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A B S T R A C T

Grass plants influence the composition of their rhizobiome through the secretion of metabolites, such as ben
zoxazinoids (BXs), which shape microbial communities. Paramount to plant health, the root associated micro
biome may confer plant growth-promoting effects and tolerance to pathogens and herbivorous insects. 
Specifically, the BX derivative 6-methoxy-2-benzoxazolinone (MBOA), exhibits prolonged effects on soil 
microbiota and plant defense mechanisms by sustained biosynthesis and its relatively stable molecular structure. 
Leveraging Plant Growth-Promoting Rhizobacteria (PGPR) offers a sustainable strategy to enhance soil fertility 
and crop yield while reducing reliance on chemical inputs. However, the efficacy of microbial inoculants is 
contingent upon various factors, including cultivar and environmental conditions, necessitating tailored ap
proaches for successful implementation. The ecological impact BXs as plant signaling molecules can have on 
microbial ecology is demonstrated by experiments on Fusarium strains. Conditioning soil with MBOA may offer a 
promising strategy to enhance the efficacy of microbial inoculation, thus improving environmental conditions 
and crop cultivation outcomes. In this review, we discuss how BXs can be used as a tool in sustainable agri
cultural practices. Therefore, the biochemistry of BXs; the mechanisms of PGPR involved in root colonization; 
and plant-soil feedback are discussed, offering insights into optimizing crop management for enhanced sus
tainability, yield and pest tolerance.

1. Introduction

To optimize benefits gained from a healthy rhizobiome, plants 
naturally manipulate the composition of microorganisms in the soil by 
secreting a plethora of primary and specialized metabolites (Bais et al., 
2006; Bever et al., 2013a; Bulgarelli et al., 2013). In various grasses, the 
release of benzoxazinoids (BXs) in the soil fulfills an important role in 
shaping the root microbiome (Cadot et al., 2021a; Chen et al., 2010; 
Cotton et al., 2019a; Hu et al., 2018a). Specifically, the lactam BX de
rivative 6-methoxy-2-benzoxazolinone (MBOA), is efficient in suppres
sion of some fungal pathogens (Oikawa et al., 2004) and promotes 
herbivore tolerance by inducing systemic defense through rhizobiome 
structuring (Hu et al., 2018a). Given the moderate 5.4 days half-life of 
MBOA (Etzerodt et al., 2008a) and the lasting biosynthesis and presence 
in the soil (Cambier et al., 2000; Hu et al., 2018a; Macías et al., 2004), 
the influence of MBOA is sustained throughout the next generation of 
plant progeny (Hu et al., 2018a). The effect that plants have on biotic 
and abiotic factors of the soil is termed plant-soil feedback. In the case of 

positive plant-soil feedback, this may improve growth conditions of 
seedlings from the next generations. Plant-soil feedback can be the result 
of alterations in resource availability, accumulation of allelopathic 
molecules or by dynamics in the soil microbiome, which are all strongly 
influenced by one another (Kulmatiski et al., 2017; Smith-Ramesh and 
Reynolds, 2017).

The term “rhizosphere” was introduced for the first time in 1904 by 
Lorenz Hiltner (Hartmann et al., 2008; Hiltner, 1904), stating that the 
rhizosphere or “soil influenced by roots” creates the capacity for bacteria 
to fix nitrogen. Furthermore, it was noted that exudates of legume plants 
attract different bacteria to the rhizosphere than mustard or oats, in 
respect to their specific nutritional needs. Preceding elaborate studies on 
symbioses of nodule forming bacteria in legume plants, development of 
the first microbial inoculant was launched in 1891 (Nobbe et al., 1891; 
Nobbe and Hiltner, 1893). Those studies elaborated on the specificity of 
the host plant to enable symbiosis with the microbial inoculant and 
specific handling and preparation methods for keeping the inoculant 
viable.
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A compelling amount of evidence demonstrates how the plant 
microbiome in its whole forms a protective network able to repel 
pathogens (Ahmad et al., 2011a; Copaja et al., 2006; Glenn et al., 2001a, 
2003; Glenn and Bacon, 2009; Meihls et al., 2013; Niemeyer, 2009a; 
Oikawa et al., 2004; Śmist et al., 2016; Søltoft et al., 2008); enhances 
abiotic stress tolerance and improves water and nutrient absorption 
(Aloo et al., 2022; Dehghani and Mostajeran, 2020; Gond et al., 2015; 
Kumar et al., 2019; Liu et al., 2020; Marques et al., 2020; Schütz et al., 
2018; Subiramani et al., 2020; Vurukonda et al., 2016), eventually 
leading to the overall biomass increase of the host plant (Hungria et al., 
2010, 2015, 2018; Mishra et al., 2011; Oliveira et al., 2017; Quecine 
et al., 2012). Most importantly, microbial inoculation of crops grants a 
buffer capacity to withstand various adverse abiotic and biotic stress 
factors, abolishing the need for energy demanding fertilizers and agro
chemicals (Daramola and Hatzell, 2023). In the long term, depletion of 
soil nutrients by over application of fertilizers can be evaded by intel
ligent and accurate inoculation of Plant Growth-Promoting Rhizobac
teria (PGPR) aiming at sustainable agriculture in hand with 
environmental stability (Mohanty et al., 2021; Shah et al., 2021). Hence, 
manipulating the plant microbiome can provide significant increases in 
yield gain especially in more challenging and heterogeneous terrain 
(Schütz et al., 2018; Teste et al., 2017a).

Indeed, maize exudated BXs can have profound effects on micro
biome structuring (Cadot et al., 2021b; Cotton et al., 2019b; Gfeller 
et al., 2023b; Hu et al., 2018a; Kudjordjie et al., 2019a; Schandry et al., 
2021; Thoenen et al., 2023a). The BX influence on the microbiome or
ganization can improve crop yield (Gfeller et al., 2023b), and provokes a 
jasmonic acid (JA)-dependent enhanced pest tolerance, persisting into 
the next generation (Hu et al., 2018a). Zeroing in on the individual 
PGPR strain level, two cases, P. putida KT2440 (Neal and Ton, 2013a) 
and A. brasilense Ab-V5 (Baatsen et al., 2025) reportedly exhibited a 
chemotactic response to BXs. Interestingly, colonization of the roots and 
leaves by A. brasilense and P. fluorescens respectively, stimulate BX 
metabolism in the plant (Walker et al., 2011a; Zhou et al., 2020a). This 
demonstrates that BXs can impact the PGPR-plant interaction at the 
strain and microbiome level, and can possibly be involved in the initial 
colonization process by establishing recruitment of bacteria by evoking 
a chemotactic response. In return, successful plant colonization, in some 
cases, can set in motion a positive feedback loop by inducing plant BX 
metabolism, underpinning its ecological relevance and potential.

The efficacy of microbial inoculants however, depends on many 
factors such as cultivar, environment (Pacheco da Silva et al., 2022) and 
inoculation level (Renoud et al., 2022). Inoculating crops with PGPR has 
proven to be challenging, due to unsuitable environmental conditions or 
the inability to compete with the native microbiome (Catroux et al., 
2001), which depend on the soil type and cultivar (Martinez-Viveros 
et al., 2010). The complex nature of the soil, defined by many abiotic 
and biotic factors, makes discriminating relevant players in 
plant-microbe interactions a compelling task. To analyze the position of 
BXs in this intricate network environmental variables, in this review we 
provide an elaborate overview of the biosynthesis and biochemistry of 
BXs, to understand their diversity; in what conditions and where they 
are biosynthesized; and to demonstrate how their molecular structure 
relates to reactivity and their dynamics in a soil environment. The 
impact of MBOA on soil ecology is demonstrated by an experiment on 
Fusarium strains, showing how host adaptation leads to MBOA tolerance. 
We further explore what bacterial mechanisms are involved in root 
colonization and the influence of BXs on plant-soil feedback. At last, to 
what extent BXs have been tested in agricultural settings is discussed and 
where future research can improve implementation of BXs on sustain
able crop cultivation.

2. Biochemistry of benzoxazinoids

Many plants have the ability to condition the soil by modifying local 
environmental parameters that in turn influence the plants’ 

performance. Metabolites in plant root exudates contribute to estab
lishing plant-soil feedback, which determine plant diversity and suc
cession (Teste et al., 2017a), particularly by influencing the root 
microbiome (Bever et al., 2013a; Kudjordjie et al., 2019b). A substantial 
number of specialized metabolites deposited by maize roots exists of 
BXs, a highly toxic group of specialized metabolites in Poaceae.

Even though BXs govern the main pathogen defense during early 
plant development, maize plants produce a range of other specialized 
metabolites that act in plant immunity. The diversity of defense me
tabolites origins from ancient duplications of bifunctional diterpene 
synthases (diTPSs) and cytochrome P450 monooxygenase (P450), 
leading to functional redundancy and space for diversification of terpene 
scaffold products (Jia et al., 2022). The kauralexin type of diterpinoids 
obstructs digestion of plant tissue by pest species, and acts as antimi
crobial agent against several fungal pathogens (Ding et al., 2019; 
Schmelz et al., 2011), in addition to the in vitro antifungal activity of 
dolabralexins, epoxydolabranol and trihydroxydolabrene diterpenoids 
(Mafu et al., 2018). Mixtures of volatile terpenoids, upon release, 
contribute to pest control indirectly by attracting predators of the her
bivorous insects. Such mixtures can contain linalool, β-caryophyllene 
and 4,8,12-trimethyltrideca-1,3,7,11- tetraene (TMTT) (Yactayo-Chang 
and Block, 2023). In a similar fashion, derived from membrane lipids, 
green leaf volatiles compose a different class of specialized defense 
metabolites that mediate long distance defense against insect invasion. 
Akin to green leaf volatiles, oxylipins also derived from membrane 
lipids, accumulate in local plant tissue upon structural damage and 
pathogen attack, effectively blocking herbivorous insects and fungal 
pathogens (Huang et al., 2023; Yang et al., 2023). Furthermore, a third 
class of strong defense metabolites are flavonoids, which are diverse 
phenolic compounds with varying bioactivity. For instance, apigenin 
release in the soil improves nitrogen acquisition and promotes plant 
growth indirectly, via enrichment of the soil with oxalobacteraceae (Yu 
et al., 2021), while maysins and coumarates confer pest tolerance (Block 
et al., 2020; Casas et al., 2016; Förster et al., 2022). On top of that, 
flavonoid release is triggered in N-poor conditions leading to the 
recruitment of N-fixing bacteria, and acts as an important signaling 
molecule stimulating nodule formation by rhizobia (Weston and Math
esius, 2013).

Among this wide range of specialized metabolites, principally during 
early developmental stages, BXs constitutes the majority of specialized 
metabolites in maize and stands out for their versatile and system-wide 
functionality (de Bruijn et al., 2018; Hu et al., 2018a; Köhler et al., 
2015a; Niemeyer, 2009b). While the main known function of BXs in 
plant defense, is limiting the growth of microbial and herbivorous pest 
species (Ahmad et al., 2011a; Neal and Ton, 2013b; Niemeyer, 2009a), 
root associated bacterial and fungal communities are strongly affected 
by BXs, aiding in plant growth and defense for successive generations 
(Hu et al., 2018a) and can attract certain PGPR to the root surface 
(Baatsen et al., 2025; Neal et al., 2012). In this chapter, we outline the 
chemistry, biosynthesis and biological function of BXs on the rhizo
sphere, modulating the “second plant genome” (Ahmad et al., 2011b; 
Neal and Ton, 2013a; Niemeyer, 2009b).

