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Abstract

Metabolites are important signaling molecules mediating plant-microbe interaction in soil. Plant root exudates

are composed of primary metabolites, secondary metabolites, and macro-molecules such as organic acids. Certain
organic acids in root exudates can attract pathogenic microbes in soil and promote infection. Meanwhile, secretions
from soil microbes can also alter the compositions of root exudates and enhance the pathogenicity towards the tar-
get host plant. Examples of toxins in microbial secretions include polyketides and thaxtomins. The pathogenicity

of plant microbes is mediated by the dynamic exchange of metabolites between the pathogen and the host plant.
By deciphering this metabolite-mediated infection process, targeted strategies can be developed to promote

plant resistance to soil pathogens. Examples of the strategies include the manipulation of root exudate composi-

tion and the blocking of metabolite signals that promote microbial infection. Other possibilities include minimiz-

ing the harmfulness of pathogenic microbial secretions to plants by habituating the plants to the toxin, genetically
engineering plants to enhance their pathogen resistance, and treating plants with beneficial hormones and microbes.
In this review, we summarized the current understanding of root exudates and soil microbe secretions that promote
infection. We also discussed the strategies for promoting pathogen resistance in plants by focusing on the metabolite
signaling between plants and pathogenic soil microbes.
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Background

Land plants and various microbes communicate with
one another in the soil through the secretion of various
molecules, including proteins, DNA, RNA, and metabo-
lites [1-3]. For example, soil pathogens secrete effec-
tor peptides to help invade plants through their roots;
microbes secrete mobile genetic elements to either
inhibit or promote plant growth; legumes secrete flavo-
noids through their roots to attract rhizobia to estab-
lish mutualistic root nodules for nitrogen fixation [1-3].
Secretions from plant roots are termed root exudates,
which are composed of various metabolites including
sugars, amino acids, organic acids, and flavonoids [3]. In
return, soil microbes also secrete metabolites to mediate
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their interactions with plants [3]. Compared to the iden-
tification of proteins and genetic elements, the identifica-
tion of metabolites from plant roots and soil microbes is
more technically challenging due to the diverse chemi-
cal nature of the metabolites. With the advancement of
technological platforms in chromatography and mass
spectrometry [4], the understanding on metabolomes is
accumulating. In this review, we gathered and analyzed
the latest information on metabolites in root exudates
and soil microbe secretions. We also discussed the roles
of metabolite signaling between plant roots and soil path-
ogens in the pathogenicity of soil microbes, and strate-
gies to promote the pathogen resistance of plants based
on this knowledge.

Main text
Root exudates contain the signaling molecules mediating
plant-microbe interactions
Interactions among plants and different soil organisms
are highly complex. These include mutualism between
plants and beneficial microbes, competitive exclu-
sions among soil biota, and the evolutionary arms race
between plants and pests/pathogens [5]. Root exudates
play a major role in mediating the ecological interactions
within the soil biome by influencing the chemo-physical
properties of soil and the community structure [5-7].
Root exudates include primary metabolites such as sug-
ars and amino acids [7], secondary metabolites such as
vitamins and hormones [8], and high-molecular weight
compounds such as proteins [5]. Primary metabolites
usually diffuse passively from root cells into the soil [7],
while secondary metabolites are typically actively trans-
ported out of the root [8]. The delivery of high-molecular
weight compounds may involve vesicular transport [5].
The composition of the root exudate is dynamic, and
varies according to the plant genotype, developmen-
tal stage, and growth condition [9]. For example, upon
wounding or salt treatment, the root exudates of tomato
plants contained more oxylipins, a group of compounds
positively correlated with the chemotrophic activity
toward Trichoderma harzianum, which is an effective
fungal strain for biocontrol [10]. When subjected to foliar
infection by Pseudomonas syringae pv tomato, the model
plant Arabidopsis thaliana exudate contained higher
concentrations of long-chain organic acids and amino
acids and reduced contents of short-chain organic acids
and sugars. Such an alteration in the root exudate com-
position may create a ‘soil memory’ through its effects
on the soil microbiome, and promote disease resistance
in the next generation of crops [11]. The colonization
by specific soil microbes can also alter the composition
of root exudates. For example, the colonization by Bacil-
lus amyloliquefaciens repressed the levels of lyxitol and
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raffinose in the root exudates of cucumber plants. Since
lyxitol and raffinose favor the colonization of the patho-
genic fungus Fusarium oxysporum f. sp. cucumerinum,
this alteration in the root exudate composition resulted in
plant growth promotion [12]. The plant—microbe interac-
tion mediated by root exudates is illustrated in Fig. 1.

Given the agronomic significance of belowground
biotic interactions, unveiling the signaling molecules that
regulate these interactions will help researchers develop
tools to achieve crop protection.

Organic acids in root exudates can induce chemotaxis

in soil microbes

Plant roots can exude organic acids that attract and
recruit microbes to their rhizosphere. For example,
tomato roots secreted malic acid, citric acid, succinic
acid, and fumaric acid to induce the swarming motility
and chemotactic response of the beneficial bacterium,
Bacillus amyloliquefaciens T-5, which eventually colo-
nized the roots of the tomato plant [13]. Malic acid and
citric acid secreted by watermelon roots activated the
chemotactic and swarming responses of the beneficial
rhizobacterium, Paenibacillus polymyxa SQR-21, hence
increasing its population in the rhizosphere and allow-
ing its colonization of the watermelon root surface via
biofilm formation [14]. Citric acid-containing cucumber
exudates and fumaric acid-containing banana exudates
were essential to induce both chemotaxis and biofilm
formation in their respective beneficial rhizosphere-asso-
ciated bacterial strains, B. amyloliquefaciens SQR9 and
Bacillus subtilis N11 [15].

Besides beneficial microbes, organic acid exudates
can also attract pathogens and induce the expression
of genes related to motility, biofilm formation, and
chemotaxis in these microbes. For example, cinnamic,
myristic, and fumaric acids in tobacco root exudates
promoted colonization and infection by Ralstonia sola-
nacearym via inducing their motility-related genes
motA, motB, and filA, and chemotaxis-related genes
CheA, CheW, and CheY [16]. In the tomato patho-
gen Ralstonia pseudosolanacearum, a mutation in the
CheA gene decreased its infectivity towards the tomato
plant [17, 18]. The non-chemotactic CheW mutants of
R. solanacearum and CheA mutant of Pseudomonas
fluorescens WCS365 [18, 19] showed reduced viru-
lence and colonization in the tomato rhizosphere. In
banana, fumaric acid induced the expressions of bio-
film formation-related genes epsD and ygxM in B.
amyloliquefaciens NJN-6, and was essential for the
positive chemotactic response and biofilm formation
by the microbe [20]. Similar chemotaxis and enhanced
virulence responses were observed in other soil-
borne pests. For instance, cadaverine, putrescine, and
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Fig. 1 The interactions between plants and soil biota mediated by metabolite signals. Metabolites in root exudates can attract both beneficial
and pathogenic microbes. Certain metabolites in root exudates can also promote pathogenic infection. Meanwhile, secretions from soil microbes

can alter the composition of root exudates and enhance the pathogenicity

diaminopropane in soybean and tomato root exudates
served as the chemoattractant of root-knot nematodes
[21]. The exogenous application of cadaverine was
also shown to enhance the infection of Arabidopsis by
Meloidogyne incognita [21].

Each chemical in the root exudate is perceived by a spe-
cific receptor in the interacting microbe. Soil microbes
sense the chemical signals from plants via methyl-accept-
ing chemotaxis proteins (MCPs) on their cell membranes.
MCPs usually consist of a variated periplasmic domain for
ligand accommodation and a highly conserved cytoplas-
mic signalling domain [22, 23]. The periplasmic domain
of an MCP is flanked by two transmembrane domains
for anchorage. Chemoreceptors exist in a ternary com-
plex with the scaffold protein CheW coupling the kinase
CheA to the chemoreceptors [22, 24]. In the absence of a
chemoattractant, CheA undergoes autophosphorylation
and in turn phosphorylates CheY. The phosphorylated
CheY interacts with the flagellar rotary motor and affects
the rotational direction of the motor [24—26]. As a result,
the swimming and tumbling movement is altered for ran-
dom directional movement [24—26]. Ligand binding at the
periplasmic domain of MCPs triggers a piston-like down-
ward displacement through the transmembrane domains
to the cytoplasmic domain [24-26]. The displacement
deactivates the autophosphorylation of CheA, reduces the
level of the phosphorylated CheY, and renders directional
swimming [24-26].

