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Abstract 

Plant–microbiome symbiotic interactions play a crucial role in regulating plant health and pr oducti vity. To esta b lish symbiotic r e- 
lationships, the plant secretes a variety of substances to facilitate microbial community recruitment and assembly. In recent years, 
important pr ogr ess has been made in stud ying ho w plant exudates attract beneficial microor ganisms and regulate plant health. Ho w- 
ever, the mechanisms of plant exudates-mediated microbial community recruitment and assembly and their effects on plant health 

ar e no compr ehensi v e r e vie w. Here , w e summarize the inter action mec hanisms among plant exudates, microbial community recruit- 
ment and assemb l y, and plant health. F irst, w e systematically evaluate the type and distribution of plant exudates, as well as their role 
in microbiome recruitment and assembly. Second, we summarize the mechanisms of plant exudates in terms of microbiome recruit- 
ment, di v ersity r egulation and chemotaxis. Finally, we list some typical examples for elucidating the importance of plant exudates 
in promoting plant health and development. This re vie w contributes to utilizing plant exudate or beneficial microbiome resources to 
manage plant health and productivity. 

Ke yw ords: plant exudate; plant–microbiome interaction; microbial community recruitment; plant health 
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Introduction 

Plant–micr obiome inter actions ar e critical for plant health,
gr owth, and de v elopment. Plant diseases and pests can cause up 

to 30% of global harvest losses, utilizing beneficial microorgan- 
isms enhancing plant immunity by 40%, ther eby r educing harv est 
losses by 5%–20% (Savary et al. 2019 , Paasch et al. 2023 ). Plants–
micr obiome inter actions boosts plant quality by mobilizing soil 
nutrients, resulting in a 30%–50% increase in macronutrient lev- 
els (Vílchez et al. 2020 , Wang et al. 2020 ). In addition, the diversity,
comm unity ric hness, and compositions of plants and micr obes 
wer e positiv el y corr elated that is beneficial for the e volution of 
phytoecommunity (Seabloom et al. 2023 ). T herefore , analysis of 
the interaction models between plants and micr oor ganisms is es- 
sential for enhancing plant imm unity, pr oductivity, and species 
diversity. 

Among the v arious inter action models between plants and mi- 
cr oor ganisms, symbiotic r elationships play the most important 
role (Santo y o 2022 ). Studies have shown that the establishment of 
10%–50% symbiotic relationships is relied on plant exudates ow- 
ing to they can serve as medium for information exchange, mate- 
rial exc hange, and ener gy tr ansfer between plants and microbes 
(Delaux and Sc hornac k 2021 ). Plants secrete specific compounds 
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hat act as signaling molecules, selectiv el y r ecruitment of benefi-
ial micr oor ganisms and enhancing their colonization and prolif-
ration by up to 50% (Palmieri et al. 2020 ). Coumarin biosynthesis
n r oot r eor ganizes the micr obiota at the amplicon sequence vari-
nt le v el and is critical for plant gr owth and r oot micr obiota com-
osition to encounter the iron-limited soils (Harbort et al. 2020 ).
her efor e, plant exudate-mediated micr obial r ecruitment and as-
embly is essential for maintaining plant–microbe symbioses. 

In recent years, important progress has been made in study-
ng how plants attract beneficial micr obiomes thr ough exudates
nd regulate microbial communities . T he OsPAL02 controls 4-
ydroxycinnamic acid synthesis, promoting enrichment in the 
ice lea ves , thereby enhancing rice’s resistance to diseases (Su
t al. 2024 ). Nonpathogenic bacteria and their elicitors can trig-
er the “cry for help” mechanism in plants, facilitating the as-
embly of beneficial microbial communities, thereby suppress- 
ng pathogen invasion and promoting plant growth (Liu et al.
024 ). Trichoderma can activate transcriptional ability, thereby act- 
ng as a plant gr owth pr omoter and improving the plant’s abil-
ty to respond to local and systemic defenses against biotic and
biotic organisms (Woo et al. 2023 ). T herefore , utilization of the
lant exudates-mediated microbial recruitment and assembly is 
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f great significance to impr ov e plant health and productivity.
o w e v er, ther e is lac k of summativ e and critical r e vie w for es-

ablishing the relationship among plant exudates-mediated mi-
r obial r ecruitment and assembl y and plant health. 

Her e, we systematicall y r e vie w the mec hanism of plant exu-
ates in facilitating micr obiome r ecruitment and assembl y for
romoting plant health. First, we explored the types and distri-
ution of plant exudates, as well as their m ultifaceted r oles in
icr obiome r ecruitment and assembl y. Second, we summarize

ow plant exudates driv e micr obiome r ecruitment and assembl y
y affecting microbial perception, balance species diversity, and

nfluence r egulating c hemotaxis. Finall y, we list some successful
ases for proving the significance of plant exudate-mediated mi-
r obiome r ecruitment and assembl y in pr omoting plant health
nd productivity. This comprehensive review can provide guid-
nce for utilization plant exudates and microbial resources to
anage plant growth and development. 

lant exuda tes-media ted micr obiome 

ecruitment and assembly 

lant exudates play a crucial role in the recruitment and as-
embl y of micr oor ganisms . T hese exudates include organic acids ,
ugars , amino acids , phenolic compounds , volatile organic com-
ounds (VOCs), and phytohormones, which are distributed in var-

ous plant organs such as roots , lea ves , flo w ers, and fruits (Trivedi
t al. 2020 , Saurav et al. 2021 ). They mediate microbiome recruit-
ent and assembly primarily through various measures such

s nutrient pr ovision, c hemical signaling, envir onmental r egula-
ion, and competitive inhibition (Tripathi et al. 2022 ). This process
ontributes to enhance plant disease r esistance, impr ov ed nutri-
nt absor ption, incr eased plant quality and yield, and the r egu-
ation of plant growth and development (Vives-Peris et al. 2020 ).
nvir onmental str essors suc h as dr ought, salinity, and temper a-
ur e extr emes significantl y influence exudate composition, whic h
n turn affects micr obiome r ecruitment. For example, dr ought
tress leads to the release of soluble sugars, amino acids, and
r ganic acids, cr eating favor able conditions for dr ought-toler ant
icr obes. Similarl y, salinity alters metabolic pathways, promot-

ng the release of amino acids and organic acids that recruit
alophilic microbes to help mitigate salt stress. Extreme temper-
tures can modify exudates, enhancing the recruitment of ther-
otolerant or psychrophilic microbes, depending on the temper-

ture. In addition to these stress-induced changes, microbial com-
unity stability is critical for plant health. Factors such as soil pH,

rganic matter content, and seasonal fluctuations affect the long-
erm stability of micr obial comm unities. Soil pH can shift micr o-
ial growth conditions, while organic matter supports microbial
iv ersity. Seasonal c hanges in temper atur e and moistur e further

nfluence microbial dynamics, and understanding these factors
s essential for maintaining a resilient microbiome in agricultural
ystems. In the following section, we will explore in detail the type
nd distribution of plant exudates and analyze their specific roles
n microbiome recruitment and assembly. 

ypes and distribution of plant exudates 

lant exudates mainly include amino acids , sugars , growth
actors , vitamins , fatty acids , organic acids , sterols , enzymes ,
a vonoids , and nucleotides/purines , which can be secreted by dif-
erent plant tissues (Afridi et al. 2024 ) (Table 1 ). These exudates
lay various roles in plant growth and development owing to their
istinct functions and chemical composition. Root exudates are
rimarily found in the root tip and root sheath (Canarini et al.
019 ). Root tip exudates are rich in organic acids (such as cit-
ic acid and malic acid), plant hormones, and proteins, facilitat-
ng the regulation of rhizosphere environments and interactions
ith soil micr oor ganisms (Gar gallo-Garriga et al. 2018 ). The rhi-

osphere is the main functional area for root exudates, which
re k e y dri vers of microbial community dynamics. Root exudates
nfluence the structure and function of microbial communities,
haping the rhizosphere environment by attracting beneficial mi-
r obes, suc h as nitr ogen-fixing bacteria and mycorrhizal fungi,
hile inhibiting the growth of pathogens. For example, certain

oot exudates may modulate quorum sensing in bacteria, pro-
oting the colonization of beneficial microbes and suppressing

athogenic species . T his complex chemical signaling mechanism
nderscores the critical role of the rhizosphere in plant health,
utrient acquisition, and disease resistance. Root sheath exudates
onsist of m ucila ge and gl ycopr oteins, enhancing soil adhesion
nd root stability (Gallo w ay et al. 2020 , Xu et al. 2023 ). Leaf ex-
dates include leaf surface exudates and leaf interior exudates.
he former is rich in antimicrobial substances , resins , and VOCs ,
erving to defend against pathogenic microorganisms and preda-
ory insects (Chaudhry et al. 2021 ). The latter contain enzymes
nd odor ants, r egulating plant metabolism and envir onmental r e-
ponses (Shiade et al. 2024 ). Stem exudates, although less studied,
re known to include resins and fla vonoids , which can improve
lant immunity against herbivores and pathogens, as well as reg-
late plant growth and wound healing (Van Deynze et al. 2018 ,
allo w ay et al. 2020 ). Among these, root exudates are particularly

mportant due to their crucial role in shaping soil microbial com-
unities and influencing n utrient uptak e, making them a focal

oint in understanding plant–soil interactions (Vives-Peris et al.
020 , Afridi et al. 2024 ). 

ole of plant exudates in microbiome 

ecruitment and assembly 

lant exudates mediate microbial recruitment and assem-
l y thr ough nutrient suppl y, signal tr ansduction, inhibition of
athogens , and en vir onmental r egulation (Solomon et al. 2024 ).
irst, as nutrient sources such as sugars, organic acids, and amino
cids , they pro vide essential gr owth substr ates and ener gy for mi-
r oor ganisms in the surrounding soil, is a dynamic preparation
or the a ggr egation of the plant-associated micr obiota (Sasse et
l. 2018 ). For instance, citric acid secreted by maize roots facili-
ates iron solubilization, making iron nutrition available as a re-
ource for bacterial utilization, thus recruiting siderophilic bacte-
ia to ac hie v e the effect of inhibiting pathogenic bacteria (Wei et
l. 2020 , Mayneris-Perxachs et al. 2022 , Wang et al. 2024 ) (Fig. 1 A).
econd, chemical compounds in plant exudates act as signaling
olecules, influencing microbial behavior and community struc-

ure (Sasse et al. 2018 , Santo y o 2022 , Guerrieri and Rasmann 2024 ).
hese signaling molecules attract specific microbial species (e.g.
inorhizobium , Azorhizobium , and Pseudomonas ), promoting their
olonization in the rhizosphere (Hayat et al. 2017 ). For exam-
le , isofla vonoids secreted by leguminous plants induce sym-
iotic nitrogen-fixing relationships with rhizobia (Santo y o 2022 )

Fig. 1 B). Third, certain plant exudates contain antimicrobial sub-
tances that inhibit the growth of pathogenic microorganisms,
hereb y safeguar ding beneficial micr obial comm unities ar ound
lant roots (Sasse et al. 2018 , Ahlawat et al. 2024 ). For instance,

soflav onoids from so ybean r oots suppr ess fungal pathogens in
oil, contributing to the maintenance of a healthy rhizospheric
icr obial comm unity (Qiu et al. 2024 ) (Fig. 1 C). Lastly, this modu-
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Table 1. Types and distribution of plant exudates. 

Type Compounds Distribution 

Amino acids α-alanine , β-alanine , γ -aminobutyric , α-aminoadipic , 
ar ginine, aspar a gine , aspartic , citrulline , cystathionine , 
c ysteine, c ystine, deoxymugineic, 3-e pihydro xymugineic, 
glutamine , glutamic , glycine , histidine , homoserine , 
isoleucine , leucine , lysine , methionine , mugineic , ornithine , 
phen ylalanine, pr aline, pr oline, serine, threonine, 
tryptophan, tyrosine, and valine 

Root, leaf 

Sugars Arabinose , fructose , galactose , glucose , maltose , mannose , 
m ucila ges of various compositions , oligosaccharides , 
raffinose , rhamnose , ribose , sucrose , xylose , deoxyribose 

Root 

Growth factors and vitamins p -amino benzoic acid, biotin, choline, N -methyl nicotinic 
acid, niacin, pathothenic, thiamine, riboflavin, pyridoxine, 
pantothenate, and inositol 

Root, leaf 

Fatty acids Linoleic , linolenic , oleic , palmitic , and stearic Root, leaf 
Organic acids Acetic , aconitic , ascorbic , aldonic , benzoic , butyric , caffeic , 

citric , pcoumaric , erythronic , ferulic , formic , fumaric , 
glutaric , glycolic , lactic , glyoxilic , malic , malonic , oxalacetic , 
o xalic, p -hydro xybenzoic, piscidic, propionic, pyruvic, 
succinic , syringic , tartaric , tetronic , valeric , and vanillic 

Root, leaf, Flo w er, stem 

Sterols Campester ol, c holester ol, sitoster ol, and stigmaster ol Root 
Enzymes Amylase , in vertase , peroxidase , phenolase , acid/alkaline 

phosphatase, pol ygalactur onase, and pr otease 
Root 

Flavonoids Chalcone , coumarine , fla vones , fla vonols , fla vanones , 
fla vonones , isofla vones , Iuteolin, apigenin, quercetin, 
chrysin, naringenin, genistein 

Root 

Nucleotides/purines Adenine , guanine , and uridine/cytidine Root 
Others Al-induced polypeptides , alcohols , alkyl sulphides , auxins , 

camalexin, dihydroquinone, ethanol, glucosides, 
glucosinolates , glycinebetaine , hydroc y anic acid, inorganic 
ions and gaseous molecules (e.g. CO 2 , H 

+ , OH 

−, and 
H 2 CO 3 ), isothioc y anates, unidentified ninhydrin positive 
compounds, unidentifiable soluble pr oteins, r educing 
compounds, scopoletin, sorgoleone, strigolactones, citrate, 
malate , oxalate coumarins , camalexin, benzoxazinoids , 
eth ylene, meth yl jasmonate, flavonoids, and malic acid 

Root, leaf, Flo w er, fruit 
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lation includes alterations in soil pH or reduction of harmful sub- 
stance accum ulation, pr omoting the establishment and gr owth 

of beneficial microbes (Vives-Peris et al. 2020 ) (Fig. 1 D). Besides,
under certain conditions of envir onmental str ess, suc h as phos- 
phate or iron limitation, some plants tend to enhance the secre- 
tion of citrate , malate , or oxalate to enrich the rhizosphere with 

or ganic carbon, whic h attr acts beneficial micr oor ganisms (San- 
to y o 2022 ). In conclusion, plant exudates have multiple effects on 

microbiota dynamics. Mutual selection between plants and mi- 
cr obes ultimatel y r esults in micr obial comm unity structur es that 
are critical to plant health and ecosystem function. 