2.1. Discovery, occurrence and reactivity

BXs compose a group of specialized metabolites widely spread in 
grass species including maize, wheat and rye (Niemeyer, 1988b), and 
also produced by some dicotyledonous species within the Ranuncula
ceae, Acanthaceae, Plantaginaceae and Lamiaceae families (Baumeler 
et al., 2000; Schullehner et al., 2008), that possess the 2-hydroxy-2H-1, 
4-benzoxazin-3,4-one (HBOA) base structure. The earliest studies on BXs 
date back from 1955, in which BXs were isolated form rye seedlings 
(Virtanen and Hietala, 1955a, 1955b),. In contrast to phytoalexins, 
which are de novo synthesized specialized defense metabolites after 
infection or stress that serve as an inducible defense response (we refer 
to(Ahuja et al., 2012) for a review), BXs are phytoanticipins, 
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constitutively produced specialized metabolites that are pre-formed and 
sequestered in an inactive, glycosylated form in the vacuole (VanEtten 
et al., 1994). In their pioneering studies, Virtanen and Hietala demon
strated how cleavage of the glucoside moiety of 2,4-dihydroxy-1,4-ben
zoxazin-3-one-glucoside (DIBOA-glc) only happened in unheated 
disrupted plant tissue, while from boiled plant material and hence 
containing denatured β-glucosidases, only the glucoside form 
(DIBOA-glc) was obtained (Virtanen and Hietala, 1960). Upon herbivore 
attack, hydroxylation by vacuole bound β-glucosidases allows activation 
of the bioactive aglycone benzoxazinones, which are spontaneously 
converted in benzoxazolinones and formic acid (Niemeyer, 1988b) 
(both benzoxazinones and benzoxazolinones are referred to as BXs). 
Despite being constitutively produced, BX biosynthesis is boosted in 
response to insect herbivory in maize seedlings (Köhler et al., 2015b) 
and in mature leaves (Maag et al., 2016).

BX content varies in its composition of derivatives and their con
centrations according to plant organs or tissue (Cambier et al., 1999; 
Villagrasa et al., 2006), age (Cambier et al., 1999; Köhler et al., 2015b) 
and plant species (Copaja et al., 2006; Eljarrat and Barceló, 2001; Schulz 
et al., 2013). For instance, in wheat and maize 2,4-dihydroxy-7-me
thoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA) is the most abundant 
BX (Köhler et al., 2015b; Villagrasa et al., 2006), while DIBOA is the 
most prevalent in rye (Oikawa et al., 2004; Rakoczy-Trojanowska et al., 
2017). In maize, early during plant development BX levels are the 
highest while they decline and stabilize over the first months (Ebisui 
et al., 1998; Hu et al., 2018a). DIMBOA-glc is predominantly found in 
aerial parts and in the roots shortly after germination but diminishes fast 
during the first and second week after germination respectively 
(Cambier et al., 2000). After that period, in the roots 2-hydroxy-4, 
7-dimethoxy-1,4-benzoxazin-3-one-glucoside (HDMBOA-glc) and its 
more stable breakdown product 6-methoxy-benzoxazolin-2-one 
(MBOA) become more dominant, while in aerial parts of the maize 
plant DIMBOA-glc is still the most prevalent BX derivative (Cambier 
et al., 2000; Hu et al., 2018a).

Abiotic factors like pH (Niemeyer et al., 1982) and chemical solvents 
(Bravo and Niemeyer, 1985) can facilitate the closure of the open ring 
benzoxazinone intermediate, lowering its reactivity. Stability of ben
zoxazinones highly depends on the functional group bound to the N 
atom: lactam forms (N-H) do not convert into benzoxazolinone forms, 
while hydroxamic acids (N-OH) are rapidly converted and N-O-methyl 
derivatives even faster. For example, the hydroxamic acid DIBOA has a 
half-life of 25 h, while the half-life of the N-O-methyl derivative 
HDMBOA is only 1.8 h in pH 5.5 (Maresh et al., 2006a) (Table 1).

Once DIMBOA and DIBOA are degraded into the benzoxazolinones 

MBOA and BOA, they undergo microbial transformation into 5- 
methoxy-2-aminophenoxazin-3-one (AMPO) (Kumar et al., 1993) and 
APO (Gagliardo and Chilton, 1992), and decompose further into 2-ace
tylamino-7-methoxy-phenoxazin-3-one (AAMPO) (Etzerodt et al., 2006) 
and 2-acetylamino-phenoxazin-3-one (AAPO) (Understrup et al., 2005a) 
respectively. In degradation experiments with start concentrations of 
2400 nmol g− 1 and pH 6.8, the half-life of MBOA was 5.4 days (Etzerodt 
et al., 2008a). At the same time, degradation experiments with a start 
concentration of 3000 nmol g− 1 and pH 6.8, a half-life of 3.1 days was 
determined for BOA (Understrup et al., 2005a) (Table 1).

2.2. BX biosynthesis

The first step in BX biosynthesis is mediated by the BX1 enzyme, 
converting indole-3-glycerolphosphate (IGP) into indole (Fig. 1). This 
first step forms a shared branch point with tryptophan and auxin syn
thesis via the shikimate pathway, the conversion in this case by tryp
tophan synthase is performed in conjunction with the tryptophan 
synthase beta-subunit, whereas BX1 acts as a monomer (Frey et al., 
2000). Free indole can also be formed by indole-3-glycerol phosphate 
lyase (IGL) induced by herbivory attack, and set free for defense priming 
(Erb et al., 2015; L Hu et al., 2018), besides serving as a metabolic in
termediate. The conversion of indole into DIBOA is carried out by the 
cytochrome P450 dependent monooxygenases BX2 - BX5 by succes
sively adding four oxygen atoms, which are all substrate specific (Frey 
et al., 1995) (Fig. 1). Glycosylation of BXs catalyzed by the two 
UDP-glucosyltransferases BX8 and BX9 (Von Rad et al., 2001), prevents 
ring opening and self-toxicity, since hydroxylation and O-methylation 
by BX6 and BX7 respectively, takes place in the cytoplasm (Frey et al., 
2003; Jonczyk et al., 2008) (Fig. 1). BX6 and BX7 convert DIBOA-Glc 
into DIMBOA-Glc, and are both stored in the vacuole. Possibly, syn
thesis of DHBOA-Glc, HDMBOA-Glc and HM2BOA-Glc is mediated by 
the same enzymes for DIBOA production, however, metabolic pathways 
of lactam forms remain to be uncovered. Upon pathogen and herbivory 
insect invasion, glycosylated BX species are hydrolyzed by β-glucosi
dases GLU1 and GLU2, converting their substrates into highly reactive 
forms (Czjzek et al., 2001) (Fig. 1).

The exact amount of BX produced by plants is often compromised by 
sample handling due to the activity of β-glucosidases in the samples and 
the short half-life of the resulting benzoxazinone aglucons (Cambier 
et al., 1999; Grambow et al., 1986). Between species the difference in BX 
production is substantial: in the grains of wheat and rye respectively 
around 4,8 and 95 μg g− 1 dry weight is found (Tanwir et al., 2013); in 
the shoots of rye 1900 μg g− 1 dry weight (Schulz et al., 2013) and maize 
can accumulate up to 1700 μg− 1 of leaf fresh weight depending on the 
BX derivative (Köhler et al., 2015b; Meihls et al., 2013).

2.3. BX biological function

The aglucon benzoxazinones are cyclic hydroxamic acids that 
contain a highly reactive α-oxo-aldehyde group upon ring opening 
(Atkinson et al., 1992). The instability of the metabolic intermediate 
makes benzoxazinones react with thiols (Atkison et al., 1991) and 
amines (Pérez and Niemeyer, 1989) in amino acid residues of proteins; 
with catalytic centers of enzymes which interrupts their functionality 
(Cuevas et al., 1990) and disrupt metabolic processes such as electron 
transport (Massardo et al., 1994). In general, hydroxamic acids are more 
phytotoxic than lactams, DIBOA being the strongest allelopathic natural 
occurring BX (Macías et al., 2005, 2006). Apart from their allelopathic 
effect on plants, BXs are toxic for various insects and microorganisms 
(Ahmad et al., 2011a; Copaja et al., 2006; Meihls et al., 2013; Niemeyer, 
2009a; Søltoft et al., 2008). Again, hydroxamic acids are more toxic than 
lactams and increasingly more potent the higher the level of methylation 
(Søltoft et al., 2008). However, despite being a BX lactam derivative, 
MBOA is superior to DIMBOA-glc and HDMBOA-glc (both hydroxamic 
acids) in suppressing conidia germination and germ tube growth of 

Table 1 
Overview of half-life and the molecular structure of selected BX derivatives. The 
half-time strongly depends on pH, which is indicated between brackets.

IUPAC Half-life 2D structure References

3H-1,3-benzoxazol-2-one 
(BOA)

3,1 days 
(pH 6,8) Undertrup et al. 

(2005)

6-methoxy-3H-1,3- 
benzoxazol-2-one (MBOA)

5,4 days 
(pH 6,8) Etzerodt et al. 

(2008)

2,4-dihydroxy-1,4- 
benzoxazin-3-one (DIBOA)

25 h (pH 
5,5) Maresh et al. 

(2006)

2,4-dihydroxy-7-methoxy- 
1,4-benzoxazin-3-one 
(DIMBOA)

20 h (pH 
6,0) Woodward 

et al. (1978)

2-hydroxy-4,7-dimethoxy- 
1,4-benzoxazin-3-one 
(HDMBOA)

1,8 h (pH 
5,5) Maresh et al. 

(2006)
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Bipolaris maydis, Curvularia lunata and Alternaria alternate (Oikawa et al., 2004). Therefore, the conversion of DIMBOA-glc to HDMBOA-glc is 

Fig. 1. Benzoxazinoid (BX) biosynthesis pathway in maize. Constitutive BX compounds are in black and related enzymes are in white. 2,4-dihydroxy-7-methoxy-2H- 
1,4-benzoxazin-3(4H)-one (DIMBOA) and 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one (HDMBOA) are rapidly converted into 6-methoxy-2-benzoxazolinone 
(MBOA) in extracellular aqueous milieu.

Fig. 2. Assessment of Fusarium spp. tolerance to ambient concentrations of 6-methoxy-2-benzoxazolinone (MBOA). Tolerance of Fusarium spp. was assessed by 
germinating conidia in liquid culture, and by growing Fusarium on MBOA amended plates. F. oxysporum (a, b, f, g) was the most sensitive species, while F. solani from 
soybean (c and h) and F. verticillioides from sugarcane (d and i) were more tolerant. F. verticillioides from maize (e and j) was completely tolerant to MBOA. Data was 
analyzed by a Wilcoxon rank sum exact test with p-values indicated. Error bars in the charts represent standard deviation.
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possibly a mechanism for increasing MBOA content in the soil by 
spontaneous degradation.

