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ABSTRACT

Bacteria communicate with each other through quorum sensing (QS) molecules. N-acyl homoserine lactones (AHL) are one
of the most extensively studied groups of QS molecules. The role of AHL molecules is not limited to interactions between
bacteria; they also mediate inter-kingdom interaction with eukaryotes. The perception mechanism of AHL is well-known in
bacteria and several proteins have been proposed as putative receptors in mammalian cells. However, not much is known
about the perception of AHL in plants. Plants generally respond to short-chained AHL with modification in growth, while
long-chained AHL induce AHL-priming for enhanced resistance. Since plants may host several AHL-producing bacteria and
encounter multiple AHL at once, a coordinated response is required. The effect of the AHL combination showed relatively
low impact on growth but enhanced resistance. Microbial consortium of bacterial strains that produce different AHL could
therefore be an interesting approach in sustainable agriculture. Here, we review the molecular and genetical basis required
for AHL perception. We highlight recent advances in the field of AHL-priming. We also discuss the recent discoveries on the
impact of combination(s) of multiple AHL on crop plants and the possible use of this knowledge in sustainable agriculture.
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GENERAL INTRODUCTION

Priming is a physiological state of a plant that allows the activa-
tion of defense responses in a faster and stronger way in conse-
quence to a triggering stimulus. Priming may strengthen plant’s
disease resistance as well as tolerance to biotic and abiotic
stresses. The process of priming for enhanced resistance has
been utilized in agriculture for a long time. Several molecules
are known to induce priming including low concentrations of
salicylic acid (SA), benzothiadiazole (BTH), β-aminobutyric acid
(BABA), pipecolic acid, jasmonic acid (JA) or volatile organic
compounds (VOCs) (Conrath et al. 2002; Martinez-Medina et al.

2016; Mauch-Mani et al. 2017). There is an increasing num-
ber of reports claiming that N-acyl homoserine lactone (AHL),
one of the bacterial quorum sensing (QS) molecules, induce
AHL-priming in plants. AHL are produced by numerous Gram-
negative bacteria to monitor the density of the population(s). An
AHL molecule comprises of two intrinsic moieties, a hydrophilic
homoserine lactone ring and an amide linked acyl side chain
that may vary in length from 4 to 18 carbons or in the sub-
stitution of the hydrogen by a hydroxyl or ketone group on
the third carbon (Whitehead et al. 2001; Marketon et al. 2002;
von Bodman, Bauer and Coplin 2003). Rhizosphere makes a
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favorable environment for QS signaling as it comprises of sig-
nificantly higher densities of microorganisms. Therefore, AHL-
based QS in rhizosphere and endophytic communities of plants
may occur very frequently (Schaefer et al. 2013). Diverse bac-
teria that are plant growth-promoting, symbiotic, endophytic,
epiphytic or pathogenic in nature regulate their physiological
activities through AHL-based signaling (Ortiz-Castro et al. 2009;
Venturi and Fuqua 2013). Moreover, rhizosphere bacteria can
produce more than one type of AHL molecules and the acyl
chains of AHL molecules can vary from short to long side chains.
Furthermore, AHL molecules can mediate interaction(s) with
other kingdoms and influence their outcome either positively
or negatively, depending on the type of these molecules. This
is an interesting prospect to investigate in the future, with the
underlying aim of using AHL molecules in order to achieve the
goal of sustainable agriculture. In this review, we focus on the
perception of AHL molecules among different kingdoms. We
review the molecular and genetical basis required for plants
to perceive AHL, mostly focusing on N-3-oxotetradecanoyl-L-
homoserine lactone (oxo-C14-HSL), in Arabidopsis and barley.
We highlight recent advances in the field of plant-microbe inter-
action in regard to AHL-priming. We also discuss the recent dis-
coveries on the impact of combination(s) of multiple AHL on
crop plants and the possible use of this knowledge in sustain-
able agriculture.

Perception of AHL among kingdoms

Quorum sensing is a process through which bacteria achieve
intercellular communication. The production and detection of
autoinducer signaling molecules enable them to monitor cell
density and coordinate behavioral changes collectively. These
signaling molecules regulate gene expression within the bacte-
rial cell population, allowing the population to behave in uni-
son and regulate various cellular processes like biofilm produc-
tion, genetic exchange, bioluminescence, motility, sporulation
and virulence that are vital for survival, adaptation and persis-
tence in a changing environment (Ng and Bassler 2009; Bassler
and Vogel 2013). Gram-negative bacteria use N-acyl homoser-
ine lactones (AHL), cyclodipeptides, AI-2 (alternative autoin-
ducer; furanosyl borate diester), AI-3, quinolones, cis-11-methyl-
2-dodeconoic acid, 3-hydroxy palmitate methyl ester and other
small signaling compounds as signaling molecules (Flavier et al.
1997; Wang et al. 2004; Effmert et al. 2012). In Gram-positive bac-
teria, a variety of partially cyclic peptides, AI-2 and butyrolac-
tone (Folcher et al. 2001; Lyon and Novick 2004) regulate cellular
activity and collective behavior. AHL are surely one of the best
examined QS molecules to date. These molecules, apart from
conducting intercellular communication in Gram-negative bac-
teria, can be perceived by eukaryotic cells and mediate the inter-
actions between bacteria and eukaryotes (Fig. 1).

Perception of AHL in bacteria

Gram-negative bacteria usually utilize LuxR-type receptor to
detect AHL that are produced by their partner LuxI-type syn-
thase. Most LuxI synthases produce AHL by linking and lac-
tonizing the methionine moiety from S-adenosylmethionine
to fatty acyl chains on acylated acyl carrier protein from the
fatty acid biosynthesis pathway (Moré et al. 1996; Schaefer et al.
1996; Parsek et al. 1999). LuxR proteins comprise of an amino-
terminal ligand-binding domain (Hanzelka and Greenberg 1995)
and a carboxy-terminal DNA-binding domain (Stevens, Dolan
and Greenberg 1994). The AHL molecule interacts with the

polar residues of N-terminal domain including three highly con-
served tryptophan residues. Less conserved are residues that are
involved in hydrophobic and van der Waals interactions with
the acyl chain. The acyl-chain length influences how the acyl-
chain binds to the AHL-binding pocket: short AHL are extended
while long AHL are bent and face the interior of the pocket (Li
and Nair 2012). The specificity of AHL-binding by LuxR recep-
tors is determined by the variation in amino-acid sequence in
their binding pockets. Interaction between the LuxR and AHL
induces homodimerization of the LuxR and subsequent bind-
ing to the lux box upstream of target genes (Devine, Shadel and
Baldwin 1989; Zhang et al. 2002). This induces further expression
of their cognate AHL synthesizing LuxI synthase, forming a pos-
itive feedback loop resulting in increased AHL synthesis (Enge-
brecht, Nealson and Silverman 1983).