Mechanisms of microbiome recruitment 
and assembly driven by plant exudates 

Plant exudates create a dynamic environment that mediates in- 
teractions between plants and microbes . T he mechanisms of 
plant exudates influence microbiome recruitment and assembly 
mainly including microbial perception, species selection, diver- 
sity, chemotaxis, motility, and comm unity migr ation. Plant exu- 
dates influence microbial perception, population div ersity, mov e- 
ment, and migration by modulating several pathways such as sig- 
nal tr ansduction, selectiv e cultiv ation, c hemotaxis signaling, and 

adhesion mec hanisms, r esulting in a dynamic interr oot micr obial 
omm unity. Understanding these mec hanisms is crucial for ex- 
loring gene resources to regulate plant–microbe interactions. 

egulating microbes perception and recognition 

lant rhizosphere exudates regulate microbial perception and 

 ecognition thr ough thr ee main mec hanisms: masking micr obe-
ssociated molecular patterns (MAMPs), suppr essing r eactiv e oxy-
en species (ROS) bursts, targeting mitogen-activated protein ki- 
ase (MAPK) signaling, and JA/SA-mediated signaling pathway.
dditionall y, envir onmental str essors can significantl y alter the
lant’s root exudate profile, thereby influencing microbial recog- 
ition and perception mechanisms. For example, under salin- 

ty stress, plants may increase the secretion of particular ions,
uch as calcium and magnesium, which are involved in signal-
ng pathways that help microbes sense the salt-stressed environ- 

ent. Similarl y, temper atur e extr emes can lead to the pr oduc-
ion of heat shock proteins and secondary metabolites, such as
a vonoids , which ma y signal heat- or cold-adapted microbes to
ssociate with the plant roots . T he presence of specific mecha-
isms in plant-associated microbes allows them to evade host im-
 une r ecognition, whic h facilitates their colonization and symbi-

tic relationships with plants. First, certain microbes secrete pro- 
eases like AprA to degrade flagellin or produce chitin-binding ef-
ectors, whic h str engthen the cell wall and help e v ade r ecognition
y plant pattern recognition receptors, such as CERK1 (Yu et al.
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F igure 1. Various w ays of microbal recruitment and assembly mediated by plant exudates. (A) Plants attract surrounding beneficial microorganisms to 
colonize them by secreting organic acids, amino acids, sugars, and sterols. (B) All stages of legume symbiosis with Rhizobium are regulated by signals 
fr om themselv es: (i) the pr einfection sta ge, when both parties pr oduce c hemical signals of m utual r ecognition, leading to bacterial attac hment to the 
cell walls of the root hairs; (ii) the infection process leading to curling of the root hairs and the formation of infection threads within the hairs, which 
transport the bacteria to the nodule cells; (iii) the formation of the rhizobium—the specialized root organ; and (iv) differentiation of the bacteria into 
nitrogen-fixing bacilli in the root nodule. (C) When plants are stressed by pathogens, they secrete some antimicrobial substances (e.g. soybean 
gl ycosides, ( + )-pilocar pine, coumarins) to activate the immune system and inhibit the pathogenic bacteria. (D) When the soil is stressed by iron and 
phosphorus, plants will secrete exudates such as malate , citrate , and oxalate to enric h or ganic carbon and attract beneficial micr oor ganisms to gather, 
and at the same time regulate soil temperature, pH value, redox potential, and other properties. Abbreviations meaning: pathogen-associated 
molecular patterns (PAMs); microbe-associated molecular patterns (MAMPs); systemic acquired resistance (SAR); induced systemic resistance (ISR); 
exopol ysacc haride (EPS); and lipopol ysacc haride (LPS). 
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2019 ). This mechanism of MAMP concealment is also observed 

in beneficial microbes, suggesting an adaptive strategy to min- 
imize host immune responses. Additionally, beneficial microbes 
can suppress ROS bursts, which are rapid immune responses trig- 
gered by MAMP detection. For instance, rhizobial effectors, such 

as specific E3 ubiquitin ligases, can inhibit ROS production to mit- 
igate o xidati v e str ess and support micr obial establishment (Xin et 
al. 2012 ) (Fig. 2 A). To further enhance the understanding, specific 
beneficial micr obes, suc h as Pseudomonas fluorescens , produce an- 
tibiotics (e.g. 2,4-diacetylphloroglucinol) to suppress pathogenic 
microbes in the rhizosphere, thereby providing a competitive ad- 
v anta ge . T hese microbes also release siderophores to outcompete 
pathogenic bacteria for iron, thus limiting pathogen growth and 

helping protect the plant from infection. 
The MAPK cascade is a k e y pathway in plant immune signal- 

ing, and it is also a target of microbial effectors. Bacteria such 

as Pseudomonas aeruginosa and Pseudomonas syringae secrete AprA 

pr otease to degr ade fla gellin and e v ade imm une detection. Simi- 
larl y, fungal pathogens pr oduce c hitin-binding effectors like Avr4 
and Ecp6 to reinforce the cell wall and e v ade r ecognition. Fungal 
effectors such as PIIN_08 944 can reduce flg22/chitin-induced ROS 
in barley r oots, pr omoting fungal establishment. Additionall y, the 
effector NopL mimics MAPK substrates, inhibiting phosphoryla- 
tion and interfering with the expression of defense-related genes,
ther eby pr e v enting imm une-trigger ed cell death in tobacco (Bart- 
sev et al. 2004 ). In soybeans, the MAPK GmMPK4, whic h is r eg- 
ulated during colonization by Sinorhizobium fredii , is suppressed 

to facilitate symbiosis (Jiménez-Guerr er o et al. 2015 ) (Fig. 2 B).
Through these mechanisms, beneficial microbes effectively mask 
their presence, attenuate direct immune responses, and disrupt 
downstream signaling to achieve coexistence with plant hosts. 
Mor eov er, the salicylic acid (SA)-dependent pathway plays a piv- 
otal role in microbial perception and r ecognition, especiall y in r e- 
sponse to biotrophic pathogens. Upon detection of MAMPs like 
bacterial flagellin or fungal chitin by leaf surface PRRs, this path- 
way is activated. Once detected, PRRs trigger downstream signal- 
ing, including a r a pid ROS burst as an earl y defense. SA synthesis 
is subsequently induced via two main pathways: the isochoris- 
mate pathway in c hlor oplasts and the phenylalanine ammonia- 
ly ase (PAL) pathw ay in the c ytoplasm. The ICS1 (isochorismate 
synthase 1) gene is essential for c hlor oplast-deriv ed SA biosyn- 
thesis , con v erting c horismate to isoc horismate, a dir ect pr ecur- 
sor of SA (Bari and Jones 2009 ). Meanwhile, the PAL pathway, reg- 
ulated by the PAL gene famil y, conv erts phen ylalanine to tr ans- 
cinnamic acid, contributing to SA synthesis. Accumulated SA is 
transported to surrounding leaf cells, where it initiates systemic 
acquir ed r esistance (SAR) as a signal molecule. SA binds to NPR1 
(nonexpressor of PR genes 1) in the cytoplasm, inducing a confor- 
mational change that releases NPR1 from an inhibitory complex 
with thioredoxin (Mishra et al. 2024 ). Active NPR1 then translo- 
cates to the nucleus and interacts with TGA transcription factors,
leading to the expression of pathogenesis-related (PR) genes such 

as PR1, PR2, and PR5. These PR genes encode proteins with vari- 
ous defense functions. Notably, PR1 and PR5 proteins enhance lig- 
nification to strengthen the cell wall, forming a physical barrier 
a gainst micr obial inv asion. Additionall y, PR2, a β-1,3-glucanase,
degrades the cell walls of invading fungal pathogens, pr e v enting 
infection on the leaf surface. SA’s systemic distribution within the 
plant body promotes SAR, establishing a long-term defense state 
in uninfected leaves and increasing resilience to subsequent mi- 
cr obial attac ks. Inter estingl y, some beneficial micr obes on the leaf 
surface have evolved mechanisms to evade this SA-induced im- 
m une r esponse (Zhang et al. 2020 ). For instance, specific str ains of 
. fluorescens pr oduce SA-degr ading enzymes, whic h neutr alize the
urrounding SA to avoid immune detection (Chaudhry et al. 2021 ).
his selective adaptation allows beneficial microbes to establish 

hemselves on the leaf surface without triggering plant defenses 
Fig. 2 D). T hus , SA and its downstream signaling play a dual role in

icrobial perception and recognition, either activating immunity 
o repel pathogens or allowing symbiosis with SA-neutralizing 
eneficial microbes . T hrough the SA-dependent pathway, plants 
nel y r egulate the leaf surface micr obial comm unity, balancing

mm une activ ation and symbiotic toler ance (Mishr a et al. 2024 ). It
s important to note that the ability of beneficial microbes like P.
uorescens to neutralize SA suggests a sophisticated immune eva- 
ion strategy that can be linked to their capacity to produce an-
imicrobial peptides (AMPs) or other chemical signals that disrupt 
athogen colonization. 

The jasmonic acid (JA)-mediated signaling pathway is crucial 
or controlling microbial perception and immune responses, par- 
icularly in defense against necrotrophic pathogens. JA is syn- 
hesized upon wounding, pathogen attac k, or herbivor e gr azing,
oordinating defense responses throughout the plant, especially 
ithin vascular tissues (Ro ycho wdhury et al. 2024 ). JA biosyn-

hesis begins in the c hlor oplast, wher e linolenic acid is con-
erted to 12-oxo-phytodienoic acid (OPDA) via enzymes such as 
OX2 (lipoxygenase 2) and allene oxide synthase. OPDA is then
ransported to the peroxisome, where it undergoes a series of β-
xidation reactions to produce JA. In response to microbial attack,

A conjugates with isoleucine via the JAR1 (JA resistant 1) enzyme,
orming the active signaling compound JA-Ile . T his JA-Ile binds
ith its receptor complex COI1-JAZ (coronatine-insensitive 1-JA 