BX metabolites have a strong fungistatic effect on Fusarium, Phy
thophtora, Rhizoctonia, Phoma, Alternaria, Blumeria, and Botrytis (Glenn 
et al., 2001a, 2003; Glenn and Bacon, 2009; Oikawa et al., 2004; Śmist 
et al., 2016). In the case of F. verticillioides, the selective pressure exerted 
by maize-derived BXs, has led to the retention of the FDB1 and FDB2 
gene clusters, which are essential for detoxifying the benzoxazolinons 
MBOA and 2-benzoxazolinone (BOA) (Glenn et al., 2001a; Glenn and 
Bacon, 2009), These gene clusters were likely acquired through hori
zontal gene transfer events from Colletotrichum and Aspergillus (Glenn 
et al., 2016). An arylamine N-acetyltransferase NAT1 within the FDB2 
cluster can convert the BOA breakdown product 2-aminopheno (2-AP) 
into the non-toxic (2-hydroxyphenyl) malonamic acid (HPMA) (Glenn 
et al., 2003; Glenn and Bacon, 2009). The detoxification of BX metab
olites by BX tolerant fungal endophytes was demonstrated by the sur
vival of BX sensitive endophytes after colonization by BX tolerant 
Fusarium (Saunders and Kohn, 2008). Interestingly, the biocontrol agent 
PGPR Bacillus mojavensis is able to neutralize the ability of 
F. verticillioides to convert 2-amino-3H-phenoxazin-3-one (APO), which 
is toxic for F. verticillioides (Bacon et al., 2007), into the less toxic 
N-(2-hydroxyphenyl) malonamic acid (HPMA).

Our group showed that MBOA suppresses germination of conidia in 
several Fusarium spp. with the exception of F. verticillioides T4 isolated 
from maize and diminished biomass of F. oxysporum isolates (Baatsen, 
2024) (supporting experimental details are described in Supplementary 
Material). Interestingly, when comparing F. verticillioides species, toler
ance to MBOA of T4 from maize was observed, while F. verticillioides 
from sugarcane was susceptible (Fig. 2). Comparable results were ob
tained in a study of Richardson et al. (1995), where F. verticillioides 
isolated from maize converted up to 2.5 mM BOA and MBOA, while rice 
isolates did not catabolize any of the benzoxazolinones (Richardson and 
Bacon, 1995). In contrast to rice, banana, pea, soy and sugarcane that do 
not produce BX, maize plants produce substantial amounts of BXs and 
hence, our results strongly suggest that Fusarium spp. demonstrate 
adaptive responses to the host's BX production levels. In general, Fusa
rium species associated with grasses exhibit higher tolerance to BXs, 
enabling F. verticillioides to live as a symptomless endophyte (Bacon and 
Hinton, 2011; Glenn et al., 2001b). F. verticillioides establishes tolerance 
by bioconversion of BOA and MBOA into N-(2- 
hydroxy-phenyl)-malonamic acid and N-(2-hydroxy-4-methox
yphenyl)-malonamic acid respectively (Richardson and Bacon, 1995; 

Yue et al., 1998a). Considering the susceptibility to BXs of pathogens 
with non-BX producing hosts, BX content in the soil maybe an inter
esting avenue for disease suppression in non-BX producing crops by crop 
rotation or combining different crops (Xu et al., 2015a). Besides disease 
tolerance caused by fungal pathogens, BX enables the plant to withstand 
negative plant-soil feedback from competing plants, which acts via the 
soil associated microbiota (Gfeller et al., 2023a).

In some instances, the production of BXs may have a negative side 
effect, e.g. in respect to its effect on the crown rootworm. DIMBOA has 
iron chelating properties (Bigler et al., 1996) and is enriched in maize 
crown roots (Robert et al., 2012). As opposed to generalist herbivores, 
the crown rootworm is resistant and can sequester DIMBOA (Robert 
et al., 2012). Moreover, its larvae exploit DIMBOA-Fe complexes for 
foraging on nutrient rich crown roots (L Hu et al., 2018). In Fe poor soils, 
growth of the fall armyworm is suppressed by DIMBOA, while in Fe-rich 
soils, the average biomass of the fall armyworm is increased (Hu et al., 
2021). However, this effect may be caused by the elevated Fe content in 
the plants that the army fall armyworm feeds on. Apart from this 
example, BXs were proven effective against a number of other nema
todes, fungus, aphids and other herbivorous insects (Ahmad et al., 
2011a; Cambier et al., 2000; Hu et al., 2018a; Niemeyer, 2009a) (Fig. 3).

3. Benzoxazinoids and root colonization mechanisms

Important to many PGPR for exerting the abilities that improve plant 
performance, is proper plant or rhizosphere colonization (Compant 
et al., 2010). Rhizosphere competent bacteria profit from root coloni
zation by occupying a protective ecological niche that provides stable 
environmental conditions and nutrients (Senthilkumar et al., 2011). In 
order to establish an intimate relation with the host plant, PGPR 
communicate for simultaneously undertaken actions within the bacte
rial community via quorum sensing; they need to be recruited by 
chemotaxis from the bulk soil and anchor themselves on the root surface 
by production of biofilm. The selection of microorganisms in the soil 
associated with a specific plant is orchestrated by the release of a 
plethora of metabolites by the roots. This plant-specific conditioning of 
the soil, impacting biotic and abiotic factors, is referred to as plant-soil 
feedback.

3.1. Quorum sensing

Quorum sensing (QS) is a means of chemical communication, widely 

Fig. 3. Biotic effects of benzoxazinoids (BXs) on the environment. In maize, 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3 (4H)-one (DIMBOA) is the BXs derivate 
most abundant in the aerial parts, while 6-methoxy-2-benzoxazolinone (MBOA) is most abundant in the roots. Hydroxamic acids are more reactive than lactam BX 
derivatives. Positive effects are indicated in green, while negative interactions are marked in red.
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used among bacteria to monitor their population density and regulate 
gene expression (Fuqua and Winans, 1994a). QS enables synchronized 
behavior, and regulates a wide variety of processes falling into four 
classes: cell behavior; cell maintenance; horizontal gene transfer and 
microbe-host interactions (Fuqua and Winans, 1994b; Jimenez et al., 
2012; Monnet et al., 2014; Whitehead et al., 2001). In this section we 
will limit ourselves to processes regulated by QS that pertain to root 
colonization and microbe-host interactions.

A wide range of bacteria produce auto inducer (AI) molecules that 
are perceived by other individual cells and stimulate the biosynthesis of 
their own AI. Proportional to the level of environmental AI, bacteria are 
able to monitor their population density and act accordingly (Fuqua and 
Winans, 1994b). The threshold to be reached for AI to regulate a certain 
process, depends on the QS system as well as the regulators involved. 
N-acylhomoserine lactones (AHLs) are synthesized from S-adeno
syl-methionine (SAM) by the LuxI synthase (Schaefer et al., 1996) in α-, 
β- and γ-proteobacteria (Churchill and Chen, 2011) with varying acyl 
chain lengths donated by acyl chain carrying proteins. Sensing of AHLs 
happens via interaction with the N-terminal receptor domain of LuxR 
proteins, while its C-terminal domain has DNA-binding properties 
allowing regulation of gene expression (Koch et al., 2005). Some 
Gram-positive bacteria and Gram-negative bacteria make use of the AI-2 
system which is a mixture of compounds resulting from cyclization of 4, 
5-dihydroxy-2,3-pentanedione mediated by LuxS synthase, also found in 
the pathogens Salmonella typhimurium and Vibrio cholerae (Surette et al., 
1999). Several other QS molecules are derived from fatty acids (He and 
Zang, 2008); from amino acids and peptides (Holden et al., 1999; 
Monnet et al., 2014).

Several fundamental abilities and processes involved in bacterial- 
host interactions, are controlled by QS. Amongst these are chemotaxis 
and biofilm formation, which are inextricable parts of the bacterial root 
colonization process. Both are often regulated by QS (Fukami et al., 
2018; Jani et al., 2017; Solano et al., 2014; Zhang et al., 2020), via 
highly intertwined regulatory mechanisms (Bahlawane et al., 2008; 
Berne and Brun, 2019; Jani et al., 2017). In Sinorhizobium meliloti, the 
AHL regulator protein ExpR inhibits visNR expression by binding in its 
operon region, which is a regulator of the flagellation gene set 
(Bahlawane et al., 2008). Furthermore, flagellar independent movement 
of bacteria is promoted by ExpR through production of extracellular 
polymeric substances (EPS) reducing friction with the contact surface 
and allows bacteria to spread by passive movement through sliding 
(Nogales et al., 2012). Concerning root colonization mechanisms, the 
biocontrol strain P. fluorescens 2P24 harbors the LuxR/LuxI family 
PcoR/PcoI system which is involved in colonization of the rhizosphere 
(Wei and Zhang, 2006). Interestingly, production of the antimicrobial 
metabolite 2.4-diacetylphoroglucinol (DAPG) by P. fluorescens is regu
lated in a density dependent manner, though not under control of any QS 
mechanism (Delany et al., 2000; Schnider-Keel et al., 2000). Conse
quently, when the pcoI gene has been knocked-out, DAPG is produced as 
normal, though biofilm formation and colonization of wheat roots is 
strongly impaired (Wei and Zhang, 2006). Similarly, in Serratia ply
muthica AHL signaling is indispensable for colonization of bean roots; for 
biocontrol of the phytopathogen P. aphanedermatum and for activation 
of induced systemic resistance (ISR) (Pang et al., 2009). In 
rhizobia-legume symbiosis, QS has a significant impact on the intimate 
host-symbiont relation in several cases, but is not always required. For 
example, the Rizobium elite CNPAF512 mutant defect in the LuxI-type 
AHL synthesis gene cinI or LuxR-type AHL regulator gene cinR, dis
played decreased N fixation and aberrant bacteroid development in 
nodules (Daniels et al., 2002). In contrast, in R. leguminosarum bv. viciae, 
mutants of the cinI or cinR genes did not impair symbiosis and did even 
increase the number of nodules (Rosemeyer et al., 1998; 
Wisniewski-Dyé et al., 2002).

How AI molecules affect bacterial biofilm depends on the natural 
history of the bacteria and the environment it is adapted to. In 
V. cholerae and Staphylococcus aureas, accumulation of AI represses 

biofilm formation, while in P. aruginosa biofilm production is stimulated 
in the presence of high AI concentrations (Bronesky, 2016; de Kievit and 
Iglewski, 2000). When exposed to fluid flow, the produced AIs in the 
environment are carried away, consequently, biofilm production in 
V. cholerae and S. aureus is stimulated (Kim et al., 2016). After estab
lishment of biofilm, cells that are shielded form fluid flow by neigh
boring cells experience a buildup in AI which represses biofilm 
formation. Thus, bacteria with a different special distribution within a 
biofilm adapt different roles based on AI levels (Kim et al., 2016).