Apart from having a single signal-receptor combination, bac-
teria may also have multiple signal-receptor combinations. For
example, Pseudomonas aeruginosa has two complete LuxR-I-type
circuits, LasR-I and RhlR-I and Burkholderia thailandensis has
three complete LuxR-I circuits (Cornforth et al. 2014). Some bac-
teria lack the LuxI gene and only contain the LuxR-like recep-
tor, the so-called LuxR solo. Remarkably, most of the anno-
tated LuxR proteins (∼76%) belong to the LuxR solo class of
transcription regulators (Hudaiberdiev et al. 2015). This implies
that these receptors are most likely regulated by AHL provided
by other bacteria. The best characterized Lux-R solo is QscR
from Pseudomonas aeruginosa. QscR is able to induce target gene
expression in response to various AHL, including N-octanoyl-
L-homoserine lactone (C8-HSL), N-decanoyl-L-homoserine lac-
tone (C10-HSL), N-3-oxodecanoyl-L-homoserine lactone (oxo-
C10-HSL), N-dodecanoyl-L-homoserine lactone (C12-HSL), N-
3-oxododecanoyl-L-homoserine lactone (oxo-C12-HSL) and N-
tetradecanoyl-L-homoserine lactone (C14-HSL) at a nanomolar
concentration (Lee, Lequette and Greenberg 2006). P. aeruginosa
probably utilizes QscR to identify other species, like Burkholde-
ria cepacia, through the detection of AHL that are synthesized by
those species (Riedel et al. 2001).

In Ensifer meliloti, the outer membrane protein FadLSm, a
homolog of the Escherichia coli FadLEc long-chain fatty acid trans-
porter, acts as a facilitator in sensing of long-chain AHL by
its LuxR-type transcriptional regulator (Krol and Becker 2014).
The authors report that these outer membrane proteins have a
positive effect on AHL-sensitivity, especially for the longer and
hydrophobic ones.

Perception of AHL in animals

Several studies have postulated AHL-interacting proteins in
mammalian cells. The perception of AHL in animal cells seems
to be independent of canonical innate immune system recep-
tors (Kravchenko et al. 2006). The intact AHL molecule oxo-C12-
HSL was shown to interact directly with phospholipids in model
membrane systems and in T-cell membranes. AHL diffusion
across membranes is facilitated by membrane microdomains,
such as caveolae and lipid rafts (Davis et al. 2010). In this study,
Davis and co-authors suggested a possibility of membrane
located perception system that could act as an AHL-interacting
receptor. Numerous signaling pathways including calcium sig-
naling, activation of Rho GTPases, MAPK and transcription fac-
tor NFκB, cytokines, chemokines, enzymes and interferons have
been demonstrated to be activated by AHL in mammalian cells
(Smith et al. 2002; Shiner et al. 2006; Kravchenko et al. 2008; Mayer
et al. 2011; Karlsson et al. 2012a; Glucksam-Galnoy et al. 2013).
All these processes coordinate innate immune response against
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Figure 1. AHL-perception among different kingdoms. The schematic representation depicts quorum sensing in bacteria. LuxI gene produces AHL (represented as
pentagon) whereas LuxR gene (not shown) produces LuxR. The LuxR receptor forms dimers after binding to an AHL molecule and subsequently binds to the lux box
upstream of LuxI gene, further inducing expression of LuxI gene. Perception of the AHL oxo-C12-HSL in animal cells can occur via three different proteins: IQ-motif
containing GTPase-activating protein (IQGAP1), nuclear Peroxisome proliferator-activated receptors (PPAR) and T2R38. The perception leads to activation of specific

signaling cascades along with transcriptional responses. Additionally, AHL induces nitric oxide (NO)-production in epithelial cells. AHL perception mechanism in
plants is not yet known. The above figure is a hypothetical representation from different studies published so far. AHL (oxo-C6-HSL, oxo-C8-HSL) may interact directly
or indirectly with G protein-coupled receptor (GPCR) and thereby activates Gα that promotes Ca2+ influx into the cytosol. This triggers activation of calmodulin (CaM)
and the transcriptional factor MYB44 that induces expression of AHL-regulated genes.

invading pathogens by recruiting effector cells of the adaptive
immune system to the site of infection.

Although oxo-C12-HSL is highly hydrophobic, free diffusion
through membranes of T-cells and model lipid membranes
has been shown (Ritchie et al. 2007; Barth et al. 2012). Peroxi-
some proliferator-activated receptors PPARγ and PPARβ, mem-
bers of the nuclear hormone receptor (NHR) family, were the
first potential candidates for AHL receptors in mammalian cells
(Jahoor et al. 2008) although physical binding has not been
yet proven. On entering mammalian cells (Shiner et al. 2004;
Ritchie et al. 2007), oxo-C12-HSL may influence intracellular
PPAR and affect their transcriptional activity and NF-κB sig-
naling (Jahoor et al. 2008; Cooley, Whittall and Rolph 2010).
AHL perception also mediates phosphorylation of phospholi-
pase C followed by increased intracellular calcium concentra-
tion (Davis et al. 2010; Karlsson et al. 2012a). Additionally, oxo-
C12-HSL interacts and colocalizes with the IQ-motif contain-
ing GTPase-activating protein 1 (IQGAP1), followed by phos-
phorylation of Rac1 and Cdc42 and essential changes in the
actin cytoskeleton network that alters epithelial cell migration
and wound healing (Karlsson et al. 2012b). There are indica-
tions that oxo-C12-HSL induces activation of defense-related
functions such as enhanced ciliary movement and nitric oxide
(NO)-production in epithelial cells (Lee et al. 2014). Recent stud-
ies demonstrated that oxo-C12-HSL from P. aeruginosa acti-
vates and associates with the bitter receptor T2R38 on leuco-
cytes of different origin (Maurer et al. 2015; Gaida, Dapunt and
Hansch 2016).