The expressions of microbial chemoreceptor genes
are important for the interactions with, and the colo-
nization of, the target plants. For example, McpA is
the major chemoreceptor in Bacillus amyloliquefa-
ciens SQRY and Ralstonia pseudosolanacearum Ps29
for a broad range of chemoattractants, including amino
acids and organic acids [17, 27]. For the nitrogen-fixing
Ensifer meliloti (formerly named Rhizobium meliloti
and Sinorhizobium meliloti), carboxylate compounds,
such as acetate, propionate, and acetoacetate, are the
most potent chemoattractants [28]. The carboxylates
secreted by the germinating Medicago sativa are per-
ceived by McpV at the cell surfaces of E. meliloti to
mediate its chemotaxis towards the M. sativa rhizo-
sphere [28]. In addition to carboxylic acids, other
metabolites such as quaternary ammonium compounds
(QACs), examples being betonicine, choline, glycine
betaine, stachydrine and trigonelline, can also serve
as chemoattractants for E. meliloti to migrate to the
target plants upon their perception by McpX on the
E. meliloti cell surface. Chemoreceptor mutants of E.
meliloti, such as mcpV and mcpX, had abolished attrac-
tion towards carboxylates and QACs [28, 29]. Organic
acids in root exudates are thus the potential regulatory
targets for altering microbial interaction and plant—
microbe interaction.
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Root exudates can promote or alleviate pathogenic
infection

In addition to inducing chemoattraction, root exudates
can also regulate the expression of the bacterial type III
secretion system (T3SS) [30-32], which injects micro-
bial effectors into plant cells to enhance colonization and
virulence [33]. Organic acids in root exudates can either
induce or repress the T3SS genes to promote or allevi-
ate the infection [30-32]. Oleanolic acid targets T3SS
through the HrpG-HrpB pathway in R. solanacearum, by
activating the type III effector genes and accelerating dis-
ease progress in tobacco [31]. Other organic acids, such
as o-coumaric acid (OCA) and t-cinnamic acid (TCA),
that are enriched in tobacco root exudates were also
found to induce the expressions of dspE, hrpA and hrpN,
which encode the T3SS effector, T3SS pilus, and T3SS
harpin respectively [32]. On the other hand, benzoic acid
exuded by tobacco roots [34] suppressed T3SS in the bac-
terium Erwinia amylovora that causes fire blight, thereby
alleviating the hypersensitive response in tobacco [30].

The antimicrobial activities of organic acids via other
biochemical mechanisms have also been reported. Ben-
zoxazinoid derivatives, which are a group of cyclic
hydroxamic acids, are commonly found in the root exu-
dates of plants belonging to the family Poaceae. For
example, 2,4-dihydroxy-7-methoxy-1,4-benzoxazine-
3-one (DIMBOA) was found in the root exudates of
Secale cereale L., Triticum aestivum L. and Zea mays
L. [35]. DIMBOA and its derivatives have antimicrobial
activities against R. solanacearum, which causes bac-
terial wilt [36]. At the same time, DIMBOA could also
recruit plant-beneficial microbes, such as Pseudomonas
putida KT2440, showing affinity towards the DIMBOA-
containing maize root exudate, along with the increased
transcriptional activity of benzoate catabolism- and
chemotaxis-related genes [35].

The versatile effects of root exudates on different
microbes are dependent on the different signaling cas-
cades in the microbes. Therefore, detailed studies on the
signalling events underlying the root-exudate mediated
plant—microbe interaction will be essential for pathogen
control.

Soil pathogens induce the secretion of root exudates

Sensing and reacting to the chemical signals emitted by
soil pathogens is integral to plant defense. Various micro-
bial secretions have been shown to elicit alterations in
the root exudate composition, and the exudation can be
an adaptive immune response [37]. In sweet basil, upon
the challenge by the pathogenic fungus Pythium ultimum
or the pathogenic bacterium Agrobacterium rhizogenes,
rosmarinic acid (RA) was induced and released from
the hairy roots [37]. RA, absent in the root exudate of
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uninfected plants, was shown to disrupt, intercept, and
convolute the cell surface of another fungal pathogen
Aspergillus niger. RA was also shown to disrupt biofilm
formation by inhibiting quorum sensing [38]. However,
concentration matters. Upon Pseudomonas aeruginosa
infection, although sweet basil roots secrete RA, the con-
centration is not enough to inhibit biofilm formation by
the microbes [39]. Thus, the infection is mortal despite
the secretion of RA [39]. In tobacco plants, the bacte-
rial wilt-causing pathogen, R. solanacearum, induced
the root exudation of caffeic acid, which has been shown
to disrupt the cell membrane of R. solanacearum [40].
Moreover, caffeic acid could repress the expression of
biofilm-forming genes, lecM and espsE, while activat-
ing phenylalanine ammonia-lyase (PAL) and peroxi-
dase (POD) to promote the accumulation of lignin and
hydroxyproline for greater plant resistance against bac-
terial infection [40]. Upon infection by the pathogenic
oomycete Pythium ultimum, barley roots secreted phe-
nolic and organic acids, including canillic, p-coumaric,
and fumaric acids [41]. Similarly, when challenged by
Fusarium graminearum, the levels of antifungal pheno-
lics such as t-cinnamic, p-coumaric, ferulic, syringic,
and vanillic acids were increased in barley root exudates
[42]. The induction of root exudates by the surrounding
microbes adds one more layer to the root-exudate medi-
ated plant—microbe interaction. When manipulating root
exudates, such a dynamic process has to be taken into
account.

Microbial secretions can enforce the pathogenicity

As early as 1935, the stimulation of sporangium produc-
tion in Phytophtora sp. with a non-sterile soil extract was
demonstrated to show the pathogenicity of microbial
secretions [43]. Since then, the metabolic diffusates of
soil micro-organisms have been found to promote spo-
rangium formation in Phytophthora cinnamomi, which
is a plant pathogen capable of infecting close to 5,000
plant species [44—46]. Efforts have been applied to dis-
cover the pathogenic components in the cell-free extracts
of microbial cultures. For example, an autoclaved soil
water extract was shown to promote the colonization
of rhododendron leaf discs by Phytophthora nicotianae.
The phenomenon suggests that the virulence effector is
heat-stable [47]. The five major bacterial components of
the soil water extract were then isolated. Among them,
Bacillus megaterium Sb5 was found to have a simi-
lar infection-promoting effect to the soil water extract
on the colonization of rhododendron leaf discs by Phy-
tophthora nicotianae [47]. Furthermore, the cell-free fil-
trate (CFF) of Bacillus megaterium Sb5 was shown to be
responsible for this effect, the majority of which could
be attributed to the>3-kDa fraction of the CFF [47].
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However, the exact identity of the effector molecule has
remained unknown [47]. These early observations bring
forth the subsequent investigations on infection-promot-
ing metabolites from microbes. The identification of the
infection-promoting metabolites allows specific control
of the microbial pathogenicity.

The infection-promoting metabolites in microbial
secretions

The proteins and nucleic acids secreted by pathogenic
soil microbes to promote the infection of plants have
been previously summarized [1, 2]. In addition to these
molecules, soil microbes also secrete various metabolites
to promote the infection of their target plants. In this
review, we focus on polyketides and thaxtomin which
are common metabolites secreted by root pathogens of
plants (Table 1).

Polyketides
Polyketides are molecules with a carbon skeleton, and
they are secondary metabolites found in bacteria, fungi,
and plants. Examples include polyphenols, polyenes, pol-
yethers, enediynes, and macrolides [55]. Genes encod-
ing polyketide synthases have also been identified in
microbes including plant pathogens [56—58]. Polyketides
are widely used in both drug and agricultural industries
for their antibacterial and antifungal activities [48, 49].
However, polyketides from plant pathogens can cause
chlorosis and inhibit growth of the host plants [50]. Pseu-
domonas is a common plant pathogen, it secretes the pol-
yketide coronatine, which structurally mimics the plant
hormone jasmonate (JA) and represses JA-mediated
defense responses [51].

In early days, before being known as polyketides,
T-toxin was isolated and identified as the toxin produced
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by race T of the foliar pathogen Bipolaris maydis (for-
merly known as Helminthosporium maydis), the causal
agent of the epidemic corn blight in 1970-1971 [52].
Later, T-toxin was characterized as a family of molecules
mainly consisting of C,; polyketides [52, 53, 59], and
the cause of the virulence of race T toward male-sterile
(T) maize [53]. PKSI, encoding a polyketide synthase, is
associated with the production of T-toxin and the viru-
lence of race T [53]. It was found that at least nine genes,
including PKSI (polyketide synthase 1), PKS2 (polyke-
tide synthase 2), LAMI (encoding a 3-hydroxyacyl-CoA
dehydrogenase-like protein) and OXI1 (encoding a dehy-
drogenase) mapped to the Tox1A locus, DECI (encod-
ing a decarboxylase), REDI (encoding a ketoreductase),
RED?2 (encoding a ketoreductase) and RED3 (encoding a
ketoreductase) mapped to the Tox1B locus, and an addi-
tional gene encoding an unknown protein, were involved
in the biosynthesis of T-toxin [53, 54].