IM-domain protein), leading to the ubiquitination and degrada- 
ion of JAZ r epr essor pr oteins (Fig. 2 D). W ithout J AZ proteins, MYC
ranscription factors can freely enter the n ucleus, acti vating JA-
 esponsiv e genes . T hese genes include those encoding PR proteins
uch as PDF1.2 and protease inhibitors, which inhibit microbial 
rowth and prevent pathogen invasion. Protease inhibitors dis- 
upt the activity of pathogen-derived proteases necessary for nu- 
rient acquisition and tissue inv asion. Additionall y, JA induces the
ynthesis of AMPs targeting microbial membranes , pro viding an
dditional layer of direct defense within the vascular tissue. Cer-
ain symbiotic micr obes, suc h as nitrogen-fixing rhizobia, can ma-
ipulate JA signaling to their adv anta ge. Rhizobia secr ete specific
odulation (Nod) factors, which indirectly reduce JA levels, min- 

mizing immune resistance upon entry into plant tissues. By de-
rading ethylene, a signaling molecule that cross-communicates 
ith the JA pathway, rhizobia can further suppress JA signaling

n the stem, promoting colonization within vascular tissues. Un- 
er m ultiple str esses, suc h as wounding and pathogen attack, JA
ignaling interacts with other pathwa ys , particularly the ethylene
ET) pathwa y. T his JA–ET crosstalk enhances the expression of
efense-related genes, modulating the intensity of the immune 
esponse (Bari and Jones 2009 ). Ho w e v er, some pathogens, like P.
yringae , pr oduce cor onatine, a molecular mimic of JA-Ile, which
ijacks the JA pathway by binding to COI1, ina ppr opriatel y acti-
 ating JA-r esponsiv e genes in favor of the pathogen rather than
he plant. This highlights the complexity of microbial perception 

nd JA signaling within stem tissues, emphasizing the balance 
lants maintain between initiating defense and allowing symbio- 
is . T hrough JA-mediated signaling, stems can dynamically regu-
ate microbial perception and recognition, deploying specific de- 
ense str ategies a gainst pathogen attac ks while selectiv el y per-

itting beneficial microbes . T his intricate regulation underscores 
A’s role as a k e y mediator in the immune environment of stem
issues. 
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Figur e 2. T his figure illustrates the complex interactions between plant roots and beneficial microbes in the rhizosphere, focusing on microbial 
e v asion of plant immune responses and the steps of rhizosphere colonization. The image is divided into four panels (A–D) that highlight different 
aspects of microbial colonization and immune modulation mechanisms. (A) Microbial recognition and evasion: this panel demonstrates how 

beneficial microbes evade plant immune recognition. Pathogen-associated molecular patterns (PAMPs), such as flagellin and chitin, are detected by 
plant receptors (e.g. FLS2, EFR, and LYK5). Certain micr obial pr oteins (e.g. Ecp6) can mask or e v ade these r esponses, helping micr obes avoid imm une 
activ ation. (B) Imm une signaling modulation: beneficial micr obes can alter plant imm une signaling. Nod factors, flagellin, and other MAMPs are 
detected by rece ptors, acti vating signaling cascades like MAPK and CDPK. This leads to the expression of defense genes, such as those for camalexin 
and glucosinolate, and the production of ROS via calcium (Ca 2 + ) channels and respiratory burst oxidase homolog (RBOHD). (C) Colonization process: 
this panel outlines the colonization stages for nonsymbiotic bacteria, including chemotaxis, root attachment, biofilm formation, and endophytic 
penetr ation. K e y ste ps involv e sensing r oot exudates , selecting infection sites , and o v ercoming plant imm unity, with micr obial competition for scarce 
elements like iron and phosphorus also shown. (D) Effector-mediated immune suppression: this panel illustrates how bacterial and fungal effectors 
suppress plant immune responses. Bacterial effectors (e.g. NopL) and fungal small secreted proteins (SSPs, such as MiSSP7) interfere with host 
signaling pathwa ys , such as SIPK, MPK4, and CDPK. This leads to c hanges in tr anscriptional r egulation, influencing defense-r elated gene expr ession 
and promoting root colonization. 



Yang et al. | 7 

 

 

s  

p  

p
o
e
p

 

a  

o
c  

c  

t
p  

s  

t  

a
i
a
a  

b  

h
l  

c  

l
t  

T
s
b  

l  

g  

t  

s  

o  

m
t
t  

t  

w
i  

d  

p  

z  

s  

w  

a
e  

o
t
i
c  

a
m  

p
 

t  

r  

z  

F
r
a  

c  

m  
Balancing microbes species selection and 

di v ersity 

The mechanisms by which plant exudates influence microbial 
species selection and div ersity involv e a complex interplay of 
biochemical signaling and resource-driven dynamics . T hese dy- 
namics are essential for determining the recruitment, competi- 
tion, and cooperation among microorganisms in the rhizosphere, 
thus optimizing micr obial comm unities and sustaining ecosys- 
tem functions (Yin et al. 2021 ). Mor eov er, the r ecruitment of 
microbial species is tightly regulated by plant exudates, which 

serv e as selectiv e cues for micr obial comm unities . En vironmen- 
tal str ess, suc h as salt str ess or dr ought, triggers the plant to r e- 
lease exudates that favor specific microbial species capable of 
thriving under such conditions . T his selectiv e r ecruitment pr o- 
cess is crucial for maintaining microbial diversity in the rhizo- 
sphere . For instance , during salt stress , the incr eased secr etion of 
certain organic acids like citric acid and malic acid can attract 
halotolerant bacteria, fungi, and actinobacteria, which can mit- 
igate the effects of salt by producing enzymes that break down 

toxic compounds. At the same time, drought stress may lead to 
a greater abundance of drought-tolerant microbes, such as Bacil- 
lus and Pseudomonas species, which help to retain soil moisture 
and promote plant survival. These selective processes are criti- 
cal in determining the balance between microbial species in the 
rhizosphere, ensuring that beneficial microbes are selected to en- 
hance plant str ess toler ance. Additionall y, the inter actions be- 
tween plant exudates and microbial communities are not only de- 
pendent on environmental conditions but also influenced by plant 
genotype, as different genotypes may release distinct exudate pro- 
files . T his can lead to variation in microbial community compo- 
sition, further enhancing ecological flexibility and resilience. As 
chemical signals, plant exudates attract specific microbial species 
based on their metabolic pr efer ences, r ecruiting those that pos- 
sess specific receptors or metabolic pathways to detect and uti- 
lize compounds in the exudates (Bahar et al. 2010 ). This recruit- 
ment process is not random but rather targeted, guided by micro- 
bial capacities to recognize and metabolize the chemical compo- 
sition of exudates, thus facilitating selective attraction (Berendsen 

et al. 2012 ). Additionall y, certain exudates r egulate micr obial be- 
havior through quorum sensing, a cell-density-dependent mecha- 
nism that microbes use to coordinate gene expression (Hartmann 

and Sc hik or a 2012 , Venturi and K eel 2016 ). Quorum sensing (QS) 
is mediated by small diffusible signal molecules such as N -acyl 
homoserine lactones in Gr am-negativ e bacteria and autoinduc- 
ing peptides in Gr am-positiv e bacteria. As microbial populations 
incr ease, these QS signals accum ulate in the envir onment until 
they r eac h a thr eshold concentr ation that triggers coordinated 

changes in gene expression, regulating behaviors like biofilm for- 
mation, virulence, and secondary metabolite production. Impor- 
tantly, plant exudates contain a variety of chemical compounds—
such as phenolic acids , fla vonoids , and organic acids—that can ei- 
ther mimic or interfere with QS signal molecules. By binding to QS 
receptors or altering the stability of these signals, exudate compo- 
nents modulate QS-regulated gene expression, allowing plants to 
influence microbial functional behaviors within the rhizosphere. 
While selectiv e r ecruitment favors certain beneficial microbes,
the heterogeneity of root exudates also supports microbial diver- 
sity through niche differentiation (Kiers et al. 2011 , Shi et al. 2011 ).
Temporal and spatial variations in exudate composition create di- 
v erse nic hes within the rhizospher e, enabling the coexistence of 
differ ent micr obial species, eac h ada pted to utilize differ ent ex- 
udate components (Bulgarelli et al. 2012 ). This resource-driven 
fi

eparation minimizes direct competition for the same substrates,
romoting the coexistence of varied microbial communities . T he
resence of multiple niches enhances the functional diversity 
f the microbial community, as different species contribute to 
cosystem services such as nutrient cycling and pathogen sup- 
ression (Philippot et al. 2013 ). 

Research has shown that plants can also modulate the avail-
bility of certain exudate compounds in response to the presence
f specific microbial species, thereby further refining the microbial 
omposition in the rhizosphere . T his feedback loop plays a signifi-
ant role in sustaining both micr obial div ersity and the stability of
he plant–microbe symbiosis. Plant exudates also mediate com- 
etitiv e and cooper ativ e inter actions among micr obes, further
ha ping micr obial div ersity and comm unity composition. Within
he rhizospher e, micr obial species suc h as Pseudomonas , Bacillus ,
nd arbuscular mycorrhizal fungi (AMF) engage in both compet- 
tive and cooperative interactions, shaping community structure 
nd function. These interactions are influenced by nutrient avail- 
bility, en vironmental conditions , and micr obial metabolic ca pa-
ilities. In soybean, Bradyrhizobium spp. interact with AMF to en-
ance nitrogen-fixation efficiency, while competition with Bacil- 

us spp. can limit their nodulation efficiency under nitr ogen-ric h
onditions . Furthermore , in tomato ( Solanum lycopersicum ), Bacil-
us subtilis-pr oduced exopol ysacc harides facilitate AMF coloniza- 
ion, impr oving dr ought r esistance by enhancing water uptake.
hese findings suggest that microbial interactions are highly crop- 
pecific, emphasizing the need to tailor microbial inoculants (MIs) 
ased on host plant species . Furthermore , research has high-
ighted that cooper ativ e micr obial inter actions can r esult in syner-
istic effects, where the combined action of different species leads
o greater plant benefits, such as enhanced nutrient uptake and
tr ess r esilience . T his cooper ation is often driv en by the exc hange
f metabolic by-pr oducts, r einforcing the necessity of considering
icrobial consortia in inoculant design. In some cases, exudates 

rigger competitive mechanisms, such as the production of an- 
ibiotics or sider ophor es (Wang et al. 2021 , Wu et al. 2023 ). Cer-
ain micr obes pr oduce antibiotics to inhibit competitor growth,
hile others produce siderophores that sequester iron, restricting 

ts availability to competing microbes and giving sider ophor e pr o-
ucers an adv anta ge (Kiers et al. 2011 ). This selective inhibition
r e v ents an y single micr obial species fr om dominating the rhi-
ospher e, fostering comm unity div ersity. In terms of cooper ation,
pecific exudates promote positive interactions like cross-feeding,
her e one micr obial species utilizes the metabolic by-pr oducts of
nother. This metabolic interdependence supports microbial co- 
xistence, ther eby enhancing comm unity stability. Suc h division
f labor within the microbial community allows multiple species 
o thrive and contributes to the ecosystem’s overall functional- 
ty. Plant exudates create feedback loops, influencing microbial re- 
ruitment and diversity (Chaparro et al. 2014 ). This dynamic inter-
ction between plants and microbes ensures that microbial com- 
 unity structur es continuousl y ada pt to envir onmental c hanges,

r omoting rhizospher e stability and r esilience. 
Fla vonoids , organic acids , and sugars in exudates can selec-

iv el y attr act beneficial micr obes, suc h as nitr ogen-fixing bacte-
ia (e.g. Rhizobia and Azospirillum ) or plant gr owth-pr omoting rhi-
obacteria (PGPR) like Pseudomonas and Bacillus (Badri et al. 2009 ).
or instance, phenolic compounds in exudates can regulate quo- 
um sensing pathways in PGPR, influencing biofilm formation and 

ntimicr obial pr oduction (Venturi and K eel 2016 ). These phenolic
ompounds may act by interfering with the binding of QS signal
olecules to their receptors or by mimicking QS signals, thereby

ne-tuning the transcription of genes associated with collective 
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icrobial beha viors . Fast-growing bacteria such as Proteobacte-
ia are drawn to easily degradable sugars, whereas stress-resistant
roups like Actinobacteria thrive on phenolic compounds due to
heir complex structure and slo w er degr adation r ate (Afridi et al.
024 , Tong et al. 2024 ). Certain bacteria can degrade complex or-
anic compounds into simpler forms, making them available to
ther microbes (Zhalnina et al. 2018 ). Furthermore, as specific mi-
robes metabolize exudates, they may alter the chemical environ-
ent of the rhizosphere, influencing the type and quantity of ex-

dates released by the plant. Depending on the plant’s metabolic
 esponse, these c hanges can either r einforce the pr esence of the
nitial micr obial comm unity or cr eate opportunities for r ecruiting
e w micr obial gr oups (Sasse et al. 2018 ). 

mpacting microbes chemotaxis and motility 

hemotaxis signaling pathways are highly conserved across vari-
us bacterial species. When bacteria move to w ar d root exudates,
his process is initiated by transmembrane chemotaxis receptors,
nown as methyl-accepting c hemotaxis pr oteins (MCPs), whic h
etect chemoeffectors in root exudates (Feng et al. 2021 ). MCPs
ypically form a ternary complex with the CheA histidine ki-
ase and the coupling protein CheW. Structurally, MCPs consist
f an extracellular ligand-binding domain responsible for signal
etection and an intracellular methyl-accepting (MA) domain for
daptation—a k e y featur e of MCPs (Sampedr o et al. 2015 ). Upon
inding to ligands such as sugars and amino acids, MCPs ini-
iate a signaling cascade across the cell membrane, which reg-
lates CheA autophosphorylation through CheW (Lacal et al.
010 ). 

Within the two-component system, phosphorylated CheA in-
eracts with CheY, promoting the transphosphorylation of CheY,
hic h subsequentl y modulates motor proteins to direct bacte-

ial mo vement. T he accumulation of phosphorylated CheY pro-
els bacterial motility to w ar d the signal source, while dephospho-
ylation r educes c hemotactic beha vior. T he methylation state of
he MA domain is critical for this ada ptation mec hanism, with

ethylation enhancing CheA activity and demethylation reduc-
ng it (Sampedro et al. 2015 ). This dynamic regulation allows bac-
eria to continuously sense and respond to c hemoattr actant gr a-
ients within the rhizosphere. 