AHL perception in plants

Although, the AHL impacts on plants have been studied for
more than a decade (Table 1), studies deciphering the percep-
tion mechanism of AHL in plants are scarce. Nonetheless, vari-
ous components have been shown to mediate the AHL response
in plants. C4-HSL elicits transient and immediate increase of
cytosolic Ca2+ levels in Arabidopsis thaliana that were mobilized
from extracellular medium rather than from intracellular Ca2+

storage (Song et al. 2011). N-3-oxohexanoyl-L-homoserine lac-
tone (oxo-C6-HSL) and N-3-oxooctanoyl-L-homoserine lactone
(oxo-C8-HSL) induced root elongation in Arabidopsis is medi-
ated through two G-protein-coupled receptors: GCR1 and GPA1,
also known to be responsive to key hormones and play an inte-
gral role in root development in plants (Liu et al. 2012). Fur-
thermore, Arabidopsis growth and development-related protein
calmodulin (AtCaM) and the transcription factor AtMYB44 play
a vital role in root elongation induced by oxo-C6-HSL (Zhao et al.
2015, Zhao et al. 2016). It was claimed that AHL are degraded
in Arabidopsis by fatty acid amide hydrolase (FAAH) and L-
homoserine, a byproduct after AHL degradation, is required for
root-growth induction effect. AHL-mediated growth-promoting
effect was postulated to be dependent on AHL amidolysis
by plant-derived FAAH, yielding L-homoserine, which would
induce enhanced transpiration and thus enhanced transfer of
minerals and water (Palmer et al. 2014). However, root length
was used as the only parameter to assess AHL response in
plants in this study. Other reports suggested that only some AHL
induce root-elongation while others enhance defense response,
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Table 1. AHL impact on plants.

AHL Source
Concentration
used Host plant Major findings References

C4-HSL Serratia
liquefaciens and
synthetic

1–10 μM Lycopersicon
esculentum

Induces resistance against necrotrophic
fungi Alternaria alternata, increase SA-levels
and plant defense-gene regulation

Schuhegger et al.
2006

Burkholderia
graminis

Unknown L. esculentum Induces plant growth and resistance to salt
stress in tomato seedlings

Barriuso et al. 2008a

synthetic 10 μM Arabidopsis thaliana Primary root elongation and induction of
genes in response to auxin and cytokinin in
Arabidopsis

von Rad et al. 2008

synthetic 10 μM A. thaliana Increases Ca2+ in root hairs of Arabidopsis
seedlings

Song et al. 2011

synthetic 1 and 10 μM Cicer arietinum AHL with magnetic carbon nanofibers
enhanced growth, stress tolerance and
enhanced resistance to Fusarium oxysporum
f. sp. ciceri fungal pathogen

Gupta, Kumar and
Verma 2019

C6-HSL Serratia
liquefaciens

1–10 μM L. esculentum Induces resistance against necrotrophic
fungi Alternaria alternata, increase SA-levels
and plant defense-gene regulation

Schuhegger et al.
2006

synthetic 10 μM Hordeum vulgare and
Pachyrhizus erosus

Uptaken by roots and also detected in
shoots of both plants

Götz et al. 2007

synthetic 10 μM A. thaliana Primary root elongation and induction of
genes in response to auxin and cytokinin in
Arabidopsis

von Rad et al. 2008

synthetic 200 μM Nicotiana attenuata Herbivore susceptibility Heidel, Barazani
and Baldwin 2009

synthetic 6 μM A. thaliana Specific response to different AHL
molecules

Schenk et al. 2014

synthetic 10 μM H. vulgare and P.
erosus

Role on antioxidant and detoxifying
enzymatic activities in roots and shoots

Götz-Rösch et al.
2015

synthetic 1, 10 and 100 μM H. vulgare seedlings Stimulated K+ uptake in root cells and NO
accumulation in roots of barley seedlings

Rankl et al. 2016

synthetic 100 ng/mL Triticum aestivum Increased germination rate, root length,
plant biomass and yield

Moshynets et al.
2019

synthetic 5 and 10 μM Cucumis sativus Increased shoot dry weight and first true
leaf area

Pazarlar et al. 2020

oxo-C6-HSL synthetic 1 μM A. thaliana Primary root elongation, GCR1 and GPA1
are involved in AHL-mediated elongation

Liu et al. 2012

synthetic 1 μM A. thaliana Involvement of calmodulin in
AHL-mediated primary root growth

Zhao et al. 2015

synthetic 1 μM A. thaliana Regulation of primary root elongation
through activation of transcriptional factor,
AtMYB44 and calmodulin signaling

Zhao et al. 2016

synthetic 6 μM A. thaliana Primary root elongation, increase in
biomass

Shrestha et al. 2020

synthetic 1 μM A. thaliana and T.
aestivum

Enhanced salt tolerance Zhao et al. 2020

C8-HSL synthetic 10 μM H. vulgare and P.
erosus

Taken up by roots but detected in shoots of
barley and not yam beans

Götz et al. 2007

Burkholderia
graminis

Unknown L. esculentum Induces plant growth and resistance to salt
stress in tomato seedlings

Barriuso et al. 2008a

synthetic 10 μM H. vulgare and P.
erosus

Role on antioxidant and detoxifying
enzymatic activities in roots and shoots

Götz-Rösch et al.
2015

synthetic 1, 10 and 100 μM H. vulgare seedlings Enhanced growth of roots and shoot,
stimulated K+ uptake in root cells and NO
accumulation in roots

Rankl et al. 2016

oxo-C8-HSL synthetic 1 and 10 μM A. thaliana Primary root elongation, GCR1 and GPA1
are involved in AHL-mediated elongation

Liu et al. 2012

synthetic 10 μM A. thaliana Changes the plant proteome Miao et al. 2012
synthetic 10 nM to 1 μM A. thaliana Modulates primary root growth and

ethylene accumulation
Palmer et al. 2014

synthetic 6 μM A. thaliana Primary root elongation Shrestha et al. 2020
synthetic 10 μM A. thaliana Enhanced resistance against Pst dependent

on SA signaling pathway
Liu et al. 2020
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Table 1. Continued

AHL Source
Concentration
used Host plant Major findings References

C10-HSL synthetic 10 μM H. vulgare and P.
erosus

Taken up by roots but not detected in
shoots of either plants

Götz et al. 2007

Burkholderia
graminis

unknown L. esculentum Induces plant growth and resistance to salt
stress in tomato seedlings

Barriuso et al. 2008a

synthetic 24 and 48 μM A. thaliana seedlings Affects plant root growth and root hair
formation independently of auxin signaling
in Arabidopsis seedlings