Root pathogens also secrete polyketides to invade
plants. Fursarium oxysporum is a prevalent fungal
pathogen found on the root surface of cotton. It causes
wilting and yield loss of cotton. Most E oxysporum f sp
vasinfectum isolates which are virulent to Upland cotton
(Gossypium hirsutum L.) secrete nonaketides, including
naphthazarin quinones, bikaverin and norbikaverin, as
well as haptaketides, including naphthoquinones, nec-
triafurone, andydrofusarubin lactol, and 5-O-methyl-
javanicin [60]. However, E oxysporum f sp vasinfectum
isolates which could not cause disease of Upland cotton
(G. hirsutum L.) failed to synthesize or secrete the hap-
taketides [60]. Polyketides are therefore suggested to be
the targets for cotton disease control. In a genomic study
on Verticillium dahliae, which invade plant roots, pol-
yketide synthase gene homologs were found to be hori-
zontally transferred from E oxysporum f sp vasinfectum

Table 1 Examples of infection-promoting metabolites in microbial secretions

Metabolites Examples of microbial sources and functions References
Polyketides  Fungal pathogen Bipolaris maydis (also known as Cochliobolus heterostrophus) [48, 49]
« T-toxin C,; polyketides underlie the virulence to T-maize
- Synthesis controlled by genes on Tox1A locus (PKST, PKS2, LAM1, and OXI1) and Tox1B locus (DECT, RED1, TED2, and RED3)
Fungal pathogen Fursarium oxysporum [50]
- Virulent isolates secrete nonaketides, including naphthazarin quinones, bikaverin and norbikaverin, as well as haptake-
tides, including naphthoquinones, nectriafurone, andydrofusarubin lactol, and 5-O-methyljavanicin
Fungal pathogen Verticillium dahliae (51]
- Contains polyketide synthetic genes which were horizontally transferred from Foxysporum
Fungal pathogen Fusarium virguliforme [52]
- The expressions of polyketide synthetic genes including those encoding snoal-like polyketide cyclase protein and lovas-
tatin-like diketide synthase were found to be upregulated upon the infection of soybean root
Thaxtomin  Bacterial pathogen Streptomyces scabies [53,54]

- Thaxtomin A & B were isolated from infected potato tuber, though the mode of infection was unknown
- Thaxtomin A production and virulence controlled by several bld genes (global regulators of Streptomyces growth mor-

phologies) and thaxtomin biosynthetic genes (txt)
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to V. dahlia [61]. In a separate study on the soybean path-
ogen Fusarium virguliforme which causes root necro-
sis, polyketide synthetic genes including those encoding
snoal-like polyketide cyclase protein and lovastatin-like
diketide synthase were found to be upregulated in the
pathogen [62]. These studies showed the importance of
polyketides to plant infection and demonstrated the use
of sequencing platforms to study the polyketide-related
virulence.

Thaxtomin

Thaxtomin is a well-known phytotoxin in Streptomy-
ces, which is a large genus of plant pathogens that infect
potato and other taproot plants [63]. Thaxtomins were
first identified as secondary metabolites in Streptomyces
scabies infected potato slices [64]. They were then known
for their inhibitory effects on cellulose synthesis, giving
similar symptoms to plants treated with known cellulose
biosynthesis inhibitors including dichlobenil and isoxa-
ben [65]. Specifically, thaxtomin A was shown to inhibit
the incorporation of glucose for cellulosic cell wall for-
mation [66].

In an attempt to isolate the phytotoxins associated with
the pathogenicity of S. scabies to potato, Thaxtomin A
and Thaxtomin B, characterized as 4-nitroindol-3-yl-
containing 2,5-dioxopiperazines, were isolated from S.
scabies-infected potato tubers [64, 67]. Since Thaxtomin
A is produced in an amount 20 folds greater than Thax-
tomin B, it is regarded as the major phytotoxin associ-
ated with S. scabies [68]. The production and virulence
of Thaxtomin A are regulated by several bld genes, which
are highly conserved among Streptomyces spp. and are
crucial for the regulation of normal morphological devel-
opment of the fungi [69, 70]. The S. scabies mutants
AtxtA, AbldA, AbldC, AbldD, AbldG, and AbldH had sig-
nificantly reduced production of Thaxtomin A compared
to the wild type, S. scabies 87-22 [69]. Compared to those
treated with the wild type, radish seedlings treated with
AtxtA, AbldA, AbldC, AbldD, AbldG, or AbldH all had
longer root and shoot lengths, which suggested the better
growth and reduced toxicity [69]. The S. scabies mutants
also led to reduced virulence phenotypes on potato tuber
tissue compared to the wild type [69]. Gene expression
analyses showed that the AbldA, AbldC, AbldD, AbldG,
and AbldH mutants all had reduced expression levels
of txtR, txtA, and txtD [69]. txtR encodes a cluster-situ-
ated regulator, TxtR, which activates the expressions of
thaxtomin (txt) biosynthetic genes in response to cello-
oligosaccharides [69]. txtA encodes the nonribosomal
peptide synthetase responsible for producing the thax-
tomin backbone while txtD encodes a nitric oxide syn-
thase, which is needed for the nitration of thaxtomin A
[69]. Understanding the mechanisms of toxin secretion
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will facilitate the development of strategies to control the
pathogenicity.

The interactions between plants and soil biota medi-
ated by metabolite signals are summarized in Fig. 1.

Promoting plant resistance against soil pathogens

by manipulating the root exudate

As discussed above, Main text metabolites in the root
exudate could mediate plant-microbe interactions,
induce chemotaxis, and promote pathogenic infection.
Therefore, the manipulation of root exudates could be an
effective strategy to enhance the plant resistance to soil
pathogens, either by changing the exudate composition
or by blocking the metabolite signal from the root exu-
date, or both (Table 2).

Changing the root exudate profile

For years, efforts have been made to eliminate soil-borne
pathogens in crop disease management, but the out-
comes were not always satisfactory. Soil pathogens in the
field are difficult to control as they can reside in the soil
as saprophytes for a prolonged period until a favorable
environmental condition arises [76]. Besides, the tradi-
tional method of applying pesticides, nematicides or bac-
tericides has poor penetration into the soil matrix and
therefore is usually insufficient to completely inhibit the
pathogens or pests [73]. In addition, a generous applica-
tion of these biocides may lead to environmental pollu-
tion or cause public health concerns [77].

New approaches of constructing a rhizobiome pro-
file that facilitates disease resistance in plants have been
proposed, for example, by inoculating the plant with a
synthetic microbial community as the biocontrol for spe-
cific pathogens [78]. Multiple subsequent studies have
suggested that complex inocula with species-rich com-
munities provide plants with much enhanced disease
resistance compared to single-strain inocula [71, 78, 79].
However, the approach presents a tremendously greater
difficulty in designing the appropriate synthetic microbial
community to achieve a desirable and controllable out-
come for the host plant.

Another recent approach to enhancing disease resist-
ance in plants is the transplantation of the soil and
microbes associated with the rhizosphere of a resistant
plant to the susceptible variety, or those from the rhizo-
sphere of a healthy plant to the next generation [80, 81].
However, microbial inocula are often inconsistent and
short-lived in the field due to unfavorable soil conditions
and competition with existing microbes in the soil [72].
Therefore, instead of exploiting the microbiome as inocu-
lants to promote soil pathogen resistance, a more efficient
alternative solution, perhaps in the form of manipulating
the root exudate profile, is needed.



Ku et al. BMC Plant Biology

(2025) 25:308

Table 2 Methods to promote pathogen resistance through the manipulation of root exudates
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Methods of root exudate manipulation Examples

Things to consider in field applications

References

Manipulating root exudate composition

Blocking metabolite signals

Controlling the release of root exudates

to soil by altering the expression patterns
of transporters using mutant plants (i.e.,
citrate-, malate- and glutamate-derived
y-aminobutyric acid [GABA] released

from the respective MATE and ALMT activi-
ties)

Altering the phenolic profiles of the Abel-
moschus esculentus root exudate by priming
the plant with the endophyte Alcaligenes
faecalis strains BHU 12, BHU 16, or BHU 17.
The colonization by the endophytic strains
protected the host plant against pathogen
attack

Examples of root exudate components
enhanced by the endophyte treatments:
shikimic acid, gallic acid

Manipulating the biosynthesis of special root
exudates in Arabidopsis thaliana by recon-
stituting three evolutionarily divergent
triterpene biosynthetic pathways, which
could selectively modulate the growth

of Arabidopsis-specific microbiota

Examples of genes for manipulation: THART
and THAR2 encoding oxido-reductases,
THAA2 encoding thalianol acyltransferase 2

Applying biochar with or without tomato
root exudates to adsorb pathogen directly

or indirectly, to lower the pathogenic microbe
swarming motility and to reduce pathogen
colonization on the root, eventually suppress-

- Target site of exudation on root tissue
- Carbon pool and resident rhizosphere com-
munity in soil

- Particle size and pore size of biochar (related
to the size of the pathogen concerned,

and the specific surface area for pathogen
adsorption)

« Biochar production condition (related

[71]

(72]

(74]

ing the bacterial wilt disease

Applying the wrap-and-plant technology
to potato using the lignocellulosic matrix
(LCM), which strongly adsorbs the root exu-
date components to the cellulose, thereby
disrupting the host-locating, egg-hatching

to the stability of the physical and chemical
properties of biochar)