The concentration of root exudates decreases with increas-
ng distance from the root. Recent studies have introduced the
oncept of chemotactic signal rela ys , suggesting that bacteria
ay release secondary chemotactic signals to compensate for

he diminishing exudate concentr ation (Cr emer et al. 2019 , In-
all et al. 2022 ). Although specific bacterial signaling molecules
ave yet to be identified, this mechanism indicates that bac-
eriall y gener ated signals may r einforce the c hemical gr adient,
romoting bacterial migration to w ar d the root zone. Addition-
ll y, c hemotaxis is influenced by interspecies microbial interac-
ions (Tian et al. 2021 ), including bacterial attraction to root-
ssociated fungal exudates (Jiang et al. 2021 , Mesny et al. 2023 )
Fig. 2 C). 

Numerous studies have provided insights into the chemotactic
ehaviors of various bacterial species in the rhizosphere. For ex-
mple, multiple MCPs and their corresponding ligands have been
dentified in Pseudomonas , Bacillus , and Sinorhizobium species. Bacil-
us subtilis utilizes multiple chemotaxis receptors to colonize root
urfaces, while the colonization of P. putida KT2440 and B. velezen-
is SQR9 is driven by various root exudate compounds (Ortega
t al. 2017 , Feng et al. 2019 ). Notably, Pseudomonas species ex-
ibit chemotactic responses to over 140 compounds, establish-
ng them as models for studying MCP structure–function relation-
hips (Sampedro et al. 2015 ). In P. putida KT2440, 27 MCPs have
een identified, each responsive to a range of signaling molecules
uch as amino acids , fatty acids , sugars , and secondary metabo-
ites . Likewise , B . velezensis SQR9 contains eight MCPs, includ-
ng McpA, McpB, and others, indicating its capacity for diverse
 hemoeffector r ecognition (Corr al-Lugo et al. 2016 , Liu et al. 2020 ).
oot exudates also enhance bacterial motility; for instance, root-
ecr eted sucr ose pr omotes the synthesis of the extr acellular pol y-
eric substance le v an in B. subtilis , whic h r egulates fla gellar syn-

hesis, and Arabidopsis mutants lacking sucrose secretion exhibit
 educed r oot colonization by B. subtilis (Tian et al. 2021 ). Addition-
ll y, pol ysacc harides in root exudates stimulate surfactin produc-
ion, essential for bacterial motility (Debois et al. 2015 , Hoff et al.
021 ), while inositol enhances swimming motility in Pseudomonas
y r epr essing the tr anscriptional r egulator DksA, an inhibitor of
otility (Vílchez et al. 2020 , O’Banion et al. 2023 , Sánchez-Gil et

l. 2023 ). 

r omoting micr obial community migr a tion 

acterial chemotaxis and motility are critical for determining bac-
erial colonization sites and migration patterns along plant roots
Fan et al. 2012 , Gao et al. 2013 , Tovi et al. 2019 , O’Neal et al. 2020 ).
his process is mediated by signaling pathways that guide bacte-
ia to w ar d specific r egions based on c hemical cues pr esent in r oot
xudates. MCPs are pivotal in these pathwa ys , as they sense the
hemical composition of exudates and initiate signal transduc-
ion cascades . T his signaling leads to changes in bacterial motil-
ty and spatial organization, enabling bacteria to move to w ar d ar-
as rich in exudates. Root zones with higher exudation, such as
he elongation zone located just behind the root tip, release a di-
 erse arr ay of signaling molecules that attr act bacteria, ther eby
reating colonization hotspots for microbial communities (Darrah
991 , Marschner et al. 2011 ). 

Furthermor e, c hemotaxis and motility facilitate dynamic col-
nization, allowing bacteria to relocate in response to shifts in
oot exudation patterns o ver time . Initially, chemotactic signals
irect bacteria to specific root zones; ho w ever, as root develop-
ent pr ogr esses and the distribution of exudates c hanges, bacte-

ial migration adjusts accordingly. This adaptability allows bacte-
ia to follow r oot gr owth and maintain optimal access to nutrient-
ich zones. Influenced by root-derived chemoattractants and re-
ellents , chemotactic pathwa ys r egulate not onl y the site of initial
ttachment but also subsequent migration to new exudate-rich
egions as the root matures (Zboralski and Filion 2020 ). Addition-
ll y, bacterial r elocation may serv e to e v ade imm une-activ ating
ones along the r oot, wher e certain root cells produce antimicro-
ial compounds that deter colonization (Fröschel et al. 2021 , Ver-
on et al. 2023 ). 

Evidence for these chemotactic and migratory processes is ob-
erv ed acr oss v arious bacterial species and plant systems. For in-
tance, Bacillus megaterium NCT-2 is initially found in the elonga-
ion zone of maize roots but subsequently colonizes the meris-
ematic and root hair zones over time (Chu et al. 2018 ). In an-
ther example, Azospirillum brasilense m utants lac king essential
 hemor eceptors for r oot exudate-dir ected c hemotaxis exhibit im-
air ed accum ulation on the rhizoplane, highlighting the critical
ole of chemotactic perception in root colonization (O’Neal et al.
020 ). Mor eov er, r oot-secr eted ROS function as repellents, guid-
ng bacterial migration a wa y from root tips and into more favor-
ble zones (Fig. 2 C). In Pseudomonas , the �morA mutant’s inabil-
ty to migrate a wa y from immune-activated sites severely limits
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its capacity for rhizosphere colonization, underscoring the im- 
portance of motility in successful colonization (Liu et al. 2018 ).
Despite these insights, challenges remain in accurately measur- 
ing bacterial colonization across different root zones. Traditional 
microscopy-based methods often capture only partial root ar- 
eas and may introduce observational biases, complicating a com- 
pr ehensiv e understanding of colonization dynamics (Cao et al.
2023 ). 

Application of microbiome recruitment and 

assembly for regulating plant health 

Micr obiome r ecruitment and assembl y str ategies play a vital role 
in enhancing plant health by optimizing microbial communities. 
For instance, the recruitment of beneficial microbes can mask 
pathogenic bacteria and boost plant disease resistance. Addition- 
all y, incr easing rhizospher e micr obial div ersity has been shown 

to impr ov e plant pr oductivity and str ess toler ance. Allelopathic 
r ecruitment, wher e plants release specific compounds to attract 
beneficial micr oor ganisms , also pla ys a critical role in stress mit- 
igation. Furthermor e, coordinating micr obial comm unities to en- 
hance nutrient utilization r epr esents a sustainable a ppr oac h to 
impr oving cr op yields. In the subsequent section, we delineate 
se v er al illustr ativ e cases demonstr ating micr obiome r ecruitment 
and assembl y str ategies hold significant pr omise for adv ancing 
plant health management (Table 2 , Supplementary Table 1 ). 

“Masking pathogenic bacteria” to reduce their 
infection 

In recent years, plant infection diseases are globally on the rise 
(Yang et al. 2023 ), causing up to 30% of global harvest losses 
(Savary et al. 2019 ). The health status of plants is closel y r elated to 
their micr obial comm unities in micr ohabitats, suc h as interr oots 
and lea ves . A variety of microorganisms , including beneficial mi- 
cr oor ganisms and pathogenic bacteria, exist inside and outside 
the plant body, among which pathogenic bacteria are able to cause 
diseases by invading plant tissues, which can seriously affect 
plant growth and yield. Howe v er, studies hav e shown that benefi- 
cial micr oor ganisms ar e able to inhibit the inv asion of pathogenic 
bacteria in a variety of wa ys , such as competing for resources, pro- 
ducing antimicrobial substances, and inducing plant immunity. 
Additionall y, beneficial micr obes can also enhance plant imm u- 
nity by activating systemic resistance mechanisms . T his includes 
inducing SAR or induced systemic r esistance (ISR), whic h can im- 
pr ov e the plant’s ability to respond to pathogen challenges. For in- 
stance, certain strains of Bacillus and Pseudomonas can trigger the 
production of ROS and other defense-related molecules, bolster- 
ing the plant’s natur al imm une r esponse to pathogens (Dimki ́c et 
al. 2022 ). Ther efor e, the r ecruitment and assembl y of micr obial 
communities is gradually being considered as a potential strategy 
to regulate plant health by optimizing the microbial environment 
around plants to mask the colonization and spread of pathogenic 
bacteria (Fig. 3A ). 

T he RIPENING-INHIBIT OR (RIN) in tomatoes is a k e y transcrip- 
tion factor that regulates fruit ripening and also plays an impor- 
tant role in plant disease resistance. Yang Keming et al. ( 2023 ) 
investigated how RIN mediates the recruitment and assembly 
of rhizospher e micr obiomes to enhance plant resistance to soil- 
borne pathogens . T he study in v estigated the r ole of the RIN gene 
in the regulation of plant microbial communities, especially its 
effect in microbial-mediated disease resistance, using wild-type 
(WT) tomato and its homozygous RIN mutant (‘ rin ’). It was found 
hat RIN not onl y pr omoted fruit ripening, but also slightly im-
r ov ed plant disease resistance under aseptic conditions, with
T tomato exhibiting lo w er disease se v erity and pathogen counts

han the rin mutant. This disease resistance effect was further
nhanced under conditions where natural microbial communi- 
ies wer e pr esent, with WT plants showing a significant r eduction
n disease se v erity and pathogen numbers . T hese results suggest
hat the effect of RIN on disease resistance is not only directly
elated to plant genotypes, but also enhanced through interac- 
ions with the interroot microbial community. Further macroge- 
omic anal yses r e v ealed significant differ ences in the composi-
ion and function of the interroot microbial communities of the

T and rin mutants . T he micr obial comm unities of the WT plants
ho w ed higher α-diversity, and in particular, the r elativ e abun-
ance of the phylum Actinomycetes was higher in the WT plants.
t was also found that the abundance of Actinomycetes was neg-
tiv el y corr elated with the abundance of R. solanacearum , sug-
esting that Actinomycetes may mitigate the disease by inhibiting
he growth of pathogenic bacteria. In addition, the interroot mi-
r obial comm unities of WT plants demonstr ated mor e complex
ooccurrence networks, suggesting that these microbial commu- 
ities may inhibit the spread of pathogens through stronger com-
etitiv e pr essur es. Actinom ycetes played an important r ole in the
icrobial network of WT plants, which gradually increased with 

dv ancing sta ges of plant de v elopment, especiall y during fruit
ipening. Root secretion analyses revealed a significant change in 

he composition of secretions in the rin m utant, whic h secr eted
 reduced amount of metabolites compared with WT plants, es-
ecially some organic acids , sugars , and alkaloids (e .g. ribofla vin
nd 3-hydroxyflavonoids) that are associated with disease sup- 
ression. Further experiments sho w ed that r oot secr etions of WT
lants could significantly affect the composition of soil micro- 
ial communities and increase the relative abundance of Acti- 
om ycetes . These r esults suggest that WT plants driv e the r e-
ruitment of disease-inhibiting micr oor ganisms thr ough r oot se-
r etions, ther eby enhancing their disease r esistance. Finall y, the
ole of riboflavin and 3-hydroxyflavone in disease suppression 

as verified by greenhouse experiments. Disease severity was sig- 
ificantl y r educed in rin m utants administer ed with both com-
ounds, a ppr oac hing the le v el of WT plants. It was also found
hat 3-hydroxyflavonoids and riboflavonoids could indir ectl y r e-
uce the abundance of pathogenic bacteria by impacting the 
omposition of the microbial community. In summary, the RIN 

ene significantly affected tomato disease resistance by regulat- 
ng r oot secr etions and the assembl y of interr oot micr obial com-
 unities, especiall y by enhancing the recruitment of disease-

uppr essiv e micr obes suc h as Actinom ycetes . These r esults pr ovide
ew ideas and theoretical basis for strategies to enhance crop
isease resistance by regulating plant microbial communities 

Fig. 3B ). 
The application of RIN-mediated root exudates to recruit 

isease-suppr essiv e micr obiota pr esents significant potential for
nhancing plant disease resistance. Ho w ever, several critical con-
ider ations emer ge: (i) optimizing exudate concentr ations is cru-
ial to avoid imbalances that affect micr obial r ecruitment and
tability. (ii) The mechanisms of how specific micr obes, suc h as
treptococcus l ysimac hiae , ar e r ecruited and inter act with pathogens
emain unclear and require further research. (iii) Soil type, micro-
ial diversity, and environmental conditions may impact the sta- 
ility and adaptability of this strategy. (iv) Maintaining the long-
erm stability of disease-suppr essiv e micr obes is c hallenged by
actors such as crop rotation and seasonal changes, which could
lter microbial community dynamics. 

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf008#supplementary-data


10 | FEMS Microbiology Reviews , 2025, Vol. 49 

Ta
 b

le
 
2.

 
R

es
ea

r c
h
 
st

u
d

ie
s 

p
er

fo
rm

ed
 
to

 
p

ro
m

ot
e 

p
la

n
t 

h
ea

lt
h
 
by

 
u

si
n

g 
m

ic
ro

b
io

m
e 

re
cr

u
it

m
en

t 
an

d
 
as

se
m

b
ly

. 