Ortiz-Castro et al.
2008

synthetic 10 μM H. vulgare and P.
erosus

Role on antioxidant and detoxifying
enzymatic activities in roots and shoots

Götz-Rösch et al.
2015

oxo-C10-HSL synthetic 100 nM Vigna radiata Auxin-induced adventitious formation
through H2O2 and NO accumulation in
mung bean plants

Bai et al. 2012

synthetic 6 μM A. thaliana Specific response to different AHL
molecules

Schenk et al. 2014

Acidovorax radicis unknown H. vulgare seedlings Induces root colonization and defense
responses through flavonoid accumulation
in barley seedlings

Han et al. 2016

synthetic 5 and 10 μM C. sativus Modified root architecture Pazarlar et al. 2020
C12-HSL Burkholderia

graminis
unknown L. esculentum Induces plant growth and resistance to salt

stress in tomato seedlings
Barriuso et al. 2008a

synthetic 1, 10 and 100 μM H. vulgare seedlings Enhanced growth of roots and shoot,
stimulated K+ uptake in root cells and NO
accumulation in roots

Rankl et al. 2016

oxo-C12-HSL synthetic 10 nM–2 μM Medicago truncatula Auxin response Mathesius et al. 2003
Pseudomonas
aeruginosa

unknown A. thaliana Modulates primary root growth and lateral
root formation

Ortiz Castro et al.
2011

synthetic 6 μM A. thaliana Increased biomass Shrestha et al. 2020
C14-HSL Burkholderia

graminis
unknown L. esculentum Induces plant growth and resistance to salt

stress in tomato seedlings
Barriuso et al. 2008a

oxo-C14-HSL synthetic 6 μM A. thaliana, H.
vulgare

Resistance to biotrophic pathogens,
activation of MAP kinases, defense-gene
regulation

Schikora et al. 2011

Ensifer meliloti unknown A. thaliana Induces resistance against pathogenic
bacteria in Arabidopsis

Zarkani et al. 2013

synthetic 6 μM A. thaliana Cell wall reinforcement and defense
responses through activation of
SA/oxylipin signaling defense against
biotrophic pathogens

Schenk et al. 2014

Ensifer meliloti,
synthetic

1 μM M. truncatula Increased nodule numbers, regulates
nodulation in roots of M. truncatula

Veliz-Vallejos et al.
2014

Ensifer meliloti,
synthetic

6 μM H. vulgare,T.
aestivum, L.
esculentum and A.
thaliana

Induces resistance against pathogens Hernández-Reyes
et al. 2014

Ensifer meliloti,
synthetic

6 μM H. vulgare Enhanced resistance against Blumeria
graminis and AHL-priming is genotype
dependent

Shrestha et al. 2019

synthetic 6 μM A. thaliana Primary root elongation, increase in
biomass

Shrestha et al. 2020

synthetic 5 and 10 μM C. sativus Enhanced resistance against
Pseudoperonospora cubensis and Pseudomonas
syringae pv. lachrymans

Pazarlar et al. 2020

oxo-C16:1-
HSL

Ensifer meliloti estimated 1–10
nM

M. truncatula Regulates protein production related with
auxin responses in M. truncatula plants

Mathesius et al. 2003

Ensifer meliloti unknown M. truncatula Effects of phosphate limitation in their
interaction

Pakdaman and
Mostajeran 2018

oxo-C6-HSL,
oxo-C8-HSL,
oxo-C12-HSL,
oxo-C14-HSL

synthetic 6 μM A. thaliana Upregulation of defense-related genes and
enhanced resistance against Pst

Shrestha et al. 2020

Plants respond to AHL differently, the response may range from modification in growth to enhanced resistance (AHL-priming). This table summarizes the reports on
the impact different AHL molecules have on plants.
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depending on acyl-chain’s length (Schenk et al. ; Shrestha et al.
2020). Different studies have demonstrated that intact short
chain AHL molecules are taken up and transported to shoots
in plants, whereas long chain AHL are not (Götz et al. 2007;
von Rad et al. 2008; Sieper et al. 2014). L-isomers were reported
to possess the main biological activity compared to D-isomers
that elicited no response in plants (Chhabra et al. 2003; Pomini,
Araujo and Marsaioli 2006; Palmer et al. 2014). This is probably
due to the fact that bacteria producing a D-isomer AHL have
not been reported yet (Pomini, Araujo and Marsaioli 2006). Fur-
thermore, the lipophilic nature of long-chain AHL hinder uptake
and long-distance transport. The specificity of AHL-induced
responses however, suggests the existence of cognate percep-
tion mechanisms in plants. However, there are no studies that
show direct interaction of AHL molecules with plant protein(s).
Studies focusing on the identification of such interacting pro-
teins and subsequent assessment of their role in AHL-priming
are necessary since they would open new possibilities for the
application of AHL molecules in agricultural approaches.

Responsiveness to AHL varies among plant genotypes

Plants are known to shape their rhizosphere microbial commu-
nities, as well as the root endophytes (Bulgarelli et al. 2012). Stud-
ies have shown that it is not only different plant species but
also different genotypes of the same plant species that are able
to modulate microbial communities in the rhizosphere differ-
ently (Viebahn et al. 2005; Berg et al. 2006; Garbeva, van Elsas
and van Veen 2007; Micallef, Shiaris and Colón-Carmona 2009;
Aira et al. 2010; Doornbos, van Loon and Bakker 2011; Peiffer
et al. 2013). Plant genotypes differ from each other in terms
of their interaction and selection of microbiota rendering ben-
eficial traits (Wei and Jousset 2017). For instance, the ability
to attract the 2,4-diacetylphloroglunicol producing Pseudomonas
spp. as well as the amount of antibiotics produced in rhizo-
sphere by these strains, differed among wheat cultivars (Gu
and Mazzola 2003; Meyer et al. 2010). Differences in respon-
siveness towards many stimuli including tolerance to dehy-
dration and freezing, ozone sensitivity, and disease resistance
have been reported for Arabidopsis ecotypes originating from
different natural habitats (Kover and Schaal 2002; Lempe et al.
2005; Hannah et al. 2006; Bouchabke et al. 2008; Brosche et al.
2010). Gomez-Gomez, Felix and Boller (1999) utilized different
Arabidopsis ecotypes in order to screen for flagellin sensitivity
and identified the FLS1 locus responsible for flagellin recogni-
tion in Arabidopsis. A year later, the authors identified FLS2, the
genetic variant of FLS1, involved in the perception of bacterial
flagellin (Gomez-Gomez and Boller 2000). Similarly, the ability
of different genotypes to respond to a certain microbe(s) varies
widely. In particular, different genotypes from the same plant
species have varying ability to respond to arbuscular mycorrhiza
fungi (AMF) (Parke and Kaeppler 2000; Sawers et al. 2010). Geno-
typic differences in crop plants including wheat (Hetrick, Wil-
son and Cox 1993), maize (Kaeppler et al. 2000; An et al. 2009)
and onion (Powell, Clark and Verberne 1982; Tawaraya, Tokairin
and Wagatsuma 2001; Galvan et al. 2011) showed differences in
their capacity to respond to AMF. Furthermore, we have pre-
viously demonstrated that barley genotypes, apart from hav-
ing differences in their native resistance against B. graminis f.
sp. hordei (Bgh), have differences in their ability to be primed
by oxo-C14-HSL, for enhanced resistance (Shrestha et al. 2019).
Given the principal ability of AHL-priming in barley and the dif-
ferences in the genetic background, it was suggested that the