- Type of crop

- Soil conditions

- The undesired effect to block beneficial
microbes

and maturation processes of potato cyst
nematodes (PCNs), eventually improving

the potato yield

The ability of root exudates to shape the root microbi-
ome has been proven in previous studies [74, 75, 82, 83].
The alteration of root exudate compositions by modu-
lating the gene expression patterns of specific metabolic
pathways or transporter proteins may then provide a
more consistent selection pressure on the rhizobiome
[84]. In order to engineer a root exudate profile that can
specifically suppress a pathogen in a certain host plant,
knowledge of the respective roles of different root exu-
date components in affecting microbial activities is
important. To date, studies using mutant plants with
distinctive variations in the exudate profile have helped
to identify and characterize the roles of different exu-
date components in the plant—-microbe relationship. For
example, the mutation of ABCG30, which encodes an
ATP-binding cassette (ABC) transporter in Arabidop-
sis, led to the altered root exudate profile with increased

phenolics but decreased sugars [85]. Such an alternative
is associated with the change of fungal and bacterial com-
munities in the surrounding soil [85]. In another study,
the mutations of triterpene synthetic genes in Arabidop-
sis were also shown to alter the composition and diversity
of root microbiota [82]. In addition to phenolics, sugars,
and terpenes, the levels of root-exudated molecules such
as coumarins and benzoxazinoids are also suggested to
be associated with the rhizospheric microbiota [86]. The
secretions of roots to shape the rhizospheric microbia
are illustrated in Fig. 1. More examples are extensively
reviewed and summarized in another review [86].
Experiments on modulating root exudate profiles to
recruit beneficial or host-specific microbes have also
been performed [74, 82, 87]. It was found that pheno-
lics in the root exudate of Abelmoschus esculentus attract
endophytic Alcaligenes faecalis for the activation of
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defense responses against pathogenic microbes [87]. It
was discovered that individual phenolic acids at different
concentrations could differentially affect the potential of
bacterial strains in chemotactic movement and biofilm
formation. A further alteration in the phenolic profile of
plant exudates after the colonization by A. faecalis helped
in recruiting even more beneficial microbes to the rhizos-
phere and fortified the plant against disastrous soil-borne
pathogens such as Sclerotium rolfsii [87]. Gene mutation
can lead to altered root exudation profiles, which affect
the rhizospheric microbiota composition. In other words,
different genotypes could be associated with altered path-
ogen resistance ability of plants in soil. Indeed, in wheat,
genotypes corresponding to the key steps in domestica-
tion were shown to have different root exudate profiles
[88]. The search for natural crop varieties or the genera-
tion of new varieties carrying desirable genes by breeding
could be the strategies to promote pathogen resistance of
crops via the alternation of root exudate profiles.

To answer the question of how plants modulate and
assemble microbiota specific to their rhizobiomes, three
divergent pathways in Arabidopsis thaliana for root trit-
erpene metabolite biosynthesis were constructed and
evaluated with respect to the ability of these specialized
metabolites to recruit host-specific microbiota [82]. The
three divergent tripterpene pathways are responsible for
the syntheses of thalianin, thalianyl fatty acid ester, and
arabidin respectively [82]. Genes including THARI and
THAR?2 encoding oxido-reductases, as well as THAA2
encoding thalianol acyltransferase 2 are important for the
synthesis of the triterpenes [82]. The specialized triter-
pene compounds could selectively modulate the growth
of A. thaliana root microbes, shaping a rhizobiome pro-
file distinctive from taxonomically remote species such
as wheat and rice. This study suggested that plant could
assemble a species-specific microbial community for
their own benefits with specialized metabolic pathways
[82]. The selection of distinct bacterial populations with
engineered root exudate compositions was also dem-
onstrated using transgenic Lotus plants which produce
opines [74].

However, one study discovered that soil type, root type
(nodal or seminal) and position (base or apex) may have
greater influences on the root microbiome than does the
modulation of exudate profiles [84]. The gene expression
patterns of transporters from the aluminum-activated
malate transporter (ALMT) and the multidrug and toxic
compound extrusion (MATE) families were altered in
rice and wheat in order to change their root exudate com-
positions, and the subsequent shifts in the microbiome
profiles along the root system in different soil types were
examined [84]. The spatial variations in the rhizobiome
added to the complexity in constructing an artificial root
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exudate profile, where a specific region in the root system
may have to be targeted for exudate profile manipulation
in order to achieve the disease resistance desired.

In the natural environment, root exudates mediate soil
nutrient solubilization and toxic compound chelation
[89]. Root exudates also impact on plant diversity in the
habitat and soil functioning such as nutrient decompo-
sition and recycling [90]. The alteration of root exudate
profiles may thus threaten the soil ecosystem. Therefore,
approaches that specifically address targeted compounds
in root exudates will be needed to minimize the threats,
and the understanding on plant-microbe interactions
through these compounds will facilitate the development
of suitable measures.

The methods used in promoting the resistance of plants
to soil pathogens by root exudate manipulation are sum-
marized in Table 2.

Blocking the metabolite signal

Besides altering the root exudate profile, another way
to combat infection is to block the signal transduction
between plant roots and pathogens. Apart from being
energy-rich resources, root exudates can also enhance
pathogen virulence by triggering the germination and
sporulation of pathogens, and acting as a signal for chem-
otaxis [91-94].

The use of biochar could be a potential tool to disrupt
the plant-pathogen interaction. Biochar is produced by
the thermal degradation of organic matter such as wood
biomass and agricultural crop residues under low-oxy-
gen conditions [95]. The porous structure and the large
surface area of biochar makes it an effective adsorbent
of root exudates [96]. Researchers have found that the
application of biochar on tomato can significantly alle-
viate bacterial wilt caused by Ralstonia solanacearum,
a bacterial pathogen that can infect a broad range of
host species, including economically important crops
such as potato and tomato [91, 97]. Biochar might have
been able to reduce infection by pathogens indirectly
through the adsorption of root exudates that promote
pathogen chemotaxis. The removal of tomato root exu-
dates from the soil through biochar adsorption further
reduced pathogen infection by intensifying the resource
competition within the bacterial community in the soil
[91]. Even in the absence of root exudates, biochar was
shown to be able to directly adsorb pathogens and sup-
press their swarming motility, rendering it a cheap and
environmentally friendly tool for disease control in the
field [91]. Interestingly, biochar may have the potential
to also disrupt microbial communications. A study has
found that the autoinducer sorption property of bio-
char greatly reduced the availability of acyl-homoser-
ine lactone (AHL) for cell-to-cell communications
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[98]. AHL is a family of signaling molecules involved
in quorum sensing and intraspecies communication in
many gram-negative bacteria, including the pathogens
responsible for soft rot in plants and nitrogen-fixing
bacteria [99, 100].

Despite the potential benefits of biochar in disease
control, we should be cautious of its application in the
field. The type of crop and the soil condition should be
considered. For example, when handling legume plants,
root exudates are needed to attract beneficial microbes
such as Rhizobia. Moreover, evidence has shown the
possibility of biochar to turn mutualistic mycorrhizal
fungi into parasitic ones under high soil nitrogen levels
[101].

Another promising tool using the same principle of
root exudate adsorption with proven success in the field
is the lignocellulosic matrix (LCM) of banana fiber. The
wrap-and-plant technology (W&P) using LCM has sig-
nificantly increased the potato yield in Kenya by control-
ling potato cyst nematodes (PCNs) caused by Globodera
rostochiensis [93]. Through the adsorption of potato root
exudates in the banana-fiber LCM, the chemo-attrac-
tion of the PCN to the plant was disrupted, resulting
in reduced hatching, impeded chemotaxis and delayed
maturity of the PCN [93].

Using the same principle of exudate adsorption, both
biochar and LCM could impede the invasion of plants
by pathogens, through different methods of application
and material design. Biochar that is spread on the soil to
adsorb root exudates directs pathogens away from the
plant root, while the wrapping of LCM around seed pota-
toes strongly adsorbs and retains exudate compounds,
such as the hatching factor a-chaconine, via hydrogen
bonds and inter-molecular bonds in the matrix, thus
rendering them unable to be sensed by the PCN [91, 93].
Both approaches disrupt plant-microbe interaction by
absorbing microbial secretions and root exudates. The
blocking of plant-growth promoting microbial interac-
tions is foreseen. Therefore, measures that specifically
address target compounds will be needed to minimize
the unwanted side effects.