A
p

p
li

ca
ti

on
 

Pl
an

t 
C

on
d

it
io

n
 

M
ic

ro
b

ia
l 

sp
ec

ie
s 

M
ai

n
 
ef

fe
ct

s 
A

ct
io

n
 
m

ec
h

an
is

m
s 

R
ef

er
en

ce
s 

R
ed

u
ce

 
p

at
h

og
en

ic
 

b
ac

te
ri

a 
in

fe
ct

io
n
 

To
m

at
o 

( S
ol

an
um

 

ly
co

pe
rs

ic
um

 ) 
Fu

sa
ri

um
 
ox

ys
po

ru
m
 
f. 

sp
. l

yc
op

er
si

ci
 
(F

O
L)
 

Sp
hi

ng
om

on
as

 
sp

 ., 
Sp

hi
ng

ob
iu

m
 
sp

 , 
Ly

so
ba

ct
er
 
sp

 . e
t 

al
. 

In
h

ib
it

io
n
 
of
 

p
at

h
og

en
s.
 
Pr

om
ot

ed
 

p
la

n
t 

gr
ow

th
 
an

d
 

h
ea

lt
h

. 

En
h

an
ce

d
 
ex

p
re

ss
io

n
 

of
 
d

ef
en

se
-r

el
at

ed
 

ge
n

es
 
in
 
to

m
at

o 
ro

ot
s 

an
d
 
p

ro
m

ot
ed

 

p
at

h
og

en
 
in

h
ib

it
io

n
 

by
 
in

d
u

ci
n

g 
sy

st
em

ic
 

re
si

st
an

ce
. 

Ji
n
 
et
 
al

. (
 20

24
 ) 

A
ff

ec
t 

p
la

n
t 

p
ro

d
u

ct
iv

it
y 

To
m

at
o 

( S
ol

an
um

 

ly
co

pe
rs

ic
um

 ) 
C

h
it

os
an

- 
en

ca
p

su
la

te
d
 

m
ic

ro
b

ia
l 

b
io

fe
rt

il
iz

er
 

( P
se

ud
om

on
as

 

flu
or

es
ce

ns
 ).
 

Ps
eu

do
m

on
as

 
sp

 ., 
Ba

ci
llu

s 
sp

 ., 
Ly

so
ba

ct
er
 

sp
 . e

t 
al

. 

Im
p

r o
v e

d
 
cr
 op

 

p
ro

d
u

ct
iv

it
y.
 

Im
p

r o
v e

d
 
so

il
 
fe

rt
il

it
y.
 

Pr
om

ot
ed

 
p

la
n

t 
h

ea
lt

h
. 

D
is

so
lv

ed
 
p

h
os

p
h

at
e 

in
 
th

e 
so

il
, p

ro
m

ot
ed

 

p
la

n
t 

u
p

ta
ke

 
of
 

p
h

os
p

h
or

u
s,
 

fa
ci

li
ta

te
d
 
ro

ot
 

el
on

ga
ti

on
, c

ro
p
 

m
at

u
ri

ty
, a

n
d
 

p
r o

li
fe

r a
ti

on
. 

B
eu

la
 
Is

ab
el
 
et
 
al

. 
( 2

02
4 )
 

En
h

an
ce

 
p

la
n

t 
st

re
ss

 
M

ai
ze

 
( Z

ea
 
m

ay
s )
 

H
g 

st
re

ss
 
(2

0 
m

g/
kg

 

H
g,
 
25

 
d

ay
s)
 

Fu
sa

ri
um

 
sp

 ., 
Ex

op
hi

al
a 

sp
 ., 

M
ey

er
oz

ym
a 

sp
 . e

t 
al

. 

Pr
om

ot
ed

 
p

la
n

t 
gr

ow
th

 
an

d
 
al

le
vi

at
ed

 

th
e 

ef
fe

ct
s 

of
 

m
er

cu
ry

-i
n

d
u

ce
d
 

p
h

yt
ot

ox
ic

it
y 

an
d
 

b
io

lo
gi

ca
l 

st
re

ss
. 

Pr
om

ot
ed

 
IA

A
 

p
ro

d
u

ct
io

n
 
an

d
 

p
h

os
p

h
at

e 
d

is
so

lu
ti

on
. 

Fe
n

g 
et
 
al

.(
 20

24
 ) 

V
et

iv
er

ia
 
zi

za
n

io
id

es
 

(V
. z

iz
an

io
id

es
) 

Sb
 
an

d
 
A

s 
st

re
ss

 

(3
0 

m
g/

kg
 
Sb

 
an

d
 
A

s,
 

12
0 

d
ay

s)
 

Sp
hi

ng
om

on
as

 
sp

 ., 
R

ho
do

sp
ir

ill
um

 
sp

 ., 
St

re
pt

om
yc

es
 
sp

 . e
t 

al
. 

Ef
fe

ct
iv
 el
 y 

r e
d

u
ce

d
 

to
xi

ci
ty
 
th

ro
u

gh
 

m
ic

ro
b

ia
l 

ox
id

at
io

n
. 

Pr
om

ot
ed

 
p

la
n

t 
gr

ow
th

 
an

d
 

p
h

ot
os

yn
th

es
is

. 

T
h

e 
k e

 y 
ge

n
es

 

en
co

d
in

g 
ar

se
n

at
e 

re
d

u
ct

as
e 

is
 

re
sp

on
si

b
le
 
fo

r 
th

e 
re

d
u

ct
io

n
 
of
 
A

s 
an

d
 

Sb
. 

Y
u
 
et
 
al

. (
 20

24
 ) 

Pa
na

x 
no

to
gi

ns
en

g 
Li

gh
t 

st
re

ss
 

(c
or

re
sp

on
d
 
to

 
5%

, 
15

%
, a

n
d
 
30

%
 
of
 
fu

ll
 

su
n

li
gh

t 
( ∼

10
0 

00
0 

lu
x)

, 6
0 

d
ay

s)
 

Ps
eu

do
m

on
as

 
sp

 ., 
A

rt
hr

ob
ac

te
r 

sp
 ., 

Pa
en

ib
ac

ill
us

 
sp

 . e
t 

al
. 

En
h

an
ce

d
 
th

e 
ac

cu
m

u
la

ti
on

 
of
 

fl
av

on
oi

d
s 

an
d
 

al
le

vi
at

ed
 
so

il
 
b

or
n

e 
d

is
ea

se
s 

su
ch

 
as

 
ro

ot
 

r o
t.
 
Pr

 om
ot

ed
 
p

la
n

t 
gr

ow
th

. 

It
 
is
 
re

la
te

d
 
to

 
th

e 
m

ec
h

an
is

m
 
by

 
w

h
ic

h
 

re
ce

 p
to

r 
li

k e
 
ki

n
as

es
 

in
te

ra
ct
 
w

it
h
 

tr
an

sc
ri

p
ti

on
 
fa

ct
or

s 
an

d
 
p

h
os

p
h

or
yl

at
e 

an
d
 
re

gu
la

te
 

fl
a v

on
oi

d
s .
 

Fa
n

g 
et
 
al

. (
 20

24
 ) 

R
ic

e 
( O

ry
za

 
sa

ti
va

 ) 
C

ol
d
 
st

re
ss

 
(1

5 ◦
C

, 1
4 

d
ay

s)
 

Ps
eu

do
m

on
as

 
sp

 ., 
En

te
ro

ba
ct

er
 
sp

 ., 
Ba

ci
llu

s 
sp

 . e
t 

al
. 

Pr
om

ot
ed

 
p

la
n

t 
gr

 ow
th

. I
m

p
r o

v e
d
 

su
rv

iv
al

, y
ie

ld
, a

n
d
 

q
u

al
it

y.
 

In
cr

ea
se

d
 
so

il
 

n
it

ro
ge

n
 
co

n
te

n
t 

an
d
 

ar
 gi

n
in

e 
se

cr
 et

io
n
 

ca
p

ac
it

y 

Z
h

an
g 

et
 
al

. (
 20

24
 ) 



Yang et al. | 11 

Ta
b

le
 
2.

 
C

on
ti

n
u

ed
 

A
p

p
li

ca
ti

on
 

Pl
an

t 
C

on
d

it
io

n
 

M
ic

ro
b

ia
l 

sp
ec

ie
s 

M
ai

n
 
ef

fe
ct

s 
A

ct
io

n
 
m

ec
h

an
is

m
s 

R
ef

er
en

ce
s 

M
im

os
a 

pu
di

ca
 

Sa
lt
 
st

re
ss

 
(1

00
 
an

d
 

20
0 

m
M
 
N

aC
l,
 
tw

ic
e 

a 
w

ee
k,

p
lu

s 
on

ce
 
a 

w
ee

k 
w

it
h
 
ta

p
 
w

at
er

, 
65

 
d

ay
s)

, W
at

er
 
st

re
ss

 

(w
at

er
 ed

 
on

l y
 
on

ce
 
a 

w
ee

k 
w

it
h
 
ta

p
 
w

at
er

, 
65

 
d

ay
s)
 

Ps
eu

do
m

on
as

 
sp

 ., 
Pa

en
ib

ac
ill

us
 
sp

 ., 
Ba

ci
llu

s 
sp

 . e
t 

al
. 

Pr
om

ot
ed

 
p

la
n

t 
gr

ow
th

 
an

d
 

p
h

ot
os

yn
th

es
is

. 
A

cc
el

er
at

ed
 
th

e 
oc

cu
rr

en
ce

 
of
 

in
fl

or
es

ce
n

ce
s.
 

Ex
h

ib
it

ed
 
h

ig
h

er
 

su
p

er
ox

id
e 

d
is

m
u

ta
se

, 
gl

u
ta

th
io

n
e 

re
d

u
ct

as
e 

an
d
 
as

co
rb

at
e 

p
er

o x
id

as
e 

ac
ti
 vi

ti
es

, 
p

r o
li

n
e 

co
n

ce
n

tr
 at

io
n
 

an
d
 
ro

ot
/s

h
oo

t 
ra

ti
os

 

Sa
p

iñ
a-

So
la

n
o 

et
 

al
.(
 20

24
 ) 

St
ra

w
b

er
ry

 

( F
ra

ga
ri

a 
×

an
an

na
sa

 

D
uc

h.
) 

C
ol

d
 
st

re
ss

 
(G

ro
w
 
in
 

co
ld
 
w

ea
th

er
 
of
 
la

te
 

fa
ll

, f
ro

m
 
7 

Se
p

te
m

b
er

 
20

22
 
to

 
27

 

O
ct

ob
er

 
20

22
) 

G
lo

m
us

 
sp

 ., 
Ps

eu
do

m
on

as
 
sp

 ., 
St

ap
hy

lo
co

cc
us

 
sp

 . e
t 

al
. 

A
ll

ev
ia

te
d
 
th

e 
d

am
ag

e 
of
 
co

ld
 
st

re
ss

 

an
d
 
st

im
u

la
te

d
 
p

la
n

t 
gr

ow
th

. 

T
h

e 
p

er
tu

rb
at

io
n
 
ti

te
r 

of
 
tr

yp
to

p
h

an
 

m
et

ab
ol

is
m

 
w

as
 

in
cr

ea
se

d
 
an

d
 
th

e 
ex

p
re

ss
io

n
 
of
 
re

la
te

d
 

ge
n

es
 
w

as
 

d
ow

n
re

gu
la

te
d

. 

A
yy

an
at

h
 
et
 
al

. (
 20

24
 ) 

Im
p

r o
v e

 
p

la
n

t 
n

u
tr

ie
n

t 
u

ti
li

za
ti

on
 

So
yb

ea
n
 
( G

ly
ci

ne
 

m
ax

 ) 
In

tr
od

u
ct

io
n
 
of
 

Ps
eu

do
m

on
as

 

ch
lo

ro
ra

ph
is
 
IR

H
B

3 
to

 

a g
gr

 eg
at

e 
b

en
efi

ci
al
 

m
ic

ro
b

es
. 

G
eo

ba
ct

er
 
sp

 ., 
G

eo
m

on
as

 
sp

 ., 
A

gr
ob

ac
te

ri
um

 
sp

 . e
t 

al
. 

St
im

 u
la

te
d
 
r o

ot
 

d
e v

 el
op

m
en

t.
 

Pr
om

ot
ed

 
fu

ll
 

u
ti

li
za

ti
on

 
of
 
n

it
ro

ge
n
 

an
d
 
p

h
os

p
h

or
u

s.
 

Pr
om

ot
ed

 
p

la
n

t 
gr

ow
th

 
an

d
 

d
e v

 el
op

m
en

t.
 

IR
H

B
3 

ac
ti

va
te

d
 

rh
iz

om
a-

as
so

ci
at

ed
 

ge
n

e 
ex

p
re

ss
io

n
 
an

d
 

r a
 p

id
l y
 
aw

ak
en

ed
 
th

e 
JA

 
si

gn
al

in
g 

p
at

h
w

ay
 

to
 
in

d
u

ce
 
re

si
st

an
ce

. 

W
ei
 
et
 
al

. (
 20

24
 ) 

R
ic

e 
( O

ry
za

 
sa

ti
va

 ) 
In

tr
od

u
ce

d
 
b

en
efi

ci
al
 

b
ac

te
ri

a 
(A

rb
u

sc
u

la
r 

m
yc

or
rh

iz
al
 
fu

n
gi

).
 