effectiveness of oxo-C14-HSL-induced priming to enhance resis-
tance against Bgh and the leaf rust fungus Puccinia hordei Otth. is
genotype-dependent (Shrestha et al. 2019; Wehner et al. 2019). In
this report, we coined the terms, ‘AHL-primable’ and ‘AHL-non-
primable’ to differentiate between genotypes. ‘AHL-primable’
genotypes were responsive to AHL molecule and had the abil-
ity to enhance resistance after AHL-priming, whereas ‘AHL-non-
primable’ genotypes were non-responsive to AHL molecule and
showed no ability to enhance resistance after AHL-priming. The
principal mechanism of AHL-priming in barley is dependent
on the activation of mitogen-activated protein kinases (MAPKs),
enhanced upregulation of defense-related genes, remodeling of
cell wall structure and differential accumulation of metabolites.
Although we were able to characterize the principal mecha-
nism of AHL-induced priming in barley (Shrestha et al. 2019),
the mechanism responsible for genotypic variation in AHL-
priming is not yet understood. These differences in responsive-
ness among different genotypes substantiate AHL-priming as a
genotype-dependent trait. Identification of quantitative trait loci
(QTLs) which are distinct regions in genomes that contain genes
that are associated with a particular trait that governs AHL-
priming for enhanced resistance in barley would be therefore
an integral part in the development of marker-assisted selection
for AHL-priming. Furthermore, identification and characteriza-
tion of differentially accumulated metabolites between primable
and non-primable genotypes would help in decoding metabolic
pathways underpinning AHL-priming in plants.

Role of multiple AHL signals on plant performance

Being sessile, plants cannot relocate to avoid hostile condi-
tions caused by biotic or abiotic stresses. Biotic stresses include
pathogens like bacteria, viruses, fungi, nematodes and insects
while abiotic stresses include drought, heat, cold and high salin-
ity. Furthermore, plants do not harbor mobile defense cells to
defend themselves from such adverse conditions. Therefore,
they developed mechanisms that involve hormones and their
complex crosstalk to fine-tune their physiology and balance
between stress responses and optimal growth. The sophisti-
cated and efficient plant responses to stresses are mediated
through the activation of highly intricated and integrated path-
ways of various plant hormones that have the ability to reg-
ulate broad range of physiological processes. To date, several
reports suggested different roles of hormones in mediating the
AHL-response in plants. It is however not known whether phy-
tohormones mediate AHL-response or vice versa (AHL mod-
ulates phytohormones in plants). The crosstalk of these hor-
mones occurs on many levels, it regulates gene expression,
phytohormone metabolism and protein modification (Pieterse
et al. 2009) along with efficient energy utilization in plants.
Treatment with lower concentration of both salicylic acid (SA)
and jasmonic acid (JA) has shown to have synergistic effects
while higher concentration showed antagonistic effects. Treat-
ment with lower concentrations of both SA and JA has shown
to synergistically upregulate expression of the SA-responsive
gene, Pathogenesis-Related 1 (PR1) and the JA-regulated gene,
plant defensin 1.2 (PDF1.2), while higher concentrations showed
antagonistic expression of those genes. Moreover, the induction
of SA levels during infection with the hemibiotrophic pathogen,
Pseudomonas syringae was shown to increase susceptibility of
the host plant to the necrotrophic pathogen, Alternaria brassi-
caceae due to repression of the ethylene (ET)/JA pathway (Spoel,
Johnson and Dong 2007). The activation of ET/JA signaling path-
way usually represses the activation of SA signaling pathway.
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This crosstalk mechanism between the hormones is exploited
by the hemibiotrophic bacteria, P. syringae. The bacteria pro-
duce coronatine (COR) that mimics jasmonyl isoleucine (JA-
Ile) and interacts with the JA co-receptor CORONATINE INSEN-
SITIVE 1-JASMONATE ZIM DOMAINs (COI1-JAZs) and triggers
JA response. COR also activates expression of NAC transcrip-
tion factor that directly represses Isochorismate synthase 1
(ICS1) and BSMT1 and results in diminished accumulation of
SA (van Verk, Bol and Linthorst 2011). JA and ET signaling path-
ways synergistically crosstalk and regulate responses against
necrotrophic pathogens by activating defense proteins such as
PDF1.2 (Pieterse et al. 2012). Exogenous auxin treatment was
shown to induce JA synthesis while the endogenous JA induces
upregulation of auxin synthase gene (ASA1) and increased auxin
content indicating that JA regulates auxin synthesis (Chen et al.
2011). Furthermore, the coordination between JA and auxin sig-
naling pathways regulates flower development by modulating
JA, while JA and auxin antagonize root growth through JAZs-
MYC2 (Reeves et al. 2012). The crosstalk between JA and abscisic
acid (ABA) signaling pathway through the involvement of JAZ-
MYC2 regulates responses to herbivorous insects, while antago-
nizes plant growth and development (Chen et al. 2011; Per et al.
2018).