Promoting pathogen resistance by minimizing the harm
from pathogenic microbial secretions

While the strategy of altering or intercepting the metabo-
lite signals from plants seems promising for promoting
pathogen resistance, manipulating the metabolite sig-
nals from soil microbes is more challenging due to the
diversity of the microbiome in soil. Nevertheless, under-
standing the microbial metabolite signals can provide
directions on how to interrupt the signal perception by
plants (Table 3).
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Habituation of plants with toxic microbial metabolites
Thaxtomin A is the major toxin secreted by Streptomy-
ces scabies to cause potato common scab. The promo-
tion of resistance to thaxtomin A by habituation was first
demonstrated in a poplar cell suspension culture [102].
In the study, the cell culture was treated with a gradu-
ally increasing level of thaxtomin A over a period of 12
months. Compared to the control cells without thax-
tomin A treatment, the treated cells had reduced size
and slower growth. However, the treated cells were more
resistant to thaxtomin A, which inhibits cellulose synthe-
sis. The habituated cells had an altered cell wall compo-
sition with a reduced level of cellulose but an increased
level of pectin. Using GeneChip, the habituated cells were
shown to have altered expressions of genes related to cell
wall synthesis modification, lignin and flavonoid synthe-
sis, and DNA and chromatin modifications. In addition to
thaxtomin A, the habituated cells were also more resist-
ant to dichlobenil and isoxaben, which are also inhibitors
of cellulose synthesis. The regeneration of potato plants
from thaxtomin A-habituated calli was later reported
[103]. In the study, potato Russet Burbank calli were
habituated with thaxtomin A and regenerated into plants
that produced tubers [103]. In a growth chamber, these
regenerated tubers were infected with S. scabiei. Com-
pared to those tubers from the untreated parent cultivar,
the regenerated tubers from the thaxtomin A-habituated
calli were more resistant than those from the parent cul-
tivar to the infection, as well as to thaxtomin A. In the
field, the tubers of the plants regenerated from thaxtomin
A-habituated calli were also more resistant to scab infec-
tion compared to the parent cultivar [103].

Genetic engineering of plants

The model plant Arabidopsis is typically sensitive to
thaxtomin. In a screen of Arabidopsis mutants, a mutant
having increased resistance to thaxtomin was identified.
By map-based cloning, the mutated gene was found to
be TXRI, which is related to the transport of thaxtomin
into plant cells [66]. Compared to the wild type, the txrl
mutant had reduced uptake of thaxtomin upon treatment
with the chemical. Although £xrl mutant seedlings were
shorter than the wild type without thaxtomin treatment,
they were taller than the wild type when under thaxtomin
treatment [66].

Treatment with a beneficial hormones or microbes

Since tissue culture and genetic engineering are more
technically demanding, treatment with a growth-pro-
moting hormone or microbe appears to be an easier
approach to promoting pathogen resistance. An auxin
2,4-dichlorophenoxyacetic acid (2,4-D) spray on potato
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Table 3 Methods of promoting pathogen resistance by minimizing the harm from pathogenic microbial secretions
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Harm reduction approaches

Examples

References

Habituation of plants to toxic microbial metabolites

Genetic engineering of plants

Treating plants with beneficial hormones or microbes

Treatment with a gradually increasing level of thaxtomin A (from 0.TuM to 1.3
UM over a period of 12 months) on a polar cell suspension culture promoted
the resistance to thaxtomin A (2 uM), dichlobenil (5 uM), and isoxaben (5 uM)
The habituated cells had altered expressions of genes related to cell wall synthe-
sis, lignin and flavonoid synthesis, and DNA and chromatin modifications

- Examples of genes having downregulated expressions:

- Cell wall related: genes encoding glycosyl hydrolase, xyloglucan endotransglu-
cosylases/hydrolases, polygalacturonases

« Phenylpropanoid pathway: genes encoding cinnamyl-alcohol dehydroge-
nase, caffeic acid/5-hydroxyferulic acid O-methyltransferase, trans-caffeoyl-CoA
3-O-methyltransferase, hydroxycinnamoyl-Coenzyme A shikimate/quinate
hydroxycinnamoyltransferases

- Examples of genes having upregulated expressions:

- Cell wall related: genes encoding beta-xylosidase, beta-mannan endophydro-
lase, polygalacturonase, pectinesterase

- DNA and chromatin modifications related: genes encoding histone H1, H2, H3,
H4

Potato tubers regenerated from calli habituated with thaxtomin A had enhanced
resistance to thaxtomin A and Streptomyces scabiei

Under thaxtomin treatment, Arabidopsis txr7 mutant seedlings were longer
than the wild type

The auxin 2,4-dichlorophenoxyacetic acid (2,4-D) spray on potato Russet Burbank
tuber promoted the resistance to Streptomyces scabiei and thaxtomin A
Treatment details: foliar spray 14 days after tuber initiation; both single spray

at 0.9 mM and three sequential sprays at 0.9 mM, 10-day intervals, were effective
to promote resistance

2,4-D and IAA promoted the resistance of Arabidopsis to thaxtomin A
Treatment details:

2,4-D: surface-sterilized seeds were onto the surface of plates of MS (Murashige
and Skoog) medium added with 0.1 uM thaxtomin A, and with or without 2,4-D
(0.1,0.2, or 1.0 uM) treatments; 25 day growth interval

IAA: Seedlings were grown for five days on MS medium before excision of stem
segments (lacking apical meristems to remove major sources of endogenously
produced IAA). The seedlings were then plated onto MS medium amended
with thaxtomin A (0.1 pM) with or without IAA (0.01, 0.1, or 1.0 uM) treatments.
The level of chlorosis was observed five days after the treatments

The inoculation of Arabidopsis with thaxtomin A-deficient endophytic Strepto-
myces sp. IFB-A02 and IFB-A03 enhanced the plant’s resistance to Streptomyces
scabies

Treatment details: Six-week-old plants were pre-inoculated with IFB-A02

or IFB-A03 before being attacked by Streptomyces scabies. The disease symptom
was observed five days after the attack

(88]

Russet Burbank tubers promoted the resistance to S. sca-
biei as well as to thaxtomin A in the potato tubers [104].
Using Arabidopsis as another model, 2,4-D and indole-
3-acetic acid (IAA) applications were also shown to pro-
mote the resistance to thaxtomin A [104]. Although the
detailed mechanism of how the auxins promoted the
resistance was unclear, the study suggested that auxins
might promote the resistance by alleviating the toxicity of
thaxtomin A.

The application of beneficial microbes has been sug-
gested as a greener alternative to chemical fertilizers.
The inoculation of Arabidopsis with thaxtomin A-defi-
cient endophytic Streptomyces sp. enhanced the plant’s
resistance to the pathogenic Streptomyces scabies [105].

IFB-A02 and IFB-A03 are endophytic Streptomyces
strains that could colonize the root and stem of Arabi-
dopsis [105]. The pre-inoculation of IFB-A02 or IFB-A03
into Arabidopsis promoted the accumulation of ROS
upon infection by S. scabies. ROS are signaling molecules
that elicit disease resistance responses in plants upon
pathogen infection [105]. IFB-A03 pre-inoculation also
induced the expressions of systemic acquired resistance
(SAR) marker genes, PR-1 and PR-5, in the Arabidopsis
plants [105]. The phenomenon is similar to salicylic acid
(SA) treatment, which also induced the expressions of the
SAR genes. In the SA-deficient Arabidopsis mutant edsS5,
the expression of the defense gene PDFI1.2 was repressed
compared to the wild type. However, IFB-A03 treatment
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| MANIPULATING PLANT ROOT EXUDATES

MINIMIZING THE HARM FROM PATHOGENIC MICROBIAL SECRETION

Controlling the release of

root exudate substrates to
soil by altering expression
pattern of transporters.

Habituation of plants with the toxic
microbial metabolite by priming

Priming the plant with
endophytic bacteria, of
which colonization fortifies
the host plant against

pathogen attack away from the plant

Biochar, loaded with _— J
plant exudates,
attracts pathogens,

..

thereby drawing them

Manipulating the
biosynthesis of specialized
root exudates by

Oeﬂ reconstituting divergent &
0 triterpene biosynthetic Biochar, unloaded with plant [
pathways. exudate, adsorb pathogens,
thereby reducing their

swarming abilities

Cellulose in the

: lignocellulosic matrix

N < (LOM) strongly adsorbs
the root exudate

metabolites, disrupting

host locating by soil

pathogens and pests

Genetic engineering of plants to boost
immunity against pests and pathogens

Apply beneficial hormone or microbe
treatments

Fig. 2 The methods to promote pathogen resistance of plants by manipulating the metabolite signals. The promotion of the resistance can be
achieved by manipulating plant root exudates or minimizing the harm from pathogenic microbial secretion. The strategies to manipulate plant
root exudates include the control of root exudate release and the production of specialized root exudates by genetic engineering. The resistance
can also be achieved by blocking the metabolite in root exudate that attracts pathogenic microbes. The strategies to promote the resistance
also include the minimization of pathogenicity of microbial secretions, which can be archived by priming the plants with the toxic microbial
metabolite, genetic engineering the plants, and the application of beneficial hormone or microbes

rescued the PDFI.2-suppressed phenotype in the edsS
mutant. The study suggested that IFB-A03 promoted the
resistance to S. scabies through an SA-dependent path-
way [105].

The use of beneficial hormones or microbes offers a
green and easy alternative for disease control. However,
more research on the pathogenicity mechanism will be
needed to ensure the specificity and avoid unpredicted
side effects on plant growth and the ecosystem. The
methods to promote pathogen resistance of plants by
manipulating the metabolite signals are summarized in
Fig. 2.