Because QS is a widespread mechanism in prokaryotes and archaea, 
some eukaryotes exploit QS for perceiving bacteria and to compromise 
their communication. The diverse effects bacterial AI have on their plant 
host, correlate with the length of the acyl chain. In general, AHL con
taining short acyl chains have plant growth stimulating properties, 
while AHL with long acyl chains stimulate ISR and pathogen defense 
(Calatrava-Morales et al., 2018; Schenk et al., 2014; Schikora et al., 
2011, 2016; Zarkani et al., 2013). In the other way around, plants can 
produce compounds that perturb QS (Koh et al., 2013; Rasmussen et al., 
2005), for example found in garlic (Rasmussen et al., 2005); 
grapefruit-seed (Heggers et al., 2002), broccoli (Ganin et al., 2013) or 
nutmeg (Chong et al., 2011) extracts. Likewise, inside the human gut 
epithelial cells can produce AI-2 mimics as a response to interaction with 
bacteria. Those mimics interact with the AI-2 receptor LuxP/LsrB in 
Salmonella typhimurium and control QS dependent gene regulation 
(Ismail et al., 2016). Fungal derived QS molecules play important roles 
in fungal morphogenesis, biofilm formation and pathogenicity 
(reviewed in Wongsuk et al. 2016; Wongsuk et al., 2016)). Moreover, 
some mycotoxins also suppress QS such as fusaric acid from Fusarium 
species, which on top of that inhibits antibiotic production of biocontrol 
bacteria (Manefield et al., 1999; Quecine et al., 2016; Van Rij et al., 
2005).

3.2. Chemotaxis

To support a rich microbiome in the soil, plants release large 
amounts of fixed carbon and nitrogen in the form of primary and 
specialized metabolites, mucilage and proteins (Bais et al., 2006). The 
majority of root exudates are primary metabolites such as carbohy
drates, amino acids and organic acids while specialized metabolites like 
flavonols, lignins, coumarins, and indole compounds make up a smaller 
moiety (Bardi and Vivanco, 2009). One percent of exudated specialized 
metabolites are small organic compounds with a lipophilic character 
and a low boiling point, grouped in volatile organic compounds (VOCs) 
(Schmidt et al., 2015; Venturi and Keel, 2016). Their physiochemical 
characteristics allow them to spread easily and have a wide area of in
fluence in the surrounding soil, making them suitable chemo-attractants 
(Ali et al., 2010; Schulz-bohm et al., 2018; Van Dam et al., 2016). Many 
plants of the grass family release BXs, significantly altering the microbial 
composition of the soil microbiome (Cadot et al., 2021a; Cotton et al., 
2019a; Hu et al., 2018a) and enhancing pathogen defense (Ahmad et al., 
2011a; Neal and Ton, 2013b; Niemeyer, 2009a). To manifest those 
ecological effects, the BX derivative DIMBOA, attracts P. putida to the 
rhizosphere of maize roots (Neal et al., 2012), while MBOA induces a 
chemotactic response in A. brasilense Ab-V5 (Baatsen et al., 2025).

Low molecular weight compounds are released by passive transport 
over the plasma membrane via concentration driven diffusion, vesicle 
transport and through ion channels (Bardi and Vivanco, 2009; Dreyer 
et al., 2012). Alternatively, metabolites are translocated via transporter 
proteins in the plasma membrane by an active transport mechanism 
(Baetz and Martinoia, 2014). Two families of membrane bound trans
porter proteins can be distinguished: ATP-Binding Cassette (ABC) and 
Multidrug and toxic compound extrusion (MATE) transporters. ABC 
transporters are called primary transporters that harness biochemical 
energy from ATP hydrolysis for transport of various substrates (Orelle 
et al., 2018), while MATE are secondary transporters which make use of 
the electrochemical differential over the plasma membrane to facilitate 
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transport (Weston et al., 2012).
Detection of carbon and nitrogen rich components in the soil steers 

bacteria towards nutrient rich environments by sensing chemical gra
dients in the circumference. This directed movement is referred to as 
chemotaxis, a well-studied bacterial behavior (Bi and Sourjik, 2018; 
Colin and Sourjik, 2017). Locomotion in E. coli is established by rotating 
bundle forming flagella in the same direction, leading to a short linear 
movement, until the bacterium tumbles by rotating flagella in the 
opposite direction. Chemotaxis manipulates the duration of straight runs 
along chemical gradients, resulting in a net directed diffusion of the 
bacteria over a certain time span (Larsen et al., 1974).

Bacteria can sense chemical gradients by sensory protein complexes 
that are mainly located at the poles in case of E. coli (Yang and Briegel, 
2020), existing of the receptor proteins CheW and CheA. CheW contains 
a scaffolding domain and modulates the activity of CheA upon ligand 
binding, and CheA is a histidine kinase (Parkinson et al., 2015). The 
mobile regulatory protein CheY is phosphorylated by CheA and switches 
the rotation direction of the flagellar motor. Dephosphorylation of 
CheY-P is carried out by CheZ, CheC or CheX, causing signal termination 
(Silversmith, 2010). In A. brasilense Ab-V5, the transcription of cheZ 
gene is induced by MBOA treatment, which causes movement in longer 
uninterrupted runs by inhibition of CheY activity, and exhibits a positive 
chemotactic response in vitro (Baatsen et al., 2025).

Another chemotaxis regulatory mechanism is constituted by 
methylation and demethylation of receptor proteins by the methyl
transferase and methylesterase CheR and CheB respecively, altering its 
affinity for ligands by conformational changes (Kehry and Dahlquist, 
1982). CheR transfers methyl groups to glutamate residues in the 
C-terminal domain of chemotaxis signal transducers, while CheB is able 
to remove them in the form of methanol (Kehry et al., 1984). The CheR 
and CheB system is much slower than the CheW, CheA and CheY 
mediated mechanism, allowing the modulation of bacterial movement 
according to temporal changes in environments (Kalinin et al., 2009; Yi 
et al., 2000).

Amino acids are principally perceived by Tsr and Tar receptors that 
show overlap in their downstream signaling pathway, via CheA medi
ated CheY phosphorylation (Berg, 2003). Besides being coupled by 
signalization pathway, those receptors also influence each other by a 
neighbor assisted mechanism and have similar methylation sites in re
ceptor clusters (Li and Hazelbauer, 2005). Consequently, the combina
tion of the stimulation of both receptors results in different responses 
than when stimulated separately. More specifically, for instance raising 
aspartate concentrations does not influence the time interval of tum
bling by E. coli, also referred to as ‘perfect adaptation’ (Alon et al., 
1999). Because ambient serine causes E. coli to switch its course slower 
by tumbling according to the concentration increase, the serine response 
is therefore not perfectly adapted (Berg and Brown, 1972). Now, when a 
background, constant serine concentration is applied, increase in 
aspartate makes E. coli tumble slower and hence the response to aspar
tate is no longer perfectly adapted (Wong-Ng et al., 2016). Perfect 
adaptation is of ecological relevance for bacteria when encountering 
swiftly altering peak concentrations of compounds while dwelling in 
aqueous environments (Celani and Vergassola, 2010).

3.3. Root attachment and biofilm

Once in close proximity to the roots, Rhizobium, Pseudomonas, Azo
spirillum, Agrobacterium and Salmonella share a similar two-step root 
attaching mechanism for anchoring to the root surface (Wheatly and 
Poole, 2018). The first step is characterized by reversible, loose binding 
of bacteria to the surface, where after bacteria tightly adhere and form 
aggregates in the second step of attachment. This second phase is 
marked by biofilm formation starting from 8 h after initial contact and 
taking up to five days for developing a mature biofilm (Viruega-Góngora 
et al., 2020a). This protective coating, mainly composed of a polymeric 
matrix of EPS (Costerson et al., 1995), provides PGPR with an advantage 

over free-living bacteria by being anchored in a nutrient rich and pro
tective environment. Biofilms can contain diverse communities, which it 
grants protection against drought, ultraviolet radiation, extreme pH, 
pressure, antibiotics and more (Yin et al., 2019). In the following we will 
summarize the colonization mechanisms by those two phases in A. 
brasilense, P. putida and P. fluorescens.

Because both bacterial cells and root epidermal cells carry a net 
negative charge, bacteria need to overcome electrostatic repulsion in 
order to physically reach the root surface (Berne et al., 2015). Therefore, 
during the first phase, A. brasilense propels itself towards the root and 
makes contact with the surface using its polar flagellum, a non-specific 
and reversible interaction (Croes et al., 1993; Mora et al., 2008). 
Mutagenesis of the flagellin modification genes flmA and flmB of the 
strain A. brasilense Cd, resulted in non-motile cells that were incompe
tent in maize root adsorption and EPS and lipopolysaccharides (LPS) 
production, as a result of impaired polar flagellum assembly and hence 
defect in both attachment phases (Rossi et al., 2016). Similarly, in 
A. brasilense Sp245, bacteria with a non-functional polar flagellum and 
lateral flagella accumulated less biofilm biomass (Shelud'ko et al., 
2019). In both the first and second phase of attachment, the polar 
flagella and outer membrane proteins on the cell surface of Azospirillum 
are involved in absorption onto the root and in aggregation with other 
bacteria (Burdman et al., 2001). When Azospirillum successfully attached 
to the root surface in the first phase, it is stimulated to proceed to the 
second phase which is marked by production of polysaccharide fibrils 
and aggregation of bacteria (Jofré et al., 2004). Factors that involve 
adherence in the irreversible second step in Azospirillum are poly
saccharides rich in arabinose, LPS, outer membrane proteins and lec
tines (De Troch and Vanderleyden, 1996; Michiels et al., 1991). 
A. brasilense Sp245 mutated in the mmsB1 and fabG1 genes, were 
impaired in LPS production and showed reduced hydrophobicity, cell 
aggregation and mature biofilm biomass (Shumilova et al., 2016). In 
general, aggregated bacteria start forming biofilm producing micro 
colonies in the first two days after initial colonization. After 3–5 days a 
mature biofilm is established, with an average thickness of 28–39 μm on 
the surface of a glass coverslip, depending on the strain 
(Viruega-Góngora et al., 2020a). Root colonization patterns are 
remarkably different among A. brasilense strains. While Sp245 is able to 
penetrate the root epidermis and internally colonize root hairs and 
vasculature, colonization by A. brasilense Sp7 is limited to the root sur
face (Schloter and Hartmann, 1998; Vande Broek et al., 1998a).

Native soil bacteria may exploit MBOA as a cue associated with roots 
of nearby grass plants, for identifying relevant plant hosts. For instance, 
in the common cereal colonizing A. brasilense Ab-V5, MBOA enhanced 
biofilm formation on A. thaliana roots, besides exhibiting a chemotactic 
response in vitro (Baatsen et al., 2025). In contrast with more elaborate 
biofilm formation of Ab-V5 when treated with 0.05 mM MBOA (Fig. 4), 
Pf-5 biofilm formation in MBOA treatment was not significantly 
different from the control treatment (Fig. 5) (Baatsen, 2024) (supporting 
experimental details are described in Supplementary Materials) and did 
not display a chemotactic response (Baatsen et al., 2025).