Ps
eu

do
m

on
as

 
sp

 ., 
Sp

hi
ng

om
on

as
 
sp

 ., 
Ba

ci
llu

s 
sp

 . e
t 

al
. 

In
cr

ea
se

d
 
n

u
tr

ie
n

t 
u

se
 
ef

fi
ci

en
cy

. 
In

cr
ea

se
d
 
p

la
n

t 
gr

ow
th

 
an

d
 
yi

el
d

s.
 

R
ed

u
ce

d
 

a g
r o

c h
em

ic
al
 
in

p
u

ts
. 

Fa
ci

li
ta

te
d
 
p

la
n

t 
u

p
ta

ke
 
of
 
n

it
ro

ge
n
 

an
d
 
p

h
os

p
h

or
u

s 
an

d
 

in
cr

ea
se

d
 

p
h

ot
os

yn
th

et
ic
 

ef
fi

ci
en

cy
. I

m
p

r o
v e

d
 

m
ic

r o
b

ia
l 

co
m

m
 u

n
it

y 
st

ru
ct

u
re

. 

Y
an

g 
et
 
al

. (
 20

24
 ) 

W
h

ea
t 

( T
ri

ti
cu

m
 

ae
st

iv
um

 ) 
N

an
op

ar
ti

cl
e-
 

m
ed

ia
te

d
 
m

od
u

la
ti

on
 

of
 
p

la
n

t 
p

er
fo

rm
an

ce
 

an
d
 
m

ic
ro

b
io

m
e 

d
yn

am
ic

s 

Ba
ct

er
oi

de
s 

sp
 ., 

N
it

ro
so

m
on

as
 
sp

 ., 
Ps

eu
do

m
on

as
 
sp

 . e
t 

al
. 

R
ed

u
ce

d
 
p

at
h

og
en

ic
 

in
fe

ct
io

n
s.
 
In

cr
ea

se
d
 

n
u

tr
ie

n
t 

u
se

 

ef
fi

ci
en

cy
. P

ro
m

ot
ed

 

p
la

n
t 

gr
ow

th
 
an

d
 

h
ea

lt
h

. 

In
cr

ea
se

d
 

p
h

ot
os

yn
th

et
ic
 

ef
fi

ci
en

cy
 
an

d
 

an
ti

ox
id

an
t 

en
zy

m
e 

ac
ti

vi
ty

. I
m

p
r o

v e
d
 
so

il
 

p
H
 
an

d
 
n

u
tr

ie
n

t 
co

n
te

n
t.
 
R

eg
u

la
te

d
 

th
e 

p
la

n
t 

m
ic

ro
b

io
m

e.
 

Li
 
et
 
al

. (
 20

24
 ) 



12 | FEMS Microbiology Reviews , 2025, Vol. 49 

Ta
b

le
 
2.

 
C

on
ti

n
u

ed
 

A
p

p
li

ca
ti

on
 

Pl
an

t 
C

on
d

it
io

n
 

M
ic

ro
b

ia
l 

sp
ec

ie
s 

M
ai

n
 
ef

fe
ct

s 
A

ct
io

n
 
m

ec
h

an
is

m
s 

R
ef

er
en

ce
s 

Pe
a 

( P
is

um
 
sa

ti
vu

m
 ) 

In
oc

u
la

te
d
 
w

it
h
 

B
io

in
oc

u
la

n
ts
 

(A
rb

u
sc

u
la

r 
m

yc
or

rh
iz

al
 
fu

ng
i )

. 

Ps
eu

do
m

on
as

 
sp

 ., 
C

yt
op

ha
ga

 
sp

 ., 
R

hi
zo

bi
um

 
sp

 ., 
Ba

ci
llu

s 
sp

 . e
t 

al
. 

A
cc

el
er

at
ed

 
so

il
 

n
u

tr
ie

n
t 

cy
cl

in
g.
 

Im
p

r o
v e

d
 
n

u
tr

ie
n

t 
u

ti
li

za
ti

on
 
by

 
p

la
n

ts
. 

Pr
om

ot
ed

 
p

la
n

t 
gr

ow
th

 
an

d
 
h

ea
lt

h
. 

M
ic

ro
b

ia
l 

in
oc

u
la

ti
on

 

in
d

ir
 ec

tl
 y 

af
fe

ct
ed

 

ca
rb

on
 
an

d
 
ot

h
er

 

n
u

tr
ie

n
t 

ac
q

u
is

it
io

n
 

by
 
in

cr
ea

si
n

g 
so

il
 

m
ic

r o
b

ia
l 

d
iv
 er

si
ty
 

an
d
 
en

ri
ch

in
g 

th
e 

m
ic

r o
b

io
ta

 
in

vo
lv
 ed

 

in
 
n

u
tr

ie
n

t 
cy

cl
in

g.
 

C
al

d
er

on
 
an

d
 
D

an
gi
 

( 2
02

4 )
 

R
ic

e 
( O

ry
za

 
sa

ti
va

 ) 
U

se
d
 
O

SC
IP

K
2 -
 

ov
 er
 ex

p
r e

ss
in

g 
tr

an
sg

en
ic
 
ri

ce
 
p

la
n

ts
 

Ph
en

yl
ob

ac
te

ri
um

 
sp

 ., 
Sp

hi
ng

om
on

as
 
sp

 ., 
Pl

eo
m

or
ph

om
on

as
 
sp

 . e
t 

al
. 

Im
p

r o
v e

d
 
n

u
tr

ie
n

t 
u

ti
li

za
ti

on
 
by

 
p

la
n

ts
. 

R
ed

u
ce

d
 
sa

lt
 
st

re
ss

. 
Pr

om
ot

ed
 
p

la
n

t 
gr

ow
th

 
an

d
 
h

ea
lt

h
. 

O
v e

r e
xp

r e
ss

io
n
 
of
 

O
SC

IP
K

2 
in
 
th

e 
ro

ot
 

sy
st

em
 
p

ro
m

ot
es

 

ci
tr

ic
 
ac

id
 
p

ro
d

u
ct

io
n
 

by
 
u

p
ta

ke
 
of
 

rh
iz

os
p

h
er

e 
n

it
ro

ge
n

-fi
xi

n
g 

b
ac

te
ri

a 
in
 
ri

ce
 
u

n
d

er
 

lo
w
 
n

it
ro

ge
n
 
st

re
ss

. 

C
h

en
 
et
 
al

. (
 20

24
 ) 

W
h

ea
t 

( T
ri

ti
cu

m
 

ae
st

iv
um

 ) 
In

tr
od

u
ce

d
 
b

en
efi

ci
al
 

b
ac

te
ri

a 
(P

h
os

p
h

at
e-
 

so
lu

b
il

iz
in

g 
M

ic
r o

or
 ga

n
is

m
s,
 

PS
M

s)
. 

Ps
eu

do
m

on
as

 
sp

 ., 
Ly

si
ni

ba
ci

llu
s 

sp
 ., 

St
re

pt
om

yc
es
 
sp

 ., 
Ba

ci
llu

s 
sp

 . e
t 

al
. 

In
cr

ea
se

d
 
p

h
os

p
h

or
u

s 
u

p
ta

ke
 
an

d
 
u

ti
li

za
ti

on
 

by
 
p

la
n

ts
. P

ro
m

ot
ed

 

p
la

n
t 

gr
ow

th
 
an

d
 

h
ea

lt
h

. 

PS
M

s 
se

cr
et

ed
 
or

ga
n

ic
 

ac
id

s 
an

d
 

p
h

os
p

h
at

as
es

 
an

d
 

p
ro

m
ot

ed
 
p

la
n

ts
 
to

 

in
cr
 ea

se
 
r o

ot
 
w

ei
gh

t 
an

d
 
ro

ot
 
le

n
gt

h
 
to

 

ac
ce

le
ra

te
 

p
h

os
p

h
or

u
s 

u
p

ta
ke

 

an
d
 
u

ti
li

za
ti

on
. 

Pa
n

g 
et
 
al

. (
20

24
 ) 



Yang et al. | 13 

Figure 3. Rhizospher e micr obiome dynamics and their impact on plant health and pr oductivity. (A) Interr oot micr obial comm unities enhance plant 
disease r esistance thr ough mec hanisms, suc h as r ecruitment of beneficial micr oor ganisms , inhibition of pathogen in v asion, competition for r esources, 
production of antimicrobial substances, and induction of plant immunity. This optimization fosters disease-inhibiting microbial communities, 
increasing plant resistance. (B) The RIN gene influences disease resistance by shaping the rhizosphere microbiome. A comparison of wild-type (WT) 
and RIN (ripening inhibitor) mutant plants revealed that WT plants had greater rhizobial microbiota diversity, which correlated with reduced disease 
se v erity and impr ov ed health. In contrast, rin mutants exhibited altered microbial composition and root exudates, negatively affecting microbial 
function. Macr ogenomic anal yses indicated that WT plants r ecruited mor e div erse and activ e micr obial comm unities, effectiv el y suppr essing 
pathogens and supporting growth. Meanwhile, rin mutants sho w ed reduced microbial diversity and disease resistance, leading to lo w er crop yields. 
RIN enhances disease resistance by optimizing interroot microbial composition, increasing beneficial microorganisms, and decreasing pathogens. 
(Yang et al. 2023 ) Copyright © 2023, Elsevier. Some elements in this figure are created with BioRender (BioRender.com) . 
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i v ersity of rhizosphere microorganisms affects 

lant productivity 

he diversity of rhizosphere microorganisms plays a crucial role
n determining plant productivity and health. In this section, “high

icr obial div ersity” r efers to an incr ease in both bacterial and fun-
al comm unity ric hness and e v enness, while “low-div ersity soils“
ndicate reduced species richness and an uneven distribution of

icrobial taxa. To quantify these aspects, we utilized the Shannon
ndex, which accounts for both species richness and e v enness,
nd the Chao1 index, which estimates species richness based on
he presence of rare taxa. For example, research conducted on
heat fields demonstrated that fields with high micr obial div er-

ity had up to 15% higher yields compared to those with low mi-
r obial div ersity (Ren et al. 2023 ). A study on tomato plants found
hat introducing a diverse MI reduced disease severity by 30%, sig-
ificantl y impr oving plant yield (Guo et al. 2024 ). During the re-
odeling of the interroot microbial community, the effect of AMF

noculation on micr obial div ersity is mainly reflected in regulating
he microbial community structure rather than simply increas-
ng the ov er all div ersity index. AMF influences micr obial comm u-
ity interactions and ecological functions by altering the inter-
oot nutrient availability, the composition of root secretions, and

icr obial competitiv e r elationships, whic h in turn affects micr o-
ial comm unity inter actions. Although AMF mainl y forms a r e-
ipr ocal symbiotic r elationship with plants, its colonization also
ffects interroot bacterial and fungal dynamics, which further in-
uences n utrient uptak e and tolerance to envir onmental str esses.

n maize, inoculation with AMF increased phosphorus uptake by
0%, resulting in a 10% increase in biomass under phosphorus-
imited conditions (de Souza Buzo et al. 2023 ). T hus , AMF not only
nhances productivity by directly promoting plant nutrient up-
ake, but also enhances crop health by indirectly affecting micro-
ial community structure. Quantitatively, microbial diversity has
een linked to impr ov ements in plant productivity across multi-
le cr op species. A meta-anal ysis of 57 field studies found that,
n av er a ge, cr ops gr own in soils with high microbial diversity had
 21% increase in yield compared to those grown in low-diversity
oils (Hooper et al. 2012 ). In this context, selection and modifica-
ion of the rhizosphere microbiome represent an important strat-
gy to impr ov e cr op health (Pretty and Bharucha 2014 ). T herefore ,
ncr easing rhizospher e micr oor ganisms div ersity is k e y to ac hie v e
igh productivity (Fig. 4A ). 

MIs are a k e y approach to enhancing microbial diversity in the
lant rhizosphere. Chen et al. ( 2021 ) investigated the effects of six
ifferent MIs on the growth, nutrient uptake, yield, and soil prop-
rties of winter wheat in a farmland located in Jining, Shandong
ro vince , China. A randomized block design was used, with six
r eatments: Tric hoderma composite (TC), soil remediation agent
SR), anticomplex microbial agent (AM), microbial preparation
MA), plant gr owth-pr omoting rhizobacteria (PG), and biofertilizer
unctional bacteria (BF). The study measured dry matter accumu-
ation (DMA), n utrient uptak e, and yield at v arious gr owth sta ges,
ncluding the r egr eening, flo w ering, and harv est sta ges . T he re-
ults sho w ed that the a pplication of MIs significantl y incr eased
oth abov egr ound and belowgr ound biomass of wheat. P articu-
arly, at the flo w ering stage, the BF, PG, and MA treatments im-
r ov ed DMA by 48.0%, 37.9%, and 25.5% compared to the con-
rol. By the harvest stage, the abov egr ound dry matter of wheat
n the BF, PG, AM, and MA treatments was 26.5%–63.1% higher
han the contr ol. Regarding nitr ogen uptake, BF and AM signifi-
antly enhanced nitrogen absorption, increasing it by 6.0% and
.1%, r espectiv el y, compar ed to the control. In terms of yield, MIs
u  
oosted wheat production by 15.2%–33.4%, with the PG, MA, and
C tr eatments ac hie ving the highest yields of 9.38–10.38 t/ha. In

erms of soil nutrients, the application of MIs significantly in-
r eased av ailable nitr ogen (AN) and av ailable phosphorus (AP) in
he soil. Specifically, during the regreening and flo w ering stages,
he AN content in the PG and MA treatments reached 21.5 g/kg
nd 25.67 g/kg, r espectiv el y. AP le v els follo w ed a trend of ris-
ng and then declining throughout the growth cycle, with all MI-
r eated gr oups showing significant differ ences fr om the contr ol at
 arious sta ges. 

