resistance tissuesforfasterresponsestosubsequentattack. determinantsandmobilegeneticelements.Effectson Growthpromotionresultsfrommicrobialauxinand indigenousmicrobiota,horizontalgenetransferand ACCdeaminaseactivity, biologicalnitrogenfixation, persistencebeyondthecropcyclemustalsobeevalu- phosphorustransfer,siderophoreproduction,sulfur ated.

metabolismandspecializedmetabolites.Thesefunc- Futureinoculantdevelopmentshouldintegratehost tionscanimprovedrought,salinity,heatanddisease genotype,microbialecologyanddefinedmechanisms. tolerance,buttheirexpressiondependsstronglyon Microbiome-assistedbreedingmayidentifyplantalle- microbialstrain,hostgenotype,residentmicrobiota lesthatfavourbeneficialcolonizationwithoutincreas- andenvironment.

ingpathogensusceptibility.Root-exudatechemistry, Themajorchallengeisconvertingpromisinglaboratory immune-receptordiversityandnutrient-transporter responsesintoreproduciblefieldperformance. Reli- activityarepromisingbreedingtargets.

ableinoculantsrequireverifiedinternalcolonization, genomic safety, host compatibility, formulation sta- Synthetic communities should be assembled using bilityandmulti-environmentvalidation.Multi-omics, functionalcomplementarity,nichecompatibilityand spatialbiology,syntheticcommunitiesandadvanced stableinteractionnetworksratherthanrichnessalone. deliverysystemsprovidepromisingroutesforovercom- Machinelearningandmetabolicmodellingmayassist ingcurrentlimitations.

communitydesign,althoughexperimentalvalidation remainsessential.Definedmicrobialmetabolites,in- Endophytic inoculation should therefore be viewed cludingpteridicacids,mayofferstandardizedalterna- asecologicalandmolecularengineeringoftheplant tivestolivinginoculants[79].

holobiontratherthansimpleapplicationofagrowth- promoting microorganism. Integration of microbial Responsivedeliverysystems,biodegradablecoatings genetics,plantimmunity,communityecology,formu- andhydrogelscanimprovesurvivalandtissuetarget- lationscienceandfieldagronomywillbeessentialfor ing. Engineeredendophytescouldeventuallysense developingdependableendophyte-basedtechnolo- drought,nutrientdeficiencyorpathogensignalsand giesthatenhancecropproductivitywhilereducingre- conditionallyproduceprotectivecompounds. Such lianceonchemicalinputs.

systemswillrequiregeneticsafeguards,ecologicalcon- tainmentandtransparentriskassessment.
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temic resistance through jasmonic acid- and ethylene-
associated pathways [28-30]. Colonized plants may
maintain only limited basal defence but respond more
rapidly and strongly after pathogen challenge [31].
This primed state enhances calcium influx, oxidative
bursts, MAP kinase activation, callose deposition and
antimicrobial metabolism without requiring continu-
ous expenditure of metabolic resources [71,72]. An
N-hydroxypipecolic acid-dependent root-to-shoot sig-
nalling system regulates the balance between plant
growth and immunity [32]. Fungal colonization al-
ters FMO1- and UGT76B1-dependent NHP homeostasis.
Moderate NHP levels support plant growth with lim-
ited immune activation, whereas higher NHP concen-
trations enhance defence responses but restrict growth
[32].
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Endophytic communities include bacteria, actinobac-
teria, filamentous fungi and yeasts. Proteobacteria, Fir-
micutes, Actinobacteria and Bacteroidetes commonly
dominate bacterial communities, whereas Ascomy-
cota and Basidiomycota dominate fungal communi-
ties [1,5,7]. Host genotype and tissue type strongly
influence endophytic community composition. Pro-
teobacteria were reported as the dominant bacterial
group in the roots and shoots of Pelargonium grave-
olens [44]. Both shared and genotype-specific endo-
phytic microorganisms have been identified in differ-
ent rice genotypes [45]. Substantial functional varia-
tion has also been observed among fungal endophytes
isolated from hairy vetch [46].