In P. putida and P. fluorescens, pili have a role in motility and primary 
attachment. Another protein, the outer membrane porin F (OprF), par
takes in both steps of root attachment. Mutagenesis of the oprF gene 
reduced the capacity to loosely adhere to roots (Crespo and Vervalde, 
2009; De Mot and Vanderleyden, 1991; Vesper, 1987). Both species 
possess two large adhesion proteins LapA and LapF that irreversibly 
attach the bacteria to the root and mark the onset of colony formation 
(Fuqua, 2010). Furthermore, biosynthesis of cellulose fibrils ensures 
surface colonization, strengthening the biofilm by interaction of the 
LPSs and the cellulose matrix, a characteristic widely spread among 
Pseudomonas species (Spiers et al., 2003; Ude et al., 2006). Despite the 
similarities in root attachment mechanisms, P. putida and P. fluorescens 
differ in the way they occupy the surface of the root. P. putida produces a 
thick continuous biofilm spreading over the entire root, while biofilm 
from P. fluorescens and P. protegens is thinner and localized around 
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fissures (Baatsen et al., 2025; Bloemberg et al., 2000; Bloemberg and 
Lugtenberg, 2004). The environmental conditions that stimulate biofilm 
formation in Pseudomonas is strain dependent: where P. protegens pro
duces biofilm in nutrient rich environments, P. fluoresens and P. putida 
are stimulated to form biofilm in nutrient poor conditions (Baatsen et al., 
2025; Ueda and Saneoka, 2015).

Colonizing host tissue, PGPR undergo a transition from a motile 
lifestyle in bulk soil, to a sessile one when adhering to the root surface. 
Despite root colonization being a complex process clearly marked by 

elaborate regulatory mechanisms, there does not seem to be a genetic 
reprogramming behind the transition to growth in biofilms (Sauer et al., 
2002; Whiteley et al., 2001). The bacteria rather seem to adapt cellular 
motility and adhesion in function of environmental parameters, and the 
production of biofilm is dependent on nutrient availability 
(Arruebarrena Di Palma et al., 2013; Shelud'ko et al., 2020a; Ueda and 
Saneoka, 2015; Wang et al., 2017). As intrinsic features of root coloni
zation, chemotaxis, motility and biofilm formation are highly inter
connected and subject to antagonistic regulation (Besharova et al., 2016; 

Fig. 4. Epifluorescence microscopy of A. thaliana roots inoculated with Azospirillum brasilense Ab-V5. a - d: 0.05 mM 6-methoxy-2-benzoxazolinone (MBOA) 
treatment. e - h: 0.00 mM MBOA treatment; i - l: control treatments without bacteria. Arabidopsis roots were treated with 2 μg/mL Nile Red prior microscopic 
analysis. Nile Red is a lipophilic stain that has an emission wave length of around 540 nm when bound to neutral lipids and around 650 nm when bound to polar 
lipids. Autofluorescence caused by lignin emission is observed in the blue channel (Ex. 365 – Em. 397). Scale bars indicate 100 μm (a - h), and 50 μm (i - l).

Fig. 5. Epifluorescence microscopy of A. thaliana roots inoculated with Pseudomonas protegens Pf-5. a - d: 0.05 mM 6-methoxy-2-benzoxazolinone (MBOA) treatment; 
e - h: 0.00 mM MBOA treatment; i - l: control treatments without bacteria. Arabidopsis roots were treated with 2 μg/mL Nile Red prior microscopic analysis. Nile Red 
is a lipophilic stain that has an emission wave length of around 540 nm when bound to neutral lipids and around 650 nm when bound to polar lipids. Auto
fluorescence caused by lignin emission is observed in the blue channel (Ex. 365 – Em. 397). Scale bars indicate 100 μm (a - d) and 50 μm (e - l).
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Guttenplan and Kearns, 2013; Prüß, 2017). For example, the highly 
conserved Che1 chemotaxis signal transduction pathway regulates 
rotation direction of the flagellar motor (Wuichet and Zhulin, 2010). 
Apart from chemotaxis, Che1 also regulates flocculation and cell adhe
sion (Bible et al., 2008, 2012; Siuti et al., 2011a). Mutants in the 
response regulator CheY, which is a component of the Che1 chemotaxis 
system, clump and flocculate more and produce more biofilm which 
enhances attachment on wheat roots (Bible et al., 2008, 2012; Siuti 
et al., 2011a). Hence, upregulation of the suppressor CheZ, phosphatase 
of CheY, has a positive response on both chemotaxis (Baatsen et al., 
2025) and on cell adherence. In conclusion, chemotaxis signaling 
regulation is besides chemotaxis responses involved in other bacterial 
behaviors.

3.4. Plant-soil feedback

Considering the relatively large amount of plant metabolites released 
in the soil, plant hosts are main drivers for soil community structuring. 
Up to 11 % of the host net fixed carbon plus 10–16 % of fixed nitrogen 
metabolites are set free by rhizodeposition (Jones et al., 2009; Pausch 
and Kuzyakov, 2018; Sasse et al., 2018). Apart from metabolites, in 
maize plants, root cap border cells are detached that remain active for at 
least a week in the soil (Vermeer and McCully, 1982). After a 
substrate-driven accumulation of a candidate population for rhizosphere 
colonization, follows a host genotype dependent selection of epiphytes 
and endophytes competent for colonizing the rhizoplane and interior of 
the host plant (Bulgarelli et al., 2013). This stringent filtering de
termines the difference in the bacterial density between the rhizosphere 
containing around 107–109 colony forming units (CFU) g− 1 (Benizri 
et al., 2001) and 105–107 CFU g− 1 (Bais et al., 2006; Benizri et al., 2001) 
in the rhizoplane. The genotype specific selection is based on the innate 
immune system of plants which blocks pathogen invasion upon recog
nition of microbial-associated molecular patterns (MAMPs) by pattern 
recognition receptors at the cell surfaces (Jones and Dangl, 2006). To 
engage in a symbiotic relation, PGPR need to be able to evade or sup
press the host immune response, similar to pathogenic microbes (Boller 
and He, 2009). One way to achieve this is by production of auxin by 
PGPR which inhibits salicylic acid (SA) signaling, and suppresses innate 
immune response (Kunkel and Harper, 2018). In Bacillus velezensis, 
auxin production is indispensable for suppressing plant immune 
response and reactive oxygen species (ROS) production, which is 
induced at the onset of root colonization (Tzipilevich et al., 2021). Yet a 
lot remains to be uncovered regarding the exact mechanisms of evading 
the plant immune response by PGPR.

Plants help bacteria navigate the complex soil matrix via release of 
metabolites in the soil. BXs for instance, have a strong selective effect on 
bacterial strains in the rhizosphere. Thoenen and co-workers correlated 
the MBOA tolerance of soil bacteria to their abundance in the rhizo
sphere and identified this relation as potentially an important mecha
nism for determining the root microbiome organization (Thoenen et al., 
2023b). At the same time, Azospirillum improves yield of BX producing 
grass species the bacterium is often associated with (Camilios-Neto 
et al., 2014; Dehghani and Mostajeran, 2020; Dobbelaere et al., 2001; 
Hungria et al., 2010; Marques et al., 2020; Mehnaz and Lazarovits, 2006; 
Michiels et al., 1991; Oliveira et al., 2017; Pereg et al., 2016; Renoud 
et al., 2022; Rossi et al., 2016; Vande Broek et al., 1998a; Walker et al., 
2011b) and emerged as the most sensitive PGPR to MBOA in our studies 
(Baatsen et al., 2025). Hence, in this bacterium the sensitivity to MBOA 
may reflect its role in cell signaling. The latter statement was supported 
by the high proportion of differentially expressed genes related to signal 
transduction and gene regulation when A. brasilense Ab-V5 was treated 
with MBOA (Baatsen et al., 2025). Furthermore, BX production in maize 
plants promotes the prevalence of methylophylic, Proteobacteria such as 
Ab-V5, and generally represses the bacterial genera Flavobacteriaceae 
and Comamonadaceae (Cadot et al., 2021a; Cotton et al., 2019a; Hu 
et al., 2018a).

Somewhat similar to the relation between MBOA tolerance and 
bacterial abundance (Thoenen et al., 2023b), also is a positive correla
tion between the capacity to detoxify MBOA and pathogenicity in fungal 
pathogens (Yue et al., 1998b), with MBOA being the most effective BX 
derivative for suppressing conidia germination of Bipolaris maydis, 
Curvularia lunata and Alternaria alternata (Oikawa et al., 2004). BX 
release in the soil has a strong influence on root-associated fungal 
communities and contributes to disease suppression by affecting plant 
pathogens such as S. cylindrosporus and I. macrodidyma (Cotton et al., 
2019a). Fungal communities were remarkably different from 
BX-producing and BX-deficient maize plants, particularly in their 
abundance of fungal species belonging to the genera Ascomycota and 
Glomeromycota (Cotton et al., 2019a; Hu et al., 2018a). Furthermore, BX 
producing maize plants harbor more BX tolerant fungal endophytes and 
other more potentially harmful fungal pathogens (Cadot et al., 2021a) 
than BX deficient maize plants (Saunders and Kohn, 2008), suggesting in 
concert with results from our studies (Fig. 2), that BX production may 
stimulate tolerance in fungal endophytes.

Apart from the toxic effect on several bacterial, fungal and insect 
species, in maize plants, BXs supposedly evoke a resistance inducing soil 
microbiome against the fall armyworm (Spodoptera frugiperda). Hu et al. 
(Hu et al., 2018a) achieved restoration of resistance inducing activity by 
complementation of soil from bx-1 mutants with MBOA. Resistance 
against the fall armyworm was achieved through MBOA-correlated 
structuring of the microbiome, and lasted for subsequent generations 
of maize plants. Being composed of an enormous number of microbial 
species, it is however hard to prove that this effect stems from MBOA 
application alone which may possibly stimulate the release of other 
organic compounds in other organisms, by acting as a signaling 
molecule.

Recently, we showed that MBOA treatment has a substantial impact 
on bacterial physiological processes. Based on transcriptomic data and in 
vitro studies, it was demonstrated that A. brasilense Ab-V5 is attracted to 
MBOA via a positive chemotactic response by stimulation of a response 
regulatory protein CheZ within the Che1 chemotaxis signal transduction 
pathway (Baatsen et al., 2025). Interestingly, the regulator protein 
CheZ, at the same time reportedly promotes clustering and adherence 
(Bible et al., 2008, 2012; Siuti et al., 2011a), though our transcriptomic 
analysis points out that biofilm synthesis is downregulated in concert 
with other genes related to symbiotic processes. Many genes related to 
signal transduction, gene regulation and cellular respiration were 
affected, leading to the conclusion that in this case MBOA treatment 
causes metabolic rewiring and that MBOA acts as a signaling molecule 
triggering this process. Pf-5, which is a PGPR isolated from cotton which 
does not produce BX in contrast to cereals host to Ab-V5, allowed the 
identification of few genes and was little affected by MBOA treatment 
(Baatsen et al., 2025). Hence, it seems that MBOA production sensitizes 
and evokes physiological responses in bacteria adapted to MBOA, which 
can promote recruitment to the rhizosphere.