Recently, many studies have focused on AHL responses in
plants. One of such responses is the modification in root mor-
phology. AHL molecules like the short-chained N-hexanoyl-L-
homoserine lactone (C6-HSL) and C8-HSL increased root length
in Arabidopsis (von Rad et al. 2008; Schenk et al. 2012). The
growth-promotion effect of short-chain AHL was shown to be
dependent on auxin signaling processes (von Rad et al. 2008; Bai
et al. 2012; Liu et al. 2012). Furthermore, transcriptional analy-
ses showed induction of auxin-associated genes due to short-
chain AHL (C6-HSL) treatment (von Rad et al. 2008) and long-
chain AHL (oxo-C14-HSL) after subsequent challenge with a con-
served 22 amino acid long-peptide in N-terminus of the flag-
ellin protein (flg22) (Schenk et al. 2014). Moreover, the concentra-
tion of active cytokinin declined in leaf tissues four days after
C6-HSL treatment, while the concentration of auxin increased
both in leaf and root tissues (von Rad et al. 2008). Such modi-
fications of root length and plant biomass after an AHL treat-
ment were observed also in wheat and barley (Rankl et al.
2016; Moshynets et al. 2019). Besides, oxo-C10-HSL-stimulated
enhanced basipetal auxin transport followed by accumulation
of hydrogen peroxide (H2O2) and NO henceforth, the forma-
tion of adventitious root in mung beans (Bai et al. 2012). C10-
HSL triggered shortening of roots and increased lateral root
and root hair formations in Arabidopsis. However, some stud-
ies denied the involvement of auxin in AHL-mediated mod-
ulation of plant development (Ortiz-Castro, Valencia-Cantero
and Lopez-Bucio 2008; Palmer et al. 2014). Another response
to AHL molecules, particularly long-chained AHL, is the AHL-
priming for enhanced resistance (Schikora et al. 2011; Schenk
et al. 2014; Shrestha et al. 2020). The involvement of defense
hormones in AHL-induced resistance was revealed after the
AHL-producing strain of Serratia liquefaciens induced resistance
through the accumulation of SA in tomato (Hartmann et al.
2004; Schuhegger et al. 2006). Moreover, the long-chain AHL oxo-
C14-HSL induced enhanced resistance systemically in Arabidop-
sis (Schikora et al. 2011). SA, along with the oxylipin 12-oxo-
phytodienoic acid (cis-OPDA), was involved in the oxo-C14-HSL-
induced systemic response as suggested by the accumulation of
these two compounds as well as genetical approaches (Schenk
et al. 2014). Previous reports suggested that the enhanced and
prolonged activation of the MAP kinases, MPK3 and MPK6, along

with the upregulation of defense-related genes like WRKY22,
WRKY29, GST6 and Hsp70, are associated with oxo-C14-HSL-
mediated priming for enhanced defense response (Beckers et al.
2009; Schikora et al. 2011; Schenk and Schikora 2014; Shrestha
et al. 2019). Transcriptional analyses revealed an upregulation
of genes that are related to Ca2+ signaling, G-proteins, defense,
cell wall and flavonoid metabolism. Additionally, AHL-induced
signature also involves higher accumulation of reactive oxy-
gen species (ROS), phenolic compounds and callose in cell walls
(Schenk and Schikora 2015). Furthermore, AHL induces toler-
ance to abiotic stress. Arabidopsis treated with oxo-C6-HSL were
shown to be more tolerant to high salt concentrations (Barriuso,
Solano and Mañero 2008b; Zhao et al. 2020). The enhanced tol-
erance to salt stress was found to be dependent on both ABA-
dependent and ABA-independent signal pathways and also pos-
sibly the Salt Overly Sensitive (SOS) pathway (Zhao et al. 2020).

The endophytic communities of plants typically include
members of the Proteobacteria and Firmicutes phyla and to a
lesser extent Bacteriodetes (Trivedi et al. 2020). Among these,
several genera possess members which are known to produce
distinct and varied AHL that confers beneficial traits in plants,
these include for example Burkholderia spp. and Pantoea spp. (Bar-
riuso et al. 2008a; Jiang et al. 2015). Plant roots may host sev-
eral AHL-producing bacteria (Berg et al. 2002; Balasundararajan
and Dananjeyan 2019) and therefore, encounter multiple AHL
at once, which requires a coordinated response. Most studies
assessed the interactions in a bilateral manner between a plant
and an AHL molecule. However, a recent study by our group
investigated complex interactions between the host plant and
multiple AHL molecules in order to reflect the situation in the
rhizosphere more accurately (Shrestha et al. 2020). Remarkably,
AHL combinations of three or four molecules elicited enhanced
resistance against the hemibiotrophic pathogen P. syringae pv
tomato, indicating induced resistance as a major outcome of
multiple AHL-perception. However, AHL combination of two
AHL molecules exhibited contrasting results. Apart from the
plants treated with combination of two different long-chained
AHL, plants treated with combinations of two AHL molecules
containing short-chained AHL, were not able to upregulate
defense-related genes nor exhibit enhanced resistance. Unfor-
tunately, the physiological mechanism involved in the response
to a combination of different AHL as well as the role of hor-
mones and their crosstalk(s) is not yet understood. Nonethe-
less, a microbial consortium of bacterial strains that produce
different AHL molecules would be an interesting prospect as
an approach for AHL-priming for enhanced resistance (Fig. 2).
The efficiency of such microbial consortium must be verified
though, by assessing the plant responses using different plant
genotypes, soils with different characteristics as well as by mon-
itoring the AHL concentration and the persistence of such con-
sortium in the rhizosphere at different stages. This kind of stud-
ies would allow to assess multiple interactions, they should be
encouraged in the future in order to better understand the com-
plex interactions that occur in the rhizosphere and to optimize
our plant protection approaches.