Analysis of the soil bacterial comm unity r e v ealed that, al-
hough the Shannon index—which accounts for both species rich-
ess and e v enness—did not show significant differences among
reatments, the Chao1 index, an estimator of species richness,
as significantly higher in the MA, TC, and SR treatments . T his

uggests that while the ov er all div ersity (ric hness plus e v enness)
f the bacterial community remained relatively constant, there
as a notable increase in the number of bacterial species (rich-
ess) in these treatments. In other w or ds, MI application may
av e intr oduced or stim ulated the gr owth of r ar e or pr e viousl y un-
err epr esented bacterial taxa, which was captured by the Chao1

ndex but not by the Shannon index. The dominant bacterial
hyla identified included Proteobacteria, Acidobacteria, and Bac-
er oidetes; notabl y, the MA tr eatment significantl y incr eased the
 elativ e abundance of Variov orax. Redundanc y analysis further
ndicated that soil pH had a significant impact on the abundance
nd composition of the bacterial comm unity. Heatma p anal ysis
emonstrated that AN and AP were positively correlated with Pro-
eobacteria and Bacteroidetes, while showing a negative correla-
ion with pH. These findings imply that MI treatments not only
mpr ov ed soil nutrient content but also modulated the structure
f the bacterial comm unity, likel y contributing to enhanced wheat
rowth and yield. In summary, while MI treatments promoted
lant growth at different developmental stages, the significant in-
r ease observ ed in the Chao1 index (but not in the Shannon in-
ex) underscores that the primary effect of these treatments was
n increase in bacterial species richness rather than a marked
hift in ov er all comm unity e v enness. This differ ential r esponse
f diversity indices suggests that the functional benefits observed
ay be closely associated with the enrichment of specific bacte-

ial taxa, highlighting the importance of considering multiple di-
ersity metrics when evaluating the impact of MIs on soil health
nd crop productivity. Future studies should also explore fungal
nd other microbial community responses to provide a more com-
r ehensiv e understanding of soil microbial diversity and its role

n a gricultur al systems (Fig. 4B ). 
While current studies demonstrate the short-term efficacy of

Is, their long-term effects on soil ecological networks warrant
ee per examination. Re peated inoculation may cause significant
hifts in microbial community composition o ver time , with some
ntr oduced micr obes facing competitiv e exclusion by nativ e pop-
lations . For example , a 5-year maize monoculture trial sho w ed
hat AMF inoculation initiall y incr eased phosphorus uptake by
8%–42%, but this benefit diminished to 15%–18% b y y ear four,
longside a reduction in saprotrophic fungal diversity (Yang et
l. 2022 ). This suggests that, over time, intr oduced micr obes may
ace competitive exclusion by nativ e micr obes, highlighting the
eed for monitoring these dynamics for sustainable inoculant
se . Moreo ver, pulse inoculation strategies (e.g. every three sea-
ons) have been shown to maintain up to 89% of yield benefits
ompared to annual inoculation, while preserving higher native
icr obial ric hness. Furthermor e, cr op r otation modulates inoc-

lation outcomes: legume-based rotations enhanced MI survival
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Figure 4. Rhizospher e micr obial div ersity and its influence on plant pr oductivity. (A) Rhizospher e micr obial div ersity significantl y impacts plant health 
and productivity. A decline in microbial diversity increases plant vulnerability to biotic stressors (bacteria, viruses, insects, and fungi) and reduces 
r esilience a gainst abiotic str esses (nutrient deficiency, dr ought, salinity, and or ganic pollutants), leading to decr eased yields . Con v ersel y, high micr obial 
diversity can mitigate these stress effects, enhancing productivity. (B) Strategies to enhance rhizosphere microbial diversity and their benefits include 
the use of microbial inoculants such as Trichoderma composites (TC), biofertilizer functional bacteria (BF), plant gr owth-pr omoting rhizobia (PGPR), 
anta gonistic micr obial form ulations (AM), and soil r emediators (SR). TC and BF suppr ess diseases by competing with pathogens or pr oducing 
antimicrobial compounds. PGPR enhance growth via nutrient solubilization and hormone secretion, improving yields and reducing disease severity. 
AM and SR address soil issues, fostering beneficial microbial communities. Collectively, these strategies increase microbial diversity, promoting 
r esilient comm unities that r esist pathogens , mitigate nutrient deficiencies , and alle viate abiotic str esses . T he benefits include r educed disease se v erity, 
enhanced crop yields, and improved plant health, highlighting the importance of microbial diversity in sustainable agriculture. (Chen et al. 2021 ) 
Copyright © 2021, Springer Nature. Some elements in this figur e ar e cr eated with BioRender (BioRender.com) . 
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y 40% compared to cereal monocultures through root exudate
omplementarity. Critical knowledge gaps persist regarding eco-
ogical succession in inoculated systems. Meta-genomic analy-
es r e v eal that 15%–20% of inoculated str ains de v elop CRISPR-
ssociated antimicr obial r esistance genes within fiv e gener ations,
aising concerns about horizontal gene transfer. From an agro-
omic perspective, the “microbial legacy effect”—where prior in-
culants alter subsequent crop responses—creates both opportu-
ities and risks. For example, soybeans planted after MI-treated
heat sho w ed 12% yield gains without r einoculation, wher eas

anola experienced 8% yield penalties due to residual Pseudomonas
ominance (Fig. 4B ). 

T he study in volving the application of various MIs to enhance
heat growth and soil health reveals several k e y challenges: (i)
alancing microbial and chemical treatments: ensuring that the
mount and type of MIs do not disrupt the nutrient balance or
oil conditions is crucial to maximize their effectiveness. (ii) Un-
erstanding micr obial inter actions: the specific mec hanisms by
hic h differ ent micr obial a gents (e.g. TC v ersus PGPR) affect soil
icr obial comm unities and cr op performance r emain under ex-

lored, necessitating further investigation. (iii) Impact of soil and
nvir onmental v ariability: soil pr operties, suc h as pH and nutri-
nt le v els , as well as en vironmental factors , including seasonal
hanges, can influence the efficacy and stability of microbial treat-
ents. Seasonal fluctuations in temper atur e, moistur e, and nu-

rient availability can alter microbial community composition,
hich in turn may affect the effectiveness of MIs . T her efor e, it

s essential to account for these variables in the experimental de-
ign to ensure that microbial treatments remain stable across dif-
erent seasons. (iv) Sustainability and long-term effects: the long-
erm effectiveness of MIs can be influenced by factors such as
oil management practices, crop rotation, and tillage. For instance,
r op r otation helps maintain micr obial div ersity and stability by
lternating plant species with v arying r oot exudates and nutrient
emands, which can prevent the dominance of a single microbial
r oup. Tilla ge pr actices , on the other hand, ma y disrupt soil struc-
ur e, r educe or ganic matter, and alter micr obial habitats, poten-
ially affecting the long-term success of MIs . T hese factors need
o be addressed to ensure ongoing benefits for crop productivity
nd soil health. 

llelopathic recruitment of microorganisms to 

nhance plant stress tolerance 

llelopathy enables plants to release specific compounds that
odify the rhizosphere microbiome, thereby attracting benefi-

ial micr oor ganisms that bolster str ess toler ance . In saline soils ,
lants under salt stress may increase the secretion of particular
xudates, such as certain amino acids and organic acids, which
electiv el y r ecruit salt-toler ant micr obes . T hese microbes can re-
uce the toxic effects of excessive salt and enhance plant salt
olerance by facilitating the breakdown of excess salt or by en-
ancing the plant’s ability to uptake water. In drought condi-
ions , plants ma y r ecruit micr oor ganisms ca pable of synthesiz-
ng osmoprotectants or producing phytohormones, such as ab-
cisic acid or cytokinins, which promote drought tolerance . T he
 ecruited micr obes may also contribute to enhanced nutrient up-
ake , impro ved root development, and increased water retention
n the soil. For instance, sorghum secretes sorgoleone, which fos-
ers the recruitment of AMF, facilitating nutrient uptake under
tress (de Oliveira et al. 2021 ). Similarly, wheat root exudates en-
ance the pr e v alence of beneficial rhizobacteria, which helps mit-

gate dr ought str ess (K ong et al. 2018 ). In rice , allelopathic culti-
 ars hav e been shown to increase nitrogen-fixing bacteria in the
hizospher e, impr oving gr o wth under lo w-nitrogen conditions (Liu
t al. 2021 ). In response to pathogen attack, Arabidopsis release
pecific r oot exudates, suc h as flavonoid, that help r ecruit pr otec-
ive bacteria in resist to pathogens, enhancing biotic stress resis-
ance (Berendsen et al. 2012 ). Polyak and Sukcharevich reviewed
he role of allelopathy in recruiting beneficial microorganisms and
eported that plants employing this strategy could experience sig-
ificant stress mitigation. Some species demonstrated a 20%–30%

ncr ease in dr ought toler ance compar ed to plants lac king suc h
icrobial associations . T hus , allelopathic r ecruitment of micr oor-

anisms r epr esents a crucial str ategy for enhancing plant toler-
nce to environmental stresses, offering a pathway to more re-
ilient a gricultur al pr actices (Fig. 5A ). 

Recent studies in Florida scrub ecosystems have further eluci-
ated the relationship between soil microbial communities and
lant growth performance. Daniel Revillini et al. ( 2023 ) investi-
ated the effects of chemical compounds released by Florida rose-
ary, such as ceratiolin and its deri vati ve hydrocinnamic acid

HCA), on soil micr obial comm unities. They collected soil sam-
les from ten distinct rosemary scrub patches and applied two
reatments: HCA (250 ppm) and a control (deionized water). After
 weeks, the soil samples were analyzed for microbial commu-
ity changes using high-throughput sequencing of bacterial (16S
RNA) and fungal (ITS2 rRNA) communities, focusing on shifts in
omm unity structur e . HC A treatment significantly altered bacte-
ial community composition, whereas fungal community changes
ere not significant. Within the bacterial comm unity, Bur kholde-

ia tuberum and Burkholderia bryophila became core species with
ignificantl y incr eased r elativ e abundance following HCA tr eat-
ent. Among fungi, the genera Gibberella and Chaetomium sho w ed

ignificant increases in abundance . T he treatment also impacted
acterial functional genes, increasing the abundance of nitro-
en cycle-related genes (e.g. nifQ) while decreasing the abun-
ance of ammonia-oxidizing (amoA) and phosphate transport

ugp) genes . T he effects of micr obial comm unities on plant per-
ormance were notable. Although HCA tr eatment r educed plant
iomass, this effect was significantly mitigated in the presence
f microbial communities ( P = .034). Specifically, for Balduina an-
ustifolia , the microbial community significantly enhanced total
iomass ( P = .0001). The effect of HCA on root ratio varied signif-

cantly among plant species ( P = .016;). The study identified sig-
ificant relationships between specific microbial taxa and plant
erformance . For instance , the fungal species Exserohilum rostra-
um was positiv el y corr elated with total plant biomass, while bac-
erial genera Rhodoplanes and Bacillus were negatively correlated
ith plant biomass and r oot biomass, r espectiv el y. Changes in nir
nd ugp functional genes also affected plant performance. Analy-
is of HCA concentrations in soil samples indicated that active mi-
r obial comm unities had limited effects on HCA degr adation (t4 =
0.643, P = .55), suggesting a limited role of soil microbes in HCA
egradation. This study highlights the complex interactions be-
ween HCA, soil micr obial comm unities, and plant gr owth, r e v eal-
ng that while HCA treatment negatively impacts plant growth,
oil microbial communities can partially mitigate these effects.
arious microbial taxa and functional genes play k e y roles in this
r ocess, offering ne w insights into plant mec hanisms for coping
ith environmental stress (Fig. 5B ). 
The impact of allelopathy on soil microbiome and plant per-

ormance pr esents se v er al c hallenges: (i) the shift in microbial
omposition and function under allelopathic influence, partic-
larly the increase in beneficial bacteria and pathogenic fungi,
omplicates the understanding of plant–microbe interactions. (ii)
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Figure 5. Plant allelopathy and its role in enhancing plant stress resistance. (A) Plants (such as sorghum, wheat, rice, and Arabidopsis ) release specific 
compounds through allelopathy to cope with environmental stress, enhancing growth and defense mechanisms . T hese secondary metabolites (e.g. 
sorghum ketone Sorgoleone) increase plant stress resistance under adverse conditions such as nutrient deficiency, drought, salinity, and pest damage. 
For example, allelochemicals enhance stress responses via the CIPK-PP2C signaling pathway and recruit beneficial microorganisms (e.g. arbuscular 
mycorrhizal fungi) to impr ov e nutrient uptake and drought tolerance. (B) Allelopathy alters the rhizosphere microbial community structure, 
promoting the enrichment of beneficial microorganisms, thereby further enhancing plant stress resistance . T he study emplo y ed high-throughput 
sequencing to analyze the changes in rhizosphere microbial communities under HCA 250 ppm treatment compared to controls, revealing that 
alleloc hemical tr eatment significantl y incr eased micr obial div ersity, selectiv el y pr omoting the gr owth of nitr ogen-fixing and pr otectiv e bacteria while 
suppressing harmful microbes . T he enrichment of these stress-resistant microorganisms effectively improved the overall stress resistance of the 
plants. (Revillini et al. 2023 ) Copyright © 2023, John Wiley and Sons. Some elements in this figure are created with BioRender (BioRender.com) . 
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he weak ov er all effect of alleloc hemical-alter ed micr obiomes on
lant productivity, with significant effects observed only in a sin-
le species, suggests limitations in the br oader a pplicability of
hese findings. (iii) Predictions based on functional gene shifts
sing algorithms like PICRUSt2 may be imprecise, necessitating
or e tar geted experimental methods . (iv) T he long-term adapta-

ion of plants and microbes to persistent allelopathy, which weak-
ns microbial mediation of plant responses, poses challenges for
redicting the ecological impact of such stressors. 