Conclusions

Root-microbe interactions in soil are dynamic processes
mediated by both root exudates and microbial secretions.
Root exudates can attract soil microbes while microbial
secretions can promote the infection of the target plant.
Microbial secretions can also alter the compositions
of root exudates. Metabolites are a major component
of both root exudates and microbial secretions. Plant-
driven disease control strategies targeting plant-pathogen
communications can focus either on manipulating the
root exudate profile or on disrupting the signal transduc-
tion between the plant host and the pathogen in the soil.
The design of practical applications to enhance plants’
resistance to soil pathogens in the field requires multiple
levels of consideration, including the physical and chemi-
cal properties of the soil (pH and nutrient levels), the
resident microbiome (competitions among microbes and
the balance within communities), the temporal (growth
stage) and spatial (root tissue and region) parameters of
the plant, and the type of crop (legume or tuber). Disease

control can also be achieved by minimizing the harm
from the pathogenic microbial secretions, through habit-
uating plants to toxic microbial metabolites, genetically
engineering plants to reduce their uptake of the toxins,
and treating plants with growth-promoting hormones or
microbes to boost their pathogen resistance. Since the
toxicity of microbial secretions is usually dose-depend-
ent, case-by-case strategies will be required to promote
plant resistance against soil pathogens. Previous stud-
ies have revealed the correlation between genotypes and
rhizospheric microbiota. Based on the knowledge, it is
also possible to employ crops with desirable genotypes
to establish pathogen resistant varieties by approaches
including the selection of natural mutants, breeding, and
genetic engineering. By understanding the mechanisms
behind the pathogenicity, we will be better able to devise
specific measures to improve plant resistance to specific
pathogens.

Abbreviations

T35S Type lll secretion system

OCA O-Coumaric acid

TCA T-Cinnamic acid

DIMBOA  2,4-Dihydroxy-7-methoxy-1,4-benzoxazine-3-one
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ROS Reactive oxygen species

PCD Programmed cell death

ALMT Aluminum-activated malate transporter
MATE Multidrug and toxic compound extrusion
AHL Acyl-homoserine lactone

LCM Lignocellulosic matrix

W&P Wrap-and-plant technology

PCN Potato cyst nematode

GABA Glutamate-derived y-aminobutyric acid
2,4-D 2,4-Dichlorophenoxyacetic acid

IAA Indole-3-acetic acid

SAR Systemic acquired resistance



Ku et al. BMC Plant Biology (2025) 25:308

Acknowledgements

J-Y. Chu copy-edited this manuscript. Any opinions, findings, conclusions, or
recommendations expressed in this publication do not reflect the views of the
Government of the Hong Kong Special Administrative Region or the Innova-
tion and Technology Commission.

Authors’ contributions

Y-S.K. and H.-M.L. conceived and finalized the manuscript. H-M.L. secured
the fundings. Y-SK, S-S.C, C-YL, H-SL, and T-Y.C. wrote and reviewed the
manuscript.

Funding

This work was supported by grants from Science, Technology and Innova-
tion Commission of Shenzhen Municipality (Shenzhen-Hong Kong-Macau
Science and Technology Program, Category C, SGDX20210823103535007), the
Hong Kong Research Grants Council: Area of Excellence Scheme (AoE/M-
403/16), and Lo Kwee-Seong Biomedical Research Fund awarded to H-M.L.

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 30 October 2023 Accepted: 28 February 2025
Published online: 11 March 2025

References

1. KuY-S, Cheng S-S, Gerhardt A, Cheung M-Y, Contador CA, Poon L-YW,
et al. Secretory peptides as bullets: Effector peptides from patho-
gens against antimicrobial peptides from soybean. Int J Mol Sci.
2020;21:9294.

2. KuY-S,Wang Z, Duan S, Lam HM. Rhizospheric communication through
mobile genetic element transfers for the regulation of microbe-plant
interactions. Biology (Basel). 2021;10:477.

3. SuY,Wang J, Gao W, Wang R, Yang W, Zhang H, et al. Dynamic
metabolites: A bridge between plants and microbes. Sci Total Environ.
2023;899:165612.

4. Gupta S, Schillaci M, Roessner U. Metabolomics as an emerging tool to
study plant — microbe interactions. Emerg Top Life Sci. 2022;6:175-83.

5. Badri DV, Vivanco JM. Regulation and function of root exudates. Plant,
Cell Environ. 2009;32:666-81.

6. Bertin C,Yang X, Weston LA. The role of root exudates and allelochemi-
cals in the rhizosphere. Plant Soil. 2003;256:67-83.

7. Canarini A, Kaiser C, Merchant A, Richter A, Wanek W. Root exudation of
primary metabolites: Mechanisms and their roles in plant responses to
environmental stimuli. Frontiers in Plant Science. 2019;10:157.

8. Faure D, Vereecke D, Leveau JHJ. Molecular communication in the
rhizosphere. Plant Soil. 2009;321:279-303.

9. Sasse J, Martinoia E, NorthenT. Feed your friends: do plant exudates
shape the root microbiome? Trends Plant Sci. 2018;23:25-41.

10. Lombardi N, Vitale S, Turr D, Reverberi M, Fanelli C, Vinale F, et al. Root
exudates of stressed plants stimulate and attract Trichoderma soil fungi.
Mol Plant-Microbe Interact. 2018;31:982-94.

11. Yuan J, Zhao J,WenT, Zhao M, Li R, Goossens P, et al. Root exudates
drive the soil-borne legacy of aboveground pathogen infection. Micro-
biome. 2018;6:156.

12. LiuY,Chen L, Wu G, Feng H, Zhang G, Shen Q. Identification of
root-secreted compounds involved in the communication between

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

Page 12 of 14

cucumber, the beneficial Bacillus amyloliquefaciens, and the soil-borne
pathogen Fusarium oxysporum. 2017,30:53-62.

Tan S, Yang C, Mei X, Shen S, Raza W, Shen Q, et al. The effect of organic
acids from tomato root exudates on rhizosphere colonization of Bacillus
amyloliquefaciens T-5. Appl Soil Ecol. 2013;64:15-22.

Ling N, Raza W, Ma J, Huang Q, Shen Q. Identification and role of
organic acids in watermelon root exudates for recruiting Paenibacillus
polymyxa SQR-21 in the rhizosphere. Eur J Soil Biol. 2011,47:374-9.
Zhang N, Wang D, Liu Y. Effects of different plant root exudates and
their organic acid components on chemotaxis, biofilm formation and
colonization by beneficial rhizosphere-associated bacterial strains. Plant
Soil. 2014;374:689-700.

Li S, Xu C, Wang J, Guo B, Yang L. Cinnamic, myristic and fumaric acids
in tobacco root exudates induce the infection of plants by Ralstonia
solanacearum. Plant Soil. 2017,412:381-95.

Hida A, Oku S, Kawasaki T, Nakashimada Y, Tajima T, Kato J. Identification
of the mcpA and mcpM genes, encoding methyl-accepting proteins
involved in amino acid and I-malate chemotaxis, and involvement of
McpM-mediated chemotaxis in plant infection by Ralstonia pseu-
dosolanacearum (formerly Ralstonia sola. Appl Environ Microbiol.
2015;81:7420-30.

Yao J, Allen C. Chemotaxis is required for virulence and competitive fit-
ness of the bacterial wilt pathogen Ralstonia solanacearum. J Bacteriol.
2006;188:3697-708.

de Weert S, Vermeiren H, Mulders IHM, Kuiper |, Hendrickx N, Guido V,
et al. Flagella-driven chemotaxis towards exudate components is an
important trait for tomato root colonization by Pseudomonas fluores-
cens. Mol Microbiol. 2002;15:1173-80.

Yuan J, Zhang N, Huang Q, Raza W, Li R, Vivanco JM. Organic acids from
root exudates of banana help root colonization of PGPR strain Bacillus
amyloliquefaciens NJN-6. Sci Rep. 2015;5:13438.

Oota M, Tsai AY, Aoki D, Matsushita Y, Toyoda S, Fukushima K, et al.
Identification of naturally occurring polyamines as root-knot nematode
attractants. Mol Plant. 2020;13:658-65.

Wadhams GH, Armitage JP. Making sense of it all: Bacterial chemotaxis.
Nat Rev Mol Cell Biol. 2004;5:1024-37.

Zatakia HM, Arapov TD, Meier VM, Scharf BE. Cellular stoichiometry

of methyl-accepting chemotaxis proteins in Sinorhizobium meliloti. J
Bacteriol. 2018;200:e00614-e00617.

Collins KD, Lacal J, Ottemann KM. Internal sense of direction: Sensing
and signaling from cytoplasmic chemoreceptors. Microbiol Mol Biol
Rev. 2014;78:672-84.

Falke JJ, Hazelbauer GL. Transmembrane signaling in bacterial chemo-
receptors. Trends Biochem Sci. 2001,26:257-65.

Hazelbauer GL, Falke JJ, Parkinson JS. Bacterial chemoreceptors:
high-performance signaling in networked arrays. Trends Biochem Sci.
2008;33:9-19.

Feng H, Zhang N, Du W, Zhang H, LiuY, Fu R, et al. Identification of
chemotaxis compounds in root exudates and their sensing chemore-
ceptors in plant-growth-promoting rhizobacteria Bacillus amyloliquefa-
ciens SQR9. Mol Plant Microbe Interact. 2018;31:995-1005.