Interestingly, once Azospirillum manages to colonize maize roots, it 
inflicts a strain specific effect on the secondary metabolism of the host 
plant, increasing the relative content of BX derivatives according to the 
Azospirillum strain of the inoculum (Walker et al., 2011c). Similarly, 
inoculation of maize with P. fluorescence MZ05 augments DIMBOA 
content in the leaves by stimulating BX biosynthesis genes, which 
significantly impacts disease tolerance against the foliar pathogen 
Setosphaeria turcica (Zhou et al., 2020b). Thus, plants can manipulate the 
soil microbiome with specialized metabolites such as BX, while PGPR in 
turn influence metabolism of those host synthesized metabolites. 
Furthermore, A. brasilense Ab-V5 displayed a positive chemotactic 
response to MBOA (Baatsen et al., 2025) and possibly sets in motion a 
positive feedback loop. In consequence, release of BX metabolites by 
plants harbors the potential to establish a circular feedback response by 
recruiting PGPR and indirectly stimulating its own biosynthesis.
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4. Benzoxazinoids in agricultural applications

The increase of atmospheric carbon dioxide and global average 
temperatures each year account for more frequent extreme weather 
events that lead to decreasing crop yield and productivity (Mirón et al., 
2023). With a 5 % decrease of arable land yearly (Borrelli et al., 2020), 
increasing the efficiency of land use and crop cultivation pose viable 
solutions for keeping up with the current and future food demands, in 
concert with implementing complementary socio-political measures.

Host plant genetic factors account for only about 5 % of the variation 
in rhizosphere microbial communities, with physicochemical factors 
being the main drivers of root-associated microbiome structure 
(Bulgarelli et al., 2013; Hacquard et al., 2015). Therefore, plants 
manipulate soil characteristics in favor of PGPR by secretion of root 
exudates, which has a genotype specific influence of the secreting plant 
on the soil (Sasse et al., 2018). Release of BXs accounts for the same 
amount of variation on soil microbial community composition as the 
genetic aspect, and exerts a strong effect on soil fungi (Cadot et al., 
2021a). BX biosynthesis imposes major changes in root metabolic 
readout, with emphasis on flavonoid anabolism and regulates root 
associated microbes (Cotton et al., 2019a). Since the composition of the 
root associated microbiome is strongly dependent physiochemical fac
tors, ectopically introducing a MBOA regime can imply a harsh distur
bance of ecological interactions in microbiomes that are not adapted to 
BXs. Therefore, elaborate assessments on biosafety are paramount to 
implementing BXs in agricultural scenarios, which requires the acqui
sition of relevant data and expertise.

4.1. Methods for studying BX-PGPR interactions

Regardless of successful endeavors aiming to understand BX 
metabolite interactions and metabolic pathways, many questions 
remain unanswered in relation to the mode of action and genetic reg
ulatory mechanisms. Furthermore, scientific understanding of BX–PGPR 
interactions is only at its onset. Undoubtedly, the challenge in exploring 
this field lays in the enormous amount of biotic and abiotic factors 
present in the soil. Therefore, powerful resources for scrutinizing 
BX–PGPR interactions can be found within omics data, enabling the 
analysis of genetic and phenotypic plasticity within bacterial commu
nities exposed to BX treatments.

To decipher bacterial communities, metataxomics and meta
genomics allow the identification, quantification and functionality of 
bacterial communities, surpassing the limitation of analyzing strains 
exclusively cultivable under laboratory conditions (Chetty and Blekh
man, 2024). For analyzing microbiome community structure, either 
shotgun metagenomic sequencing or 16S rRNA sequencing are 
commonly used (Sharpton, 2014). In case of shotgun sequencing, the 
total DNA from environmental samples is first extracted, then digested 
and sequenced. Via computational software, fragments are aligned with 
reference genomes to identify and quantify microbes present in the 
environmental sample (Sharpton, 2014). During 16S rRNA sequencing, 
only the variable region of the 16S rRNA amplicon is sequenced for 
identification and quantification of bacterial taxa. The comparison of 
taxa present in different treatments can be computed using various 
programs executable via R or Python (Knight et al., 2018).

Along metagenomics data, integration of other layers of omics data 
forms a solid foundation for studying microbiomes. For example, met
atranscriptomics data relays information about the abundance of gene 
transcripts, offering insight in the functional roles present in environ
mental samples (Shakya et al., 2019). Furthermore, metabolomics data 
generated by mass spectrometry by matching the mass-to-charge 
readout with reference databases, is indicative of cellular processes 
(Chong and Xia, 2017), while metaproteomics, typically analyzed by 
mass spectrometry as well, allows the functional characterization of the 
microbiome sample. By comparing with metagenomic and metatran
scriptomic data, proteomics data reveals translational and 

post-translational regulation (Peters et al., 2019). Different layers of 
omics data offer complimentary information, allowing to uncover re
lationships among data sets, for instance correlating the abundance of 
strains, biological functions and cellular processes. Integration of 
different data sets can occur at various steps during data processing, for 
instance while inferring bacterial taxon abundancies (Heintz-Buschart 
et al., 2016) or during data preprocessing (Ugidos et al., 2022). Yet, 
many bioinformatics tools exist for assisting this computationally com
plex task (Muller et al., 2024; Subramanian et al., 2020).

From meta-omics data, the ecological relevance of Operational 
Taxonomic Units (OUT) can be assessed by network interference 
(Katherine and Jose, 2022; Moscardó García et al., 2025). Leveraging 
computational models, this allows the identification of keystone species, 
the prediction of relations between taxa and alternative community 
configurations (Faust and Raes, 2012, Ferrarezi et al., 2023 ). Moreover, 
existing microbial interaction networks can be modified, or new inter
action networks can be established, through dynamic network 
modeling. This approach accounts for adaptive changes in microbiome 
structure and reduces environmental heterogeneity, thereby facilitating 
the design of synthetic microbial consortia (Garcia and Kao-Kniffin, 
2020). Finally, microbial interaction networks can be validated using 
physiological assays prior to testing synthetic consortia in field trials.

Most relevant data is generated from greenhouse experiments, or 
even from field trails. Exactly because of the many varying components 
the soil naturally possesses, such experiments render pertinent data that 
can be extrapolated easier (Brunetti and Hageman, 1976; Khorasani 
et al., 2010; Mahalmani et al., 2022). Another interesting tool for 
uncovering BX signaling mechanisms in bacteria is the application of 
transposon insertion sequencing (Fabian et al., 2020; Sivakumar et al., 
2019). In short, bacteria able to survive on medium supplemented with a 
lethal dose of BXs after being subjected to random transposon muta
genesis across the genome, are subsequently sequenced. Key compo
nents leading to BX tolerance can then be identified by pinpointing 
genomic regions consistently lacking mutations in the sequenced 
population.

Characterization of PGPR by studying bacterial characteristics 
related to plant-microbe interactions are summarized in Table 2. To 
study bacterial morphology and spatial organization, microscopy-based 
analyses can deliver ultra-high-resolution images using scanning elec
tron microscopy or enable the identification of specific bacteria 
expressing fluorescent markers through confocal laser scanning micro
scopy (Shelud'ko et al., 2020b; Viruega-Góngora et al., 2020b). An 
overview of microscopic techniques for studying bacterial motility with 
advantages and disadvantages are summarized in Palma et al. (2022); 
Palma et al. (2022). Additionally, bacterial motility and morphology can 
be assessed by plate assays and capillary assays offering straight forward 
quantitative data (Abe et al., 2016; Adler, 1972; Luu et al., 2013). To 
analyze chemical signaling, metabolite exchange and cross-feeding, 
mass spectrometry imaging can provide high-end data, specifically 
when coupled with transcriptome studies (Dunham et al., 2017).

4.2. BX implementation strategies

From a practical point of view, the gathered knowledge preferably 
mounts to field application of BXs to be leveraged as a versatile sup
plement for boosting crop productivity. After careful assessment of the 
ecological risks BX supplementation or conditioning in agricultural 
systems can cause, different strategies may be adopted for implementing 
BXs for crop cultivation purposes. An interesting line of thought is to 
bring MBOA application in practice by inoculation of biofertilizers with 
MBOA encapsulated in alginate, permitting slow release through diffu
sion or erosion in the environment (Flores Céspedes et al., 2013; Young 
et al., 2006). The advantage is, that over time MBOA release will 
diminish, mimicking the decay of BX production in maize (Cambier 
et al., 2000; Köhler et al., 2015a). Strategies for BX application in 
agricultural settings are summarized in Fig. 6.
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Alternatively, non-BX-producing crop plants can be metabolically 
engineered to ectopically synthetize BXs. Evidently, the hallmark for 
boosting herbivore tolerance was achieved by heterologous biosynthesis 
of the renowned insecticidal Cry proteins from B. thuringiensis in various 
crop plants (reviewed by Bravo and coworkers (Bravo et al., 2011)). 
Besides, successful endeavors to integrate transgenic metabolic path
ways for improving pest tolerance include the biosynthesis of dhurrin in 
Arabidopsis thaliana and transfer of A. thaliana glucosinolates into 
Nicotiana benthamiana (Møldrup et al., 2012; Tattersall et al., 2001). A 
less successful effort has been made to integrate the DIBOA biosynthetic 
pathway in A. thaliana, by cloning six biosynthesis genes, BX1 – 5 and 
BX8 (Abramov et al., 2021). Since this pathway branches from indole 
3-glycerol phosphate and runs parallel with tryptophan biosynthesis, 
metabolic stress caused the transgenic A. thaliana plants to turn into 
dwarfed phenotypes by lack of precursor molecules for tryptophan 
biosynthesis. Hence, in specific cases, promoter activity of transgenic 
enzymes has to be tightly regulated in order not to compromise yield of 
transgenic crop plants.

A more traditional yet effective approach that mitigates the meta
bolic cost for crops to produce BXs, is the implementation of crop 
rotation. Continuous cultivation of a single crop causes depletion of 
nutrients and accumulation of species specific phytopathogens in the 

soil (Dias et al., 2015), while crop rotation profits from plant-soil feed
back improving soil microbiota diversity, which in turn enhances 
nutrient availability, pest control and plant growth (Dias et al., 2015). 
Hence, plant-soil feedback is of paramount importance to plant health 
(Teste et al., 2017a) and can be a great resource for improving agri
cultural efficiency and productivity (Mariotte et al., 2017). Soil condi
tioning with BXs proved to be effective for biocontrol of Fusarium 
oxysporum f. sp. niveum in the soil and controlling Fusarium wilt on 
watermelons by co-cultivating the BX producing wheat as companion 
crop (Xu et al., 2015b). Similarly, cultivation of maize prior to wheat 
resulted in a 4 % yield increase of the latter crop, predominantly 
attributed to repelling insect pests (Gfeller et al., 2023c). Finally, BX 
production and conditioning of soil with MBOA results in a generation of 
more tolerant maize plants against the fall armyworm larva which was 
correlated with restructuring of the soil microbiome (Hu et al., 2018a).