Complex inoculum of biologicals

The application of bacterial inoculum with traits that improve
plant performance is a widely utilized technique in modern
agriculture. However, a key constraint of many inocula is the
bacteria’s struggle to survive and adapt to the new environ-
ment. The ability of inoculated strains to adapt and compete in
the new environment is dependent on their concentration and
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Figure 2. AHL-priming in plants. The use of biological inoculum of bacteria producing different AHL could render several beneficial effects. However, different factors
that influences AHL-priming in plants, should be considered in such approaches.

physiological activity (Samad et al. 2017). Moreover, a strain that
induces plant performance during laboratory screening, doesn’t
necessarily replicate desired traits in a greenhouse or in the field
(Backer et al. 2018). For instance, the increased growth of maize
and wheat after treatment with Azospirillium brasilence observed
under controlled conditions in greenhouse depended on N-
fertilization and the inoculum dose, while tested in field (Fukami
et al. 2016). Another example is Rhizobium leguminosarum bv. tri-
folii, when inoculated to rice plants, this bacterium increased
biomass and yield in the greenhouse but failed to exhibit such
traits in the field (Kecskés et al. 2016). This failure is often due
to the inability of the introduced strains to compete with the
highly diverse microbiome in the field soil. One of the emerging
approaches to resolve this lab to field hurdle is an application
of microbial consortia rather than single strains (Parnell et al.
2016; de Vrieze et al. 2018). This technique employs combination
of microorganisms eliciting or complementing each other for
different traits including growth-promoting effects (Santhanam
et al. 2015; Wei et al. 2015; Hu et al. 2016; Yasmin et al. 2016;
Niu et al. 2017) or enhanced disease resistance (Baas et al. 2016;
Timm et al. 2016). There are different reports of microbial com-
binations exhibiting plant growth-promoting effects in differ-
ent plant species including grapevine (Rolli et al. 2015), potato
(de Vrieze et al. 2018), tomato (Berg and Koskella 2018), maize
(Molina-Romero et al. 2017) and Arabidopsis (Berendsen et al.
2018). Some reports, however, showed consortia with adverse
effects (Rolli et al. 2015; de Vrieze et al. 2018; Herrera Paredes
et al. 2018). This suggests that mixture of microbial strains for
consortium requires strong and scrutinized selection process.

It was shown that high diversity had a positive effect on
the survival of introduced Pseudomonas consortia, while it still
reduced incidence of the pathogen Ralstonia solanacearum (Hu
et al. 2016). Furthermore, treatment with high diversity con-
sortia enhanced biomass as well as assimilation of nutrients
in plant tissues (Hu et al. 2017), suggesting that diversity plays
an important role in the consortium. In contrast, increasing
strain richness of biocontrol species, for example in the case of
Pseudomonas fluorescens, did not exhibit plant protection traits,
probably because of the collapse of the community (Becker
et al. 2012). Complex inocula can include numerous species that
render positive microbe-microbe interaction with each other.
For instance, bacteria that have the ability to enhance germ
tube elongation and hyphal branching in arbuscular mycorrhizal
fungi (AMF) promoted symbiotic development of AMF on potato

plants (Lojan et al. 2017). It is imperative to consider the origin of
the consortium members including soil type, plants or climate
zone. It is also of vital importance to verify the compatibility of
strains with the application site, the corresponding plant species
or genotype and the soil type along with their capacity to repli-
cate the desired trait in the new environment. This increases the
probability of an establishment success as well as the elicitation
of desired traits by the introduced strains (Compant et al. 2019).

Some of these shortcomings can be compensated utiliz-
ing suitable formulation and delivery approaches which ensure
the efficacy as well as the viability of the introduced inocu-
lum and its shelf life. A novel and promising approach would
utilize synthetic biology in order to design microbial consortia
that combine mechanisms, pathways and interactions, which
leads to the desired plant growth-promotion and plant protec-
tion traits. Suitable formulations are limited especially for Gram-
negative bacteria, where viability in formulation is reduced
due to the low tolerance of bacteria to low humidity (Köhl
et al. 2011). Encapsulation of plant growth-promoting bacteria
(PGPB) with macrobeads as well as nanoparticles could pro-
vide humid environment that improves adhesion of PGPB to
the roots (Perez et al. 2018; Timmusk, Seisenbaeva and Behers
2018). The mode of delivery of these PGPB is another integral
aspect that should be taken into consideration. A novel deliv-
ery approach is to spray flowers with the inoculum strain(s)
to attain endophytic colonization in the next generation (Mit-
ter et al. 2017). Besides, other than biologicals, the inocu-
lum of pure AHL molecules as a seed treatment could be an
innovative inoculum strategy. Seed priming of winter wheat
with a pure AHL molecule resulted in enhanced resistance,
increased yield and promoted faster germination and embryo
development (Moshynets et al. 2019). Interestingly, AHL-priming
of seeds also induced transgenerational effect (Moshynets
et al. 2019).

Assessing the intricated mechanisms and interactions of
complex inocula and inoculated crops is very challenging. At
the same time, their presumed impact on the plant should not
neglect the effect that it might have on other soil biota. This
requires robust design and analytical framework along with
novel diagnostic tools to monitor such experimental systems.
With the advent of next generation sequencing-based methods,
identification of species and even specific isolates from soil and
root samples is possible. In addition, we are able to follow the
fate of the inocula, once introduced into the new environment.
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This facilitates the identification and incorporation of appropri-
ate risk management strategies, whenever needed.

Sustainable agricultural practices

Detrimental effects on ecosystems because of the intensive
land-use threatens soil biodiversity and causes various envi-
ronmental problems, including eutrophication of surface water,
reduced aboveground biodiversity and global climate warm-
ing (Foley et al. 2005). Moreover, intensive agricultural practices
including intensive soil tillage, repeated intensive fertilization,
application of pesticides and low plant diversity badly affect
the soil biota and reduce soil microbial biomass (McDaniel, Tie-
mann and Grandy 2014). Ecological intensification has been
proposed as an approach to combat the negative effects of
global intensive land-use by integrating ecological processes
into land-management strategies (Bommarco, Kleijn and Potts
2013). The future challenge of sustainable agriculture is to
develop approaches that meet challenges of food security and
safety while optimizing environmental sustainability (Foley et al.
2011).