Compton KK, Hildreth SB, Helm RF, Scharf E. Sinorhizobium meliloti
chemoreceptor McpV senses short-chain carboxylates via direct bind-
ing. J Bacteriol. 2018;200:€00519-e00618.

Webb BA, Compton KK, Ray WK, Helm RF, Scharf BE. Sinorhizobium
meliloti chemotaxis to quaternary ammonium compounds is mediated
by the chemoreceptor McpX. Mol Microbiol. 2017;103:333-46.
Khokhani D, Zhang C, Li Y, Wang Q, Zeng Q, Yamazaki A, et al. Discovery
of plant phenolic compounds that act as type Il secretion system
inhibitors or inducers of the fire blight pathogen. Erwinia amylovora
Appl Environ Microbiol. 2013;79:5424-36.

Wu D, Ding W, Zhang Y, Liu X, Yang L. Oleanolic acid induces the

type Il secretion system of Ralstonia solanacearum. Front Microbiol.
2015;6:1466.

Yang S, Peng Q, Francisco MS, Wang Y, Zeng Q, Yang C. Type Il secretion
system genes of Dickeya dadantii 3937 are induced by plant phenolic
acids. PLoS ONE. 2008,3:22973.

McCann HC, Guttman DS. Evolution of the type Il secretion system and
its effectors in plant-microbe interactions. New Phytol. 2008;177:33-47.



Ku et al. BMC Plant Biology

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

(2025) 25:308

LiuY, Li X, Cai K, Cai L, Lu N, Shi J. Identification of benzoic acid and
3-phenylpropanoic acid in tobacco root exudates and their role in the
growth of rhizosphere microorganisms. Appl Soil Ecol. 2015;93:78-87.
Neal AL, Ahmad S, Gordon-weeks R, Ton J. Benzoxazinoids in root
exudates of maize attract Pseudomonas putida to the rhizosphere. PLoS
ONE. 2012;7:235498.

Guo B, Zhang Y, Li S, Lai T, Yang L, Chen J, et al. Extract from maize (Zea
mays L.): Antibacterial activity of DIMBOA and its derivatives against
Ralstonia solanacearum. Molecules. 2016,21:1397.

Bais PH, Walker TS, Schweizer HP, Vivanco JM. Root specific elicitation
and antimicrobial activity of rosmarinic acid in hairy root cultures of
Ocimum basilicum. Plant Physiol Biochem. 2002;40:983-95.

Devi KR, Srinivasan R, Kannappan A, Santhakumari S, Bhuvaneswari

M, Rajasekar P, et al. In vitro and in vivo efficacy of rosmarinic acid on
quorum sensing mediated biofilm formation and virulence factor
production in Aeromonas hydrophila. Biofouling. 2016;32:1171-83.
Walker TS, Bais HP, Déziel E, Schweizer HP, Rahme LG, Fall R, et al.
Pseudomonas aeruginosa-plant root interactions. Pathogenicity, biofilm
formation, and root exudation. Plant Physiol. 2004;134:320-31.

Li S, PiJ, Zhu H, Yang L, Zhang X, Ding W. Caffeic acid in tobacco root
exudate defends tobacco plants from infection by Ralstonia solan-
acearum. Front Plant Sci. 2021;12:690586.

Jousset A, Rochat L, Lanoue A, Bonkowski M, Keel C, Scheu S, et al.
Plants respond to pathogen infection by enhancing the antifungal
gene expression of root-associated bacteria. Mol Plant-Microbe Inter-
act. 2011;24:352-8.

Lanoue A, Burlat V, Henkes GJ, Koch I, Schurr U, Ro USR. De novo biosyn-
thesis of defense root exudates in response to Fusarium attack in barley.
New Phytol. 2010;185:577-88.

Mehrlich FP. Non-sterile soil leachate stimulating to zoosporangia
production by Phytophthora sp. Phytophathology. 1935;62:432-5.

Marx DH, Haasis FA. Induction of aseptic sporangial formation in Phy-
tophthora cinnamomi by metabolic diffusates of soil micro-organisms.
Nature. 1965;206:673-4.

Zentmyer GA. Bacterial stimulation of sporangium production by
Phytophthora cinnamomi. Science. 1965;150:1178-9.

Hardham AR, Blackman LM. Phytophthora cinnamomi. Mol. Plant Pathol.
2018;19:260-85.

Kong P, Hong C. Soil bacteria as sources of virulence signal provid-

ers promoting plant infection by Phytophthora pathogens. Sci Rep.
2016;6:33239.

Baltz RH. Molecular engineering approaches to peptide, polyketide and
other antibiotics. Nat Biotechnol. 2006;24:1533-40.

Xu K, Li XQ, Zhao DL, Zhang P. Antifungal secondary metabolites pro-
duced by the fungal endophytes: Chemical diversity and potential use
in the development of biopesticides. Front Microbiol. 2021;12:689527.
Bender C, Rangaswamy V, Loper J. Polyketide production by plant-
associated Pseudomonads. Annu Rev Phytopathol. 1999;37:175-96.
Xin XF, He SY. Pseudomonas syringae pv. tomato DC3000: A model
pathogen for probing disease susceptibility and hormone signaling in
plants. Annu Rev Phytopathol. 2013;51:473-98.

KonoY, Daly JM. Characterization of the host-specific pathotoxin
produced by Helminthosporium maydis, race T, affecting corn with Texas
male sterile cytoplasm. Bioorg Chem. 1979;8:391-7.

Yang G, Rose MS, Turgeon BG, Yoder OC. A polyketide synthase is
required for fungal virulence and production of the polyketide T-toxin.
Plant Cell. 1996;8:2139-50.

Inderbitzin P, Asvarak T, Turgeon BG. Six new genes required for produc-
tion of T-toxin, a polyketide determinant of high virulence of Cochliobo-
lus heterostrophus to maize. Mol Plant-Microbe Interact. 2010;23:458-72.
Xu X, Qu R, Wu W, Jiang C, Shao D, Shi J. Applications of microbial co-
cultures in polyketides production. J Appl Microbiol. 2021;130:1023-34.
Olishevska S, Nickzad A, Déziel E. Bacillus and Paenibacillus secreted
polyketides and peptides involved in controlling human and plant
pathogens. Appl Microbiol Biotechnol. 2019;103:1189-215.

Brown DW, Kim HS, McGovern AE, Probyn CE, Proctor RH. Genus-wide
analysis of Fusarium polyketide synthases reveals broad chemical
potential. Fungal Genet Biol. 2022;160:103696.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Page 13 of 14

Shabuer G, Ishida K, Pidot SJ, Roth M, Dahse HM, Hertweck C. Plant
pathogenic anaerobic bacteria use aromatic polyketides to access aero-
bic territory. Science. 2015;350:670-5.

Kono 'Y, Knoche HW, Daly JM. Structure: Fungal host-specific. In: Durhin
RD, editor. Toxins in Plant Disease. Cambridge, Massachusetts: Aca-
demic Press; 1981. p. 221-57.

Bell AA, Wheeler MH, Liu J, Stipanovic RD, Puckhaber LS, Orta H. United
States Department of Agriculture — Agricultural Research Service
studies on polyketide toxins of Fusarium oxysporum f sp vasinfectum:
potential targets for disease control. Pest M. 2003;185:736-47.

Zhang AD, Wang J, Wang D, Kong Z, Zhou L, Gui Y, et al. Population
genomics demystifies the defoliation phenotype in the plant pathogen
Verticillium dahliae. New Phytol. 2019;222:1012-29.

Sahu BB, Baumbach JL, Singh P, Srivastava SK, Yi X, Bhattacharyya MK.
Investigation of the Fusarium virguliforme transcriptomes induced
during infection of soybean roots suggests that enzymes with
hydrolytic activities could play a major role in root necrosis. PLoS ONE.
2017;12:20169963.

Bignell DRD, Fyans JK, Cheng Z. Phytotoxins produced by plant patho-
genic Streptomyces species. J Appl Microbiol. 2014;116:223-35.

King RR, Lawrence CH, Clark MC, Calhoun LA. Isolation and characteri-
zation of phytotoxins associated with Streptomyces scabies. J Chem Soc
Chem Commun. 1989;849:849-50.

King RR, Harold LC. Herbicidal properties of the thaxtomin group of
phytotoxins. J Agric Food Chem. 2001;49:2298-301.

Scheible WR, Fry B, Kochevenko A, Schindelasch D, Zimmerli L,
Somerville S, et al. An Arabidopsis mutant resistant to thaxtomin A,

a cellulose synthesis inhibitor from Streptomyces species. Plant Cell.
2003;15:1781-94.

Lawrence CH, Clark MC, King RR. Induction of common scab symptoms
in aseptically cultured potato tubers by the vivotoxin, thaxtomin. Phyto-
pathology. 1990;80:606-608.

King RR, Lawrence CH, Clark MC. Correlation of phytotoxin production
with pathogenicity of Streptomyces scabies isolates from scab infected
potato tubers. Am Potato J. 1991,68:675-80.