4.3. Framework for the implementation of BX in agriculture: perspectives 
and limitations

Harnessing BXs in agriculture requires going through a series of 
fundamental steps. Depending on the crop to be cultivated, optionally, 
suitable PGPR can be selected as bioinput that stimulate BX metabolism 
in the host plant (Walker et al., 2011a; Zhou et al., 2020a), or that 
provide health benefits to the crop in addition to BX conditioning. Either 
commercially available PGPR can serve this purpose, or new PGPR 
strains can be discovered through rigorous screening in laboratory set
tings. In the latter case, bacteria from environmental samples are iso
lated, typically from the plant rhizosphere and extensively tested. The 
researcher might consider strains that excel consistently in a range of 
PGP-properties in different soil types. However, one bacterium that 
outperforms all others in every soil type and crop cultivation condition, 
does not exist. Nevertheless, it is possible to create a synthetic com
munity in which bacteria adopt specific roles, rendering a versatile and 
resilient microbial consortium (Anees et al., 2020; Chen et al., 2014). As 
explained in 4.1., via network interference compatible members can be 
predicted by computational models, increasing the efficiency of 
composing a synthetic community. Depending on specific agronomical 
needs, this can be accurately done by agroecosystem engineering, that 
enables tailoring agricultural practices to specific agroecological con
ditions (Bano et al., 2021; Fujiwara et al., 2023). Based on multi-omics 
data, first a causal network needs to be generated to avoid correlation of 
data obtained by coincidence. This can be accomplished by LiNGAM 
software under some assumptions (Shimizu et al., 2006). The outbreak 
of pathogens in the soil for instance, can in this way be accommodated 
by introducing keystone species that stimulate bioprotection (Toju et al., 
2018).

The second hallmark includes assessing the effect of BXs on the 
compatibility of crop and microbial inoculum. Keeping other cultivation 
parameters constant, a BXs gradient must be tested by evaluating the 
microbial structure of the soil microbiome at regular intervals in 
greenhouse experiments. When the concentration of BXs to be applied 
has been adjusted, the effect on crop yield and plant growth must be 
assessed and the BX concentration can be further improved to ensure a 

Table 2 
Summary of methods for studying bacterial features related to plant-microbial interactions.

Bacterial feature Bacteria Method Reference

Motility Pseudomonas putida Swim plate assay Luu et al. (2013)
Chemotaxis Pseudomonas putida Gradient plate assay Luu et al. (2013)
Chemotaxis Escherichia coli Capillarary assay Adler (1972)
Chemotaxis Salmonella enteriac Capilary assay combined with video microsocpy Abe et al. (2016)
Attachment Azospirillum brasilense Attachment assay Siuti et al. (2011b)
Biofilm Various 96-Well plate assay Kwasny and Opperman (2010)
Biofilm Azospirillum brasilense Microscopy-based assays Shelud'ko et al., 2020b; Viruega-Góngora et al., 2020b
Root colonization Azospirillum brasilense Histochemical analysis gusA reporter plasmid Vande Broek et al. (1998b)
Quorum sensing Agrobacterium tumefaciens A. tumefaciens NTL4 reporter strain Tomohiro et al. (2008)

Fig. 6. Strategies for benzoxazinoid (BX) Applications in Agriculture. Three 
strategies are proposed to apply the use BXs in agricultural settings. Metabolic 
engineering and encapsulation with BX have so far not been implemented in 
crop cultivation. Conditioning of the soil by cultivation of crops with a com
panion crop or via crop rotation with BX-producing cops, has shown benefi
cent effects.
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dose that has both a positive impact on the native crop rhizobiome and 
improves yield (Gómez-Merino et al., 2022; Leitão et al., 2024). As 
various physio-chemical parameters influence BX activity and compo
sition of the soil microbiome, the BX implementation strategy and PGPR 
or consortium needs to be tested in various soil types and under different 
cultivation conditions to yield a robust growth benefit.

Next, the chosen set-up is tested in complex and realistic field trails. 
This includes evaluating compatibility with chemical inputs, irrigation 
systems and soil types to comprehend the effectivity and find limitations 
under field management practices. On top of that, the environmental 
impact and off-target effect on long-term application must be assessed 
by conducting field trails over longer periods of sustained BX applica
tion. The development of the carrier material must be carefully 
considered to ensure sufficient nutrition and water retention for 
improving the viability of the inoculum, and needs to be of a biode
gradable material to limit environmental impact (Sivaram et al., 2023). 
Once the biostimulant formulation has been designed it must be regis
tered to comply with regulatory standards concerning biosafety and 
effectivity, before being launched in the market and becoming 
commercially available.

Considering the high reactivity of BX metabolites as discussed in 
section 2.1 and 2.3, it is imperative that elaborate investigations be 
conducted on the biosafety of introducing BXs in an agricultural setting. 
BXs have a strong and long-lasting ecological impact, specifically the 
impact on the soil microbiome can cause complex soil feedback, altering 
physio-chemical parameters (Bever et al., 2013b; Cotton et al., 2019b; 
Gfeller et al., 2023b; Hu et al., 2018a; Teste et al., 2017b). Moreover, 
despite elaborate evidence of BXs biosynthesis pathways, knowledge 
about transcription regulation of BX biosynthesis genes is very scarce 
(Gao et al., 2019; Stahl, 2022). Regulation of BX biosynthesis may relate 
with the physio-chemical properties of the local soil environment which, 
on top of that, may interfere with the reactivity and half-time of BX 
compounds. For instance, the halftime of BXs in strongly influenced by 
the ambient pH (Table 1), which varies substantially among soil types 
(Regasa et al., 2025; Zhang et al., 2023).

Another point concerns adaptation of microorganisms to antibiotic 
compounds such as BXs. Over prolonged application periods spanning 
many seasons of crop cultivation, this may lead to the evolution of 
tolerant strains. Such an adaptive response was demonstrated with our 
experiment on exposure of Fusarium strains isolated from different host 
plants to varying MBOA concentrations, where Fusarium from non-BX 
producing hosts were more susceptible than Fusarium isolated from 
BX-producing maize plants (Fig. 2). Accordingly, the effectivity of BX 
conditioning of the soil may decrease over time, resulting in a consensus 
BX-resistant soil-microbiome. In the same line of thought, Thoenen and 
coworkers (Thoenen et al., 2023a) discovered that root bacteria native 
to the root environment of maize were more tolerant to BXs than bac
teria isolated from the Arabidopsis roots, and showed that BX-tolerance 
was positively correlated with their abundance on BX-producing roots. 
This illustrates why BX supplementation to non-BX producing crops 
should be precedented by thorough evaluation of the plants’ micro
biome at predetermined time intervals, assessing unpredicted distur
bances in the soil microbiome equilibrium.

Alongside this, there are many reasons for PGPR not to perform 
consistently in certain agricultural systems. Starting from the screening 
of bacterial strains isolated from environmental samples, bacteria may 
be misjudged because of results from in vitro tests that do not translate to 
potted experiments, or the other way around (Cardinale et al., 2015; 
Palková, 2004). Furthermore, successful inoculation depends on the 
survival rate and propagation in the crops’ rhizosphere. There are many 
mechanisms that influence the viability of the inoculum, related to 
product storage and transportation, and to the suitability of the PGPR. 
As stipulated before, PGPR performance can be dependent on certain 
conditions, and consequently, be limited by certain soil parameters such 
as salinity and pH. Moreover, the soil comprises a highly dynamic 
ecosystem, sensitive to constantly alternating environmental conditions 

(Jansson and Hofmockel, 2020). Trailing behind climate induced 
changes in the soil, bacteria either manage to adapt or perish (Wu et al., 
2019). Related to this, PGPR are not always compatible with the native 
microbiome because of the direct inhibitory effects of metabolites or 
competitive bacterial strains better adapted to native soil conditions. 
Additionally, some PGPR exhibit narrow host specificity, resulting in a 
mediocre performance of top in vitro candidates, under field conditions 
(Tabassum et al., 2017). On top of those reasons for unstable perfor
mance, many farmers have a history of excessive use of agrochemicals 
that affect soil characteristics, or have a direct toxic effect on the inoc
ulum (Dangi et al., 2017).

5. Concluding remarks

The soil is a complex matrix housing an enormous number of mi
croorganisms, unique in every cubic inch of the planet. On top of that, 
soil types differ in physio-chemical characteristics which influence the 
soil microbiome. Therefore, the optimization of inoculation conditions 
for bio-fertilizing bacteria is inherently dependent on the unique abiotic 
and biotic factors that characterize agricultural environments. On the 
other hand, the optimal growth conditions for a certain crop, may prove 
to be suboptimal for another plant species. For instance, BX production 
by maize enhances soil conditions that promote plant health (Cotton 
et al., 2019a; Hu et al., 2018a), However, in crops lacking BXs, these 
benefits may not arise from exogenous BXs, which can exert allelopathic 
effects on certain species (Rice et al., 2012; Schulz et al., 2013; Tabaglio 
et al., 2008; Wouters et al., 2016). Hence, each crop requires an indi
vidual study to evaluate the effect of MBOA on plant physiology; on its 
associated microbiome and its feedback on plant productivity.

In essence, bacterial root colonization is a complex event involving 
various intertwined mechanisms starting from chemotaxis and extend
ing to communication via quorum sensing, root attachment and biofilm 
production. This sequence of events is essential for many plant- 
beneficial bacteria to apply their growth promoting properties to the 
host plant. The success rate of bacterial root colonization is highly 
dependent on how well the bacteria is suited to abiotic and biotic factors 
of the soil. Hence, there are many steps within this process where BX 
application can improve successful microbial inoculation.

Bearing in mind the cumbersome legislative procedures and ethical 
issues associated with genetically modified crop plants, so far, successful 
BXs application in agricultural systems has principally been exploited in 
the form of crop rotation or soil conditioning with BXs (Gfeller et al., 
2023c; Hu et al., 2018a) and by co-cultivation with a BX-producing 
companion crop (Xu et al., 2015b). Those examples are proof of 
concept that MBOA treatment of the soil can improve crop cultivation by 
leveraging soil feedback.