The adverse effects on biodiversity and soil biota could be
reduced by employing approaches like conservation agricul-
ture and organic farming (Mäder et al. 2002; Verbruggen et al.
2010; Tuck et al. 2014), even if these approaches might ren-
der lower yields compared to conventional systems (Seufert,
Ramankutty and Foley 2012; Pittelkow et al. 2015). The applica-
tion of organic residues and composts reduces pest incidence
(Brown and Tworkoski 2004), weed pressure and favors soil
biota (Mäder et al. 2002). Moreover, improved soil properties and
plant performance through applications of biochar to agricul-
tural soils, have shown to enhance nitrogen fixation and AMF
abundance (Güereña et al. 2015). Increasing crop diversity, both
spatially through intercropping and temporarily through crop
rotation or cover crops, ensue several benefits on processes in
an ecosystem (Li et al. 2007). Enhanced abundance of soil biota
due to the selection of particular cover crops increases the yield
of subsequent crops (Deguchi et al. 2007). Planting of diverse
rice cultivars reduced the pathogen incidence and increased
yield, even without fungicides application (Zhu et al. 2000). How-
ever, studies that address beneficial effects of crop diversity
on soil biota and underground ecosystem processes are still
scarce. Another approach of targeted soil biological engineering
improves the ecosystem processes by enhancing soil biodiver-
sity through selective inclusion of specific species. This ensures
the exclusion of deleterious effects of undesired organisms, for
example pathogens (Dobson 2004) or weeds (Mäder et al. 2002).
Over the years of breeding of crop plants, the breeders have
often failed to integrate root traits and their associated micro-
biota (Schlatter et al. 2017). Domestication of crops over centuries
has not only led to loss of genetic plant diversity but also to
the reduced diversity of plant-associated microbiota along with
loss of the capacity to interact with beneficial microbes (Perez-
Jaramillo, Mendes and Raaijmakers 2016). Plant genotypes differ
in their selection of microbiota with beneficial attributes (Wei
and Jousset 2017), thus plants or genotypes could be selected for
recruitment of beneficial microbiota (Abhilash et al. 2012). The
knowledge regarding how plants regulate the composition of
the associated microbiome, through carbon allocation and root
exudation of specific compounds, should be integrated into crop
breeding strategies in order to enhance agricultural sustainabil-
ity (Chaparro et al. 2012; Oldroyd 2013; Walder and van der Hei-
jden 2015). Breeding crops to acquire desired plant microbiota
for specific beneficial traits such as disease suppression (Mendes

et al. 2011), biomass and yield (Sugiyama et al. 2013) and growth
(Bainard et al. 2013) could be the major strategy in future breed-
ing programs (Mueller and Sachs 2015).

Management strategies that combine biological diversity
with targeted integrations of soil biota that renders desired spe-
cific functions, should be proposed and applied in the future.
The optimal management strategy would be the one that incor-
porates soil and plant community management to rhizosphere
and plant microbiome management. This would result in tar-
geted modulation of microbiome composition in order to sustain
ecological ecosystem processes along with food production.

Prospects of AHL-priming in sustainable agriculture

AHL-priming for enhanced resistance and yield in crop plants
has promising potential and prospect as one of the sustainable
agriculture practices and a credible alternative for ecologically
harmful chemicals like fertilizers and pesticides. AHL-priming
has been shown to enhance resistance and yield and also to
enhance tolerance to abiotic stresses including high salinity,
drought and extreme temperatures. This would help in allevi-
ating dreadful effects of climate change on global agriculture.
We encourage therefore more studies in order to exploit bene-
fits of AHL-priming on agriculture in the future. There are several
factors that should be considered in order to attune and estab-
lish efficient AHL-priming. Not all plant genotypes have the abil-
ity to be primed by a particular AHL molecule (Shrestha et al.
2019). Besides, particular plant species or genotype may have
impaired AHL-perception and thus lack the ability to perceive
the AHL molecule and therefore undergo priming. Additional
studies on inoculum of mixed bacteria producing different AHL
should comprehensively verify and assess the enhanced resis-
tance induced by the combination of pure AHL molecules that
was reported by our group (Shrestha et al. 2020). Moreover, inocu-
lum of different AHL molecules could be directly used as a foliar
spray or seed treatment for better physiological performance,
higher yield and enhanced resistance to biotic and abiotic fac-
tors (Moshynets et al. 2019). A recent study on nanocomposite
(NC) fertilizer using magnetic carbon nanofibers (Fe-CNFs) cou-
pled with C4-HSL stimulated seed germination and growth of
seedlings along with enhanced resistance to fungal pathogen,
oxidative and high salinity stresses (Gupta, Kumar and Verma
2019). This study opens new possibilities, facilitating nanotech-
nology as a future potential technique for AHL-priming. How-
ever, assessment of NC-fertilizers on soil health and ecology
together with food safety and environmental impact is neces-
sary. There are several questions that should be addressed in
order to assert AHL-priming as an effective amendment to sus-
tainable agriculture practices. For this reason, further studies
are required and should be promoted. Those should assess the
efficiency and effectiveness of AHL-priming not only in labora-
tory and greenhouse but also upon field conditions. More efforts
to ascertain the factors that are involved in AHL-priming and
to discern various information including effective concentra-
tion, where and how often AHL treatment (biological inoculum)
needs to be applied to prime the plant, are still required. On the
other hand, assessment of the impact of AHL-priming on dif-
ferent soil types has not yet been performed. This is very cru-
cial, as soil type might have an influence on the effectiveness
of AHL-priming. Different agricultural practices have shown to
influence the structure of rhizosphere microbiota where diver-
sity of soil microbiome was shown to have a correlation with
plant and soil health (Bziuk et al. personal communication; Hirt
2020). Thus, it wouldn’t be surprising if agricultural practices
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influenced the structure of AHL-producing bacteria in the soil,
having effects on the plant immune system and eventually the
plant health.

CONCLUSIONS

There is an increasing number of studies deciphering the inter-
actions between plants and their associate organisms, particu-
larly focusing on the underlying mechanisms by which microor-
ganisms influence critical plant traits, for instance tolerance to
biotic and abiotic stresses or nutrient use efficiency. Although
bacteria depend hugely on QS molecules to communicate and
regulate cellular processes, it is still not fully understood how
plants respond to the diverse bacterial QS molecules. The ben-
eficial impact of QS molecules like AHL on plant growth and
immune response (AHL-priming) is a well-known phenomenon.
Studies focusing on the identification of AHL-interacting pro-
teins and subsequent assessment of their role in AHL-priming
are necessary since they would open new possibilities for the
application of QS molecules in agricultural approaches. AHL-
priming is a genotype-dependent trait and requires appropriate
genetic background. Efficient exploitation of this genetic vari-
ability in order to enhance AHL-priming for enhanced resistance
could be one of the modern plant breeding strategies. Therefore,
elucidation of AHL-primable and AHL-non-primable genotypes
will help to gain information on breeding markers and QTLs
associated with the priming response. Identification of QTLs
that governs AHL-priming for enhanced resistance and devel-
oping marker-assisted selection tools would greatly increase the
efficacy of priming in crop plants and promote sustainable agri-
culture. Inoculum of bacteria that produce AHL molecules with
different acyl-length or combination of pure AHL molecules is
an interesting prospect and needs further assessment. Taken
together, extensive study on the dynamic interactions between
plant, its associated microbes and AHL production could help
with the successful transfer of the discussed approaches from
laboratories to fields.
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