icrobial community coordination improves 

lant nutrient utilization 

ecent studies highlight the role of microbial community coordi-
ation in enhancing plant nutrient utilization. The interactions
etween Pseudomonas , Bacillus , and AMF not onl y influence micr o-
ial community dynamics but also have significant implications
or nutrient cycling and plant health. In wheat fields, long-term
noculation with B. subtilis impr ov ed nitr ogen-use efficiency and
ncr eased gr ain yield by 15% over three growing seasons, demon-
trating sustained benefits for soil fertility. In perennial cropping
ystems, AMF comm unities e volv e ov er m ultiple years, shifting
rom Glomus spp. dominance to Rhizophagus spp. depending on soil
utrient availability and plant age, highlighting the dynamic na-
ure of microbial interactions . T hese results underscore the im-
ortance of considering long-term microbial adaptation when im-
lementing micr obiome-based a gricultur al str ategies. Beneficial
acteria such as Pseudomonas and Bacillus contribute to nutrient
obilization. For instance, a study on wheat sho w ed that P. putida

mpr ov ed phosphorus solubilization by 20%, leading to a 12% in-
rease in biomass under phosphorus-limited conditions (Elhais-
oufi et al. 2022 ). Similarl y, Bacillus am yloliquef aciens was found
o enhance potassium uptake in tomato plants, boosting growth
y 18% (Egamberdie v a et al. 2017 ). In rice, inoculation with A.
rasilense , a w ell-kno wn nitr ogen-fixing bacterium, incr eased ni-
rogen uptake by 25%, resulting in a 15% rise in grain yield un-
er nitrogen-limited conditions (García de Salamone et al. 2012 ).
or eov er, the inter action between phosphate-solubilizing bacte-

ia and nitrogen-fixers in maize improved nutrient use efficiency
 y 22%, reducing dependenc y on chemical fertilizers (Cheng et al.
023 ). T hus , harmonizing micr obial comm unities to impr ov e nu-
rient utilization by plants provides a sustainable way to increase
rop yields and reduce environmental impacts (Fig. 6A ). 

Guiwei Wang et al. ( 2023 ) used Medicago truncatula (cv P ar a g-
io) inoculated with Rhizophagus irregularis (spores from Quebec,
anada) to investigate the impact of AMF and different phospho-
us le v els on plant phosphorus uptake and soil micr obial com-
unities . T he soil used in the experiment was collected from
 maize field in Taian, Shandong, China, c har acterized by a pH
f 6.85 and nutrient le v els of 0.26 g/kg total nitrogen, 4.05 g/kg
rganic matter, 17.43 mg/kg mineral nitrogen, 3.87 mg/kg Olsen
hosphorus, and 82.0 mg/kg exchangeable potassium. This soil
as sie v ed and sterilized with gamma radiation to eliminate in-
igenous micr obes. Nutrients wer e added to the soil, and bacte-
ial filtr ates wer e pr epar ed to stabilize the microbial community
efor e planting. A dual-compartment micr ocosm system was em-
lo y ed, with a nylon mesh separating the root compartment and
 compartment only accessible to fungal hyphae (HC). The de-
ign considered two factors: fungal inoculation and three phos-
horus le v els (no phosphorus, 100 mg/kg inorganic phosphorus,
nd 100 mg/kg insoluble phytate phosphorus). The experiment
asted about 3 months in a climate-contr olled c hamber at the In-
titute of Genetics and De v elopmental Biology, Chinese Academy
f Sciences, with soil moisture maintained at a ppr oximatel y 70%
f field capacity. At the end of the experiment, soil samples from
C were collected, and plant roots and shoots were separated.
hoots were dried to constant weight, and phosphorus content
as determined using the method of Thomas et al. ( 1967 ). Mycor-

hizal phosphorus concentration response and mycorrhizal phos-
horus content response were calculated using Janos’ ( 2007 ) for-
ula. Alkaline phosphatase (ALP) activity, Olsen phosphorus con-

ent, mycorrhizal colonization rates, and hyphal length density
er e measur ed using standard methods, including Tabatabai and
remner ( 1969 ) and Schoenau and Huang ( 1991 ). Statistical anal-
sis included tw o-w ay ANOVA for treatment comparison ( P ≤ .05),
 olmogoro v–Smirno v normality tests , and Le v ene’s test for homo-
eneity of v ariance. Quantitativ e pol ymer ase c hain r eaction (q-
CR) for 16S rRNA and phoD genes was performed to study micro-
ial community shifts, and principal component analysis (PCA)
as used to visualize these changes. Results showed that inoc-
lation with R. irregularis significantly enhanced phosphorus up-
ake, particularly with inorganic phosphorus addition. Ho w ever,
hytate phosphorus addition sho w ed minimal effects on phos-
horus absorption. Phytate significantly increased soil ALP activ-

ty, while inorganic phosphorus had less impact. Although phytate
ncreased soil organic phosphorus, fungal inoculation did not sig-
ificantly influence this result. In terms of microbial communities,

ungal inoculation caused significant changes in the abundance of
acterial gener a, notabl y Lysobacter and Streptomyces , under phy-
ate tr eatment. Additionall y, inoculation significantl y affected the
bundance of phosphorus-cycling genes in the microbial network,
articularl y incr easing the abundance of the phoD gene encoding
LP. In conclusion, R. irregularis inoculation significantly enhanced
hosphorus uptake, especially under inorganic phosphorus con-
itions, and altered the soil microbial community structure and
ene abundance related to phosphorus cycling. These findings
ontribute to a deeper understanding of the role of mycorrhizal
ungi in promoting plant nutrient uptake thr ough micr obial inter-
ctions (Fig. 6B ). 

The study of R. irregularis and phosphorus le v els on plant phos-
horus uptake and soil microbial communities presents several
 e y challenges: (i) ensuring effective sterilization of soil without
ompromising its nutrient content, which can be challenging to
alance. (ii) Maintaining consistent soil moisture and replicating
eld conditions in a climate-controlled environment is critical to
void variability in plant and micr obial r esponses. (iii) Accur atel y
easuring shifts in microbial communities and gene abundance

sing complex techniques such as quantitative PCR and PCA can
e tec hnicall y demanding and susceptible to variability, necessi-
ating rigorous quality control. 

onclusion and prospect 
he evidence presented in this review underscores the signifi-
ance of plant root exudates in attracting beneficial microorgan-
sms, r egulating micr obial div ersity, and enhancing str ess r esis-
ance . Plant exudates pla y a crucial role in microbiome recruit-

ent and plant health management, offering new possibilities
or sustainable a gricultur e thr ough their mec hanisms: (i) r ole of
lant exudates in microbiome recruitment: plant root exudates
ct as chemical signals , pla ying a k e y r ole in attr acting beneficial
icr oor ganisms . T hese exudates r egulate micr obial div ersity and

nhance plant resilience by influencing nutrient solubilization,
athogen suppression, and overall stress tolerance. (ii) Exudate-
riv en micr obial comm unity coordination: exudate-driv en micr o-
ial r ecruitment mec hanisms form micr obial consortia, whic h
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F igure 6. Coor dination of microbial communities enhancing plant nutrient use efficiency. (A) Various microbial groups (archaea, bacteria, fungi, algae, 
nematodes, protozoa, and arthropods) contribute to plant nutrient uptake under phosphorus and nitrogen limitations. For example, fungi enhance 
phosphorus solubility, while nitrogen-fixing bacteria (e.g. Azospirillum brasilense ) thrive in low-nitrogen conditions , impro ving the uptake of phosphorus 
(Pi), ammonium (NH4 + ), and nitrate (NO 

3 −), thus pr omoting ov er all plant gr owth. (B) This study assessed the impact of fungal inoculation on plant 
nutrient use efficiency under varying phosphorus concentrations (no phosphorus, 100 mg/kg inorganic phosphorus, and 100 mg/kg insoluble phytic 
phosphorus). Under phosphorus deficienc y, plant gro wth w as significantl y inhibited. Gr owth impr ov ed with incr easing phosphorus av ailability, but not 
optimally, indicating low utilization of insoluble phosphorus. Fungal inoculation enhanced plant growth at all phosphorus levels, especially under 
insoluble phytic phosphorus conditions, suggesting fungi impr ov e phosphorus bioavailability. Fungal treatment significantly increased soluble 
phosphorus concentrations in the soil, particularly in soils with insoluble phytic phosphorus, confirming fungi’s role in phosphorus transformation 
and uptake. Compared to controls, fungal inoculation markedly improved phosphorus uptake efficiency, especially under low-phosphorus conditions, 
highlighting its importance for plant resilience and growth under stress. (Wang et al. 2023 ) Copyright © 2023, John Wiley and Sons. Some elements in 
this figure are created with BioRender (BioRender.com) . 
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cr obial comm unities that pr omote plant gr owth, r educe disease,
and impr ov e str ess toler ance. (iii) Allelopathic r ecruitment and 

microbial inoculation: allelopathic recruitment and microbial in- 
oculation strategies have been successful in enhancing nutrient 
uptake and increasing crop productivity across various systems. 
iv) Environmental and economic viability: the cost of producing 
Is and allelopathic compounds varies widely, potentially limit- 

ng their widespread adoption, particularly for smallholder farm- 
rs. Despite the promise of MIs, lar ge-scale pr oduction and distri-
ution come with significant costs. (v) Ecological risks and non-
ar get effects: car eful mana gement of allelopathic compounds
s necessary to pr e v ent negativ e impacts on nontar get species



20 | FEMS Microbiology Reviews , 2025, Vol. 49 

a  

(  

m  

a  

a  

o  

p  

t  

i  

h  

i  

fi  

a  

m  

i  

v  

d  

l  

F  

p  

t  

o  

p  

t  

s  

t  

m  

m  

a  

p

A
C  

C  

p  

M  

u  

v

S
S

C

F
T  

d  

m  

P  

n  

Z  

(

R
A  

 

A  

 

A  

 

B  

 

B  

 

B  

B  

 

B  

B  

 

 

B  

 

C  

 

C  

 

C  

 

C  

C  

C  

 

C  

 

 

C  

 

C  

 

 

C  

 

C  

D
d  

 

nd ecosystem services, adding complexity to their application.
vi) Long-term stability of microbial communities: microbial com-

unity stability may decline ov er time, especiall y under fluctu-
ting en vironmental conditions . Soil composition, cr op r otation,
nd local climate must be optimized to ensure the sustainability
f microbiome-based strategies. (vii) Reduction in synthetic in-
uts: micr obiome-based str ategies can r educe the need for syn-
hetic fertilizers and pesticides, lo w ering input costs and promot-
ng more sustainable agricultural practices. (viii) Improved soil
ealth and crop resilience: these strategies enhance soil health,

mpr ov e cr op r esilience to str esses like dr ought and nutrient de-
ciencies, and can lead to higher crop yields. (ix) Knowledge gaps
nd futur e r esearc h: a deeper understanding of the molecular
echanisms by which exudates influence microbiome assembly

s needed, especiall y r egarding plant imm une r esponses and en-
ir onmental factors. Additionall y, mor e r esearc h is needed to un-
erstand how environmental stressors (e.g. drought and nutrient

imitations) affect exudate composition and microbial dynamics.
utur e r esearc h should also focus on optimizing soil management
r actices, cr op r otation, and other factors that affect the long-
erm stability of micr obial comm unities. In conclusion, the study
f plant exudates and microbiome recruitment offers significant
otential to enhance plant health management, and harnessing
he po w er of micr obial comm unities could lead to mor e r esilient,
ustainable, and pr oductiv e a gricultur al systems. In conclusion,
he continued study of plant exudates and microbiome recruit-

ent holds the potential to r e volutionize plant health mana ge-
ent. By harnessing the po w er of micr obial comm unities, futur e
 gricultur al pr actices can become mor e r esilient, sustainable, and
r oductiv e. 
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