However, studies on the effects of BXs on bacterial physiology are 
still scarce, despite the growing availability and commercial use of PGPR 
in biofertilizer formulations. In plants however, early studies on BXs 
primarily focus on their chemistry and their application as an agro
chemical, harnessing its allelopathic effect. In the last decade, research 
on BX has been rejuvenated, shifting its emphasis towards implications 
for the root microbiome of crops. Despite the substantial unexplored 
potential of BXs, emerging research shows promise for optimizing sus
tainable crop management. Recent findings open various avenues for 
future investigation, such as testing the inoculation success and soil 
compatibility of microbial inoculants in MBOA-amended coatings; 
exploring the impact of ectopic MBOA application on crop plant 
microbiomes alongside metabolic engineering; or conducting funda
mental research on diverse PGPR to uncover the core molecular mech
anisms influenced by MBOA in bacteria.
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Glossary

Microbiome The community of microorganisms such as bacteria, fungi 
and viruses living in a specific environment

Rhizobiome The microbiome associated with plant roots
Primary metabolite Compounds that are essential to cell homeostasis 

and are indispensable for growth, development and 
reproduction

Specialized metabolite Metabolites with a specific function that are 
not essential for the organisms' survival. Often playing part in 
virulence, defense or attraction of symbionts

Benzoxazinoids Plant-produced specialized metabolites, that play a 
role in plant defense in areal parts and in the roots

Biotic factor The components of an ecosystem that are governed by the 
living organisms within that ecosystem, their direct and 
indirect interactions

Abiotic factor All non-living parameters that influence an ecosystem 
such as temperature, pH, salinity and humidity

Plant-soil feedback The influence of plants on biotic and abiotic 
factors in the soil and its effect on other plants or the next 
progeny of plant in return

Allelopathic molecule A plant-derived molecule that has an either 
positive or negative effect on plant-growth of another plant

Nitrogen fixation The conversion of atmospheric nitrogen into 
ammonia, which can be metabolized by plants and microbes. 
Bacteria capable of fixing nitrogen often live in association 
with plant roots and are termed ‘diazotrophs’

Symbiosis Intimate relationship between organisms, can be of a 
positive, negative or neutral nature

Pathogen A microorganism that can cause disease
Fertilizer Compounds that have the purpose to enrich the soil in 

nutrients. They often contain growth limiting nutrients such 
as nitrogen and phosphor. Biofertilizers can be composed of 
beneficial microbes

Agrochemical Chemicals used in the agroindustry, including 
fertilizers, pesticides and more

Cultivar A plant line that has been bred and selected because of a 
specific set of characteristics that allows better growth in a 

certain environment, that confers disease tolerance or in 
general renders higher yield

β-glucosidase Enzyme that hydroxylizes the β-glucosyl bond, breaking 
down complex sugars into simple sugars

Vacuole Organelle of the plant cell that exerts a positive pressure 
(turgor pressure) and is used for storage

Defense priming Triggering a state in plants that enables it to respond 
faster to pathogen attack

Biocontrol Method of controlling pests by the use of other organisms, 
by introducing predators, herbivores or antagonistic microbes

Endophyte Often bacteria or fungus that manifests at least for part of 
its lifecycle inside a plant's tissue

Quorum sensing Means of communication common in bacteria, 
depending on cell density. By being receptive to auto inducer 
molecules, that induce their own biosynthesis, bacteria can 
monitor the cell number of their population. Many 
physiological responses are regulated by quorum sensing such 
as biofilm formation and release of toxins

Auto inducer molecule A molecule that can be perceived and 
stimulate its own biosynthesis in bacteria. Several bacterial 
behaviors are controlled by genetic regulation depending on 
the concentration of auto inducer molecules, when 
trespassing a certain threshold

Flagella Proteinaceous appendixes used by bacteria for locomotion. 
Typically, bacteria can possess several long flagella located at 
the poles, or they can have many small flagella dispersed over 
the cell surface

Induced systemic resistance Immune response in plants triggered by 
bacteria and fungus that leads to an elevated defense response 
in the whole plant. This immune response is mediated via 
jasmonic acid and ethylene signaling

Nodules Specialized root structures formed through endosymbiosis 
with Rhizobia. Nodules contain nitrogen-fixing rhizobia in 
bacteroid form, sealed from oxygen to provide optimal 
conditions for the nitrogenase enzyme

Biofilm A matrix rich in polysaccharides, lipids, proteins and external 
DNA produced by bacteria and fungus that forms a protective 
film against environmental factors. Biofilms can contain 
diverse microbial communities and are often an important 
virulence factor

Mycotoxin A toxin produced by fungus
Chemotaxis Directed movement of bacteria in response to a 

concentration gradient of a molecule. A positive chemotactic 
response leads to attraction, while a negative chemotactic 
response leads to repulsion of a bacteria to a substance

Perfect adaptation The capacity to return to the initial state after 
being activated by a persistent external stimulus

Rhizodeposition The release of molecules in the soil by plant roots
Rhizoplane The interface between the root surface and the soil
Crop rotation Agricultural system that alternates the cultivation of 

crop types during different seasons of the year to aim at 
improving the soils' microbial diversity, the available 
nutrients and metabolites

Operational taxonomic unit Classification of organisms based on 
similarity, when exact species identification in not possible

Synthetic microbial consortium An engineered community of 
multiple microbial species designed to work together for 
specific purposes

Agroecosystem engineering The study of agricultural systems as 
ecosystems, focusing on the interactions among plants, 
animals, microbes, humans and their environment to design 
and manage sustainable farming

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
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Dangi, S.R., Tirado-Corbalá, R., Gerik, J., Hanson, B.D., 2017. Effect of long-term 
continuous fumigation on soil microbial communities. Agronomy 7. https://doi.org/ 
10.3390/agronomy7020037.

Daniels, R., De Vos, D.E., Desair, J., Raedschelders, G., Luyten, E., Rosemeyer, V., 
Verreth, C., Schoeter, E., Vanderleyde, J., Michiels, J., 2002. The cin quorum sensing 
locus of Rhizobium etli CNPAF512 affects growth and symbiotic nitrogen fixation. 
J. Biol. Chem. 277, 462–468.

Daramola, D.A., Hatzell, M.C., 2023. Energy demand of nitrogen and phosphorus based 
fertilizers and approaches to circularity. ACS Energy Lett. 8, 1493–1501. https://doi. 
org/10.1021/acsenergylett.2c02627.

de Bruijn, W.J.C., Gruppen, H., Vincken, J.P., 2018. Structure and biosynthesis of 
benzoxazinoids: plant defence metabolites with potential as antimicrobial scaffolds. 
Phytochemistry 155, 233–243. https://doi.org/10.1016/j.phytochem.2018.07.005.

de Kievit, T.R., Iglewski, B.H., 2000. Bacterial quorum sensing in pathogenic 
relationships. Infect. Immun. 68, 4839–4849.

De Mot, R., Vanderleyden, J., 1991. Purification of a root-adhesive outer membrane 
protein of root-colonizing Pseudomonas fluorescens. FEMS Microbiol. Lett. 81, 
323–327.

De Troch, P., Vanderleyden, J., 1996. Surface properties and motility of Rhizobium and 
Azospirillum in relation to plant root attach- ment. Microb. Ecol. 32, 149–169.

Dehghani, I., Mostajeran, A., 2020. Does compatibility of wheat cultivars with 
Azospirillum brasilense strains affect drought tolerance? Cereal Res. Commun. 48, 
121–129. https://doi.org/10.1007/s42976-019-00001-3.

Delany, I., Sheetian, M.M., Fenon, A., Bardin, S., Aarons, S., O'Gara, F., 2000. Regulation 
of production of the antifungal metabolite 2,4-diacetylphloroglucinol in 
Pseudomonas fluorescens F113: genetic analysis of phlF as a transcriptional 
repressor. Microbiology (N. Y.) 146, 537–546.

Dias, T., Dukes, A., Antunes, P., 2015. Accounting for soil biotic effects on soil health and 
crop productivity in design of crop rotations. J. Sci. Food Agric. 95, 447–454.

Ding, Y., Murphy, K.M., Poretsky, E., Mafu, S., Yang, B., Char, S.N., Christensen, S.A., 
Saldivar, E., Wu, M., Wang, Q., Ji, L., Schmitz, R.J., Kremling, K.A., Buckler, E.S., 
Shen, Z., Briggs, S.P., Bohlmann, J., Sher, A., Castro-Falcon, G., Hughes, C.C., 
Huffaker, A., Zerbe, P., Schmelz, E.A., 2019. Multiple genes recruited from hormone 
pathways partition maize diterpenoid defences. Nat. Plants 5, 1043–1056. https:// 
doi.org/10.1038/s41477-019-0509-6.

Dobbelaere, S., Croonenborghs, A., Thys, A., Ptacek, D., Vanderleyden, J., Dutto, P., 
Landanbera-Gonzalez, C., Caballero-ellado, J., Aguirre, J.F., Kapulnik, Y., Brener, S., 
Burdman, S., Kadouri, D., Sarig, S., Okon, Y., 2001. Responses of agronomically 
important crops to inoculation with Azospirillum. Aust. J. Plant Physiol. 871–879.

Dreyer, I., Gomez-Porras, J.L., Reaño-Pachón, D.M., Hendrich, R., Grieger, D., 2012. 
Molecular evolution of slow and quick anion channels (SLACs and QUACs/ALMTs). 
Front. Plant Sci. 3, 263.

Dunham, S.J.B., Ellis, J.F., Li, B., Sweedler, J.V., 2017. Mass spectrometry imaging of 
complex microbial communities. Acc. Chem. Res. 50, 96–104. https://doi.org/ 
10.1021/acs.accounts.6b00503.

Ebisui, K., Ishihara, A., Hirai, N., Iwamura, H., 1998. Occurrence of 2,4-dihydroxy-7- 
methoxy-1,4-benzoxazin-3-one (DIMBOA) and a b-glucosidase specific for its 
glucoside in maize seedlings. Naturforsch 53c, 793–798.
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Aeby, Y., Mestrot, A., Robert, C.A.M., Schlaeppi, K., Erb, M., 2023c. Plant secondary 
metabolite-dependent plant-soil feedbacks can improve crop yield in the field. eLife 
12, e84988. https://doi.org/10.7554/eLife.84988.

Glenn, A.E., Davis, C.B., Gao, M., Gold, S.E., Mitchell, T.R., Proctor, R.H., 2016. Two 
horizontally transferred xenobiotic resistance gene clusters associated with 
detoxification of benzoxazolinones by Fusarium species. PLoS One 11, e0147486.

Glenn, A.E., Hinton, D.M., Yates, I.E., Bacon, C.W., 2001a. Detoxification of corn 
antimicrobial compounds as the basis for isolating. Society 67, 2973–2981. https:// 
doi.org/10.1128/AEM.67.7.2973.

Glenn, A.E., Hinton, D.M., Yates, I.E., Bacon, C.W., 2001b. Detoxification of corn 
antimicrobial compounds as the basis for isolating. Society 67, 2973–2981. https:// 
doi.org/10.1128/AEM.67.7.2973.

Glenn, A.E., Meredith, F.I., Bacon, C.W., 2003. Identification of intermediate and branch 
metabolites resulting in the biotransformation of 2-benzoxazolinone by Fusarium 
verticillioides. Appl. Environ. Microbiol. 3165–3169.

Glenn, A.E., Bacon, C.W., 2009. FDB2 encodes a member of the arylamine N- 
acetyltransferase family and is necessary for biotransformation of benzoxazolinones 
by Fusarium verticillioides. J. Appl. Microbiol. 107, 657–671. https://doi.org/ 
10.1111/j.1365-2672.2009.04246.x.
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Mateo, P., Robert, C.A.M., Ahrens, C.H., Rubio-Somoza, I., Bruggmann, R., Erb, M., 
Schlaeppi, K., 2023a. Bacterial tolerance to host-exuded specialized metabolites 
structures the maize root microbiome. Proc. Natl. Acad. Sci. U. S. A. 120, 
e2310134120. https://doi.org/10.1073/pnas.2310134120.

Thoenen, L., Giroud, C., Kreuzer, M., Waelchli, J., Gfeller, V., Deslandes-Hérold, G., 
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