Bignell DRD, Francis IM, Fyans JK, Loria R. Thaxtomin A production

and virulence are controlled by several bld gene global regulators in
Streptomyces scabies. Mol Plant-Microbe Interact. 2014;27:875-85.
Chater KF, Chandra G. The evolution of development in Strepto-

myces analysed by genome comparisons. FEMS Microbiol Rev.
2006;30:651-72.

Niu B, Paulson JN, Zheng X, Kolter R. Simplified and representative bac-
terial community of maize roots. Proc Natl Acad Sci. 2017;114:E2450-9.
Castro-Sowinski S, Herschkovitz Y, Okon Y, Jurkevitch E. Effects of
inoculation with plant growth-promoting rhizobacteria on resident
rhizosphere microorganisms. FEMS Microbiol Lett. 2007,276:1-11.

De Coninck B, Timmermans P, Vos C, Cammue BPA, Kazan K. What lies
beneath: Belowground defense strategies in plants. Trends Plant Sci.
2015;20:91-101.

Oger PM, Mansouri H, Nesme X, Dessaux Y. Engineering root exudation
of lotus toward the production of two novel carbon compounds leads
to the selection of distinct microbial populations in the rhizosphere.
Microb Ecol. 2004;47:96-103.

White LJ, Ge X, Brozel VS, Subramanian S. Root isoflavonoids and hairy
root transformation influence key bacterial taxa in the soybean rhizos-
phere Environ Microbiol. 2017;19:1391-406.

Katan J. Role of cultural practices for the management of soilborne
pathogens in intensive horticultural systems. ISHS Acta Hortic.
2004;635:11-8.

Fujiwara A, Fujisawa M, Hamasaki R, Kawasaki T, Fujie M, Yamada T.
Biocontrol of Ralstonia solanacearum by treatment with lytic bacterio-
phages. Appl Environ Microbiol. 2011;77:4155-62.

Tsolakidou MD, Stringlis IA, Fanega-Sleziak N, Papageorgiou S, Tsalakou
A, Pantelides IS. Rhizosphere-enriched microbes as a pool to design
synthetic communities for reproducible beneficial outputs. FEMS
Microbiol Ecol. 2019,95:fiz138.

Berendsen RL, Vismans G, Yu K, Song Y, de Jonge R, Burgman WP, et al.
Disease-induced assemblage of a plant-beneficial bacterial consortium.
ISME J. 2018;12:1496-507.



Ku et al. BMC Plant Biology

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

o1

92.

93.

94.

95.

96.

97.

98.

99.
100.

101.

(2025) 25:308

Kwak M-J, Kong HG, Choi K, Kwon S-K, Song JY, Lee J, et al. Rhizosphere
microbiome structure alters to enable wilt resistance in tomato. Nat
Biotechnol. 2018;36:1100-9.

Wei Z, Gu Y, Friman VP, Kowalchuk GA, Xu Y, Shen Q, et al. Initial soil
microbiome composition and functioning predetermine future plant
health. Sci Adv. 2019;5:9.

Huang AC, Jiang T, Liu YX, Bai YC, Reed J, Qu B, et al. A specialized
metabolic network selectively modulates Arabidopsis root microbiota.
Science. 2019;364:546.

Lundberg DS, Teixeira PJPL. Root-exuded coumarin shapes the root
microbiome. Proc Natl Acad Sci. 2018;115:5629.

Kawasaki A, Dennis PG, Forstner C, Raghavendra AKH, Mathesius U,
Richardson AE, et al. Manipulating exudate composition from root api-
ces shapes the microbiome throughout the root system. Plant Physiol.
2021;187:2279-95.

Badri DV, Quintana N, El KEG, Kim HK, Choi YH, Sugiyama A, et al. An
ABC transporter mutation alters root exudation of phytochemicals that
provoke an overhaul of natural. Plant Physiol. 2009;151:2006-17.
Pascale A, Proietti S, Pantelides IS, Stringlis IA. Modulation of the root
microbiome by plant molecules: the basis for targeted disease suppres-
sion and plant growth promotion. Front Plant Sci. 2020;10:1741.

Ray S, Mishra S, Bisen K, Singh S, Sarma BK, Singh HB. Modulation in
phenolic root exudate profile of Abelmoschus esculentus expressing
activation of defense pathway. Microbiol Res. 2018;207:100-7.
lannucci A, Fragasso M, Beleggia R, Nigro F, Papa R. Evolution of the
crop rhizosphere: Impact of domestication on root exudates in tetra-
ploid wheat (Triticum turgidum L.). Front Plant Sci. 2017;8:2124.
Vives-Peris V, de Ollas C, Gomez-Cadenas A, Pérez-Clemente RM.

Root exudates: from plant to rhizosphere and beyond. Plant Cell Rep.
2020;39:3-17.

Semchenko M, Xue P, Leigh T. Functional diversity and identity of plant
genotypes regulate rhizodeposition and soil microbial activity. New
Phytol. 2021;232:776-87.

Gu Y, Hou Y, Huang D, Hao Z, Wang X, Wei Z, et al. Application of bio-
char reduces Ralstonia solanacearum infection via effects on pathogen
chemotaxis, swarming motility, and root exudate adsorption. Plant Soil.
2017;415:269-81.

Hao W, Ren L, Ran W. Allelopathic effects of root exudates from water-
melon and rice plants on Fusarium oxysporum f. sp. niveum. Plant Soil.
2010;336:485-97.

Ochola J, Cortada L, Mwaura O, Tariku M, Christensen SA, Ng'ang'a M,
et al. Wrap-and-plant technology to manage sustainably potato cyst
nematodes in East Africa. Nat Sustain. 2022;5:425-33.

Steinkellner S, Mammerler R, Vierheilig H. Microconidia germination

of the tomato pathogen Fusarium oxysporum in the presence of root
exudates. J Plant Interact. 2005;1:23-30.

Ahmad A, Hayat |, Arif S, Masud T, Khalid N, Ahmed A. Mechanisms
involved in the therapeutic effects of soybean (Glycine max). Int J Food
Prop. 2014;17:1332-54.

Atkinson CJ, Fitzgerald JD, Hipps NA. Potential mechanisms for achiev-
ing agricultural benefits from biochar application to temperate soils: A
review. Plant Soil. 2010;337:1-18.

Elphinstone JG, Hennessy J, Wilson JK, Stead DE. Sensitivity of different
methods for the detection of Ralstonia solanacearum in potato tuber
extracts. Eppo Bull. 1996,26:663-78.

Masiello CA, Chen'Y, Gao X, Liu S, Cheng HY, Bennett MR, et al. Biochar
and microbial signaling: production conditions determine effects on
microbial communication. Environ Sci Technol. 2013;47:11496-503.
Churchill MEA, Chen L. Structural basis of acyl-homoserine lactone-
dependent signaling. Chem Rev. 2011;111:68-85.

Gonzalez JE, Marketon MM. Quorum sensing in nitrogen-fixing rhizobia.

Microbiol Mol Biol Rev. 2003;67:574-92.

LeCroy C, Masiello CA, Rudgers JA, Hockaday WC, Silberg JJ. Nitrogen,
biochar, and mycorrhizae: Alteration of the symbiosis and oxidation of
the char surface. Soil Biol Biochem. 2013;58:248-54.

Brochu V, Girard-Martel M, Duval |, Lerat S, Grondin G, Domingue O,

et al. Habituation to thaxtomin A in hybrid poplar cell suspensions
provides enhanced and durable resistance to inhibitors of cellulose
synthesis. BMC Plant Biol. 2010;10:272.

103.

105.

Page 14 of 14

Beaudoin N, Isayenka |, Ducharme A, Massie S, Gagnon A, Hogue R,
et al. Habituation to thaxtomin a increases resistance to common scab
in"Russet Burbank” potato. PLoS ONE. 2021;16:e0253414.

. Tegg RS, Gill WM, Thompson HK, Davies NW, Ross JJ, Wilson CR. Auxin-

induced resistance to common scab disease of potato linked to inhibi-
tion of thaxtomin A toxicity. Plant Dis. 2008;92:1321-8.

Lin L, Ge HM, Yan T, Qin YH, Tan RX. Thaxtomin A-deficient endophytic
Streptomyces sp. enhances plant disease resistance to pathogenic
Streptomyces scabies. Planta. 2012;236:1849-61.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Deciphering metabolite signalling between plant roots and soil pathogens to design resistance
	Abstract 
	Background
	Main text
	Root exudates contain the signaling molecules mediating plant–microbe interactions
	Organic acids in root exudates can induce chemotaxis in soil microbes
	Root exudates can promote or alleviate pathogenic infection
	Soil pathogens induce the secretion of root exudates
	Microbial secretions can enforce the pathogenicity
	The infection-promoting metabolites in microbial secretions
	Polyketides
	Thaxtomin

	Promoting plant resistance against soil pathogens by manipulating the root exudate
	Changing the root exudate profile
	Blocking the metabolite signal

	Promoting pathogen resistance by minimizing the harm from pathogenic microbial secretions
	Habituation of plants with toxic microbial metabolites
	Genetic engineering of plants
	Treatment with a beneficial hormones or microbes


	Conclusions
	Acknowledgements
	References


