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Abstract: Chemotaxis, the ability of motile bacteria to direct their movement in gradients of attrac-
tants and repellents, plays an important role during the rhizosphere colonization by rhizobacteria.
The rhizosphere is a unique niche for plant–microbe interactions. Root exudates are highly complex
mixtures of chemoeffectors composed of hundreds of different compounds. Chemotaxis towards root
exudates initiates rhizobacteria recruitment and the establishment of bacteria–root interactions. Over
the last years, important progress has been made in the identification of root exudate components
that play key roles in the colonization process, as well as in the identification of the cognate chemore-
ceptors. In the first part of this review, we summarized the roles of representative chemoeffectors that
induce chemotaxis in typical rhizobacteria and discussed the structure and function of rhizobacterial
chemoreceptors. In the second part we reviewed findings on how rhizobacterial chemotaxis and other
root–microbe interactions promote the establishment of beneficial rhizobacteria-plant interactions
leading to plant growth promotion and protection of plant health. In the last part we identified the
existing gaps in the knowledge and discussed future research efforts that are necessary to close them.

Keywords: rhizospheric chemotaxis; plant growth-promoting rhizobacteria (PGPR); methyl-accepting
chemotaxis protein (MCP); dCache; chemoeffector

1. Introduction

Plant-associated microbiomes, also referred to as the second genome of the plant [1],
are crucial for plant health, such as growth promotion and disease resistance, etc. [2,3].
These microbiomes have formed a multifunction ‘holobiont’ with their plant host dur-
ing evolution [4]. Therefore, the plant colonization by beneficial rhizobacteria (including
Bacillus, Pseudomonas, Azorhizobium, etc.) is a process of enormous relevance for the estab-
lishment of sustainable and green agriculture production. Importantly, chemotaxis to seed
or root exudates was shown to be an essential prerequisite for efficient root colonization.
Plant-growth-promoting rhizobacteria (PGPRs), including members of many bacterial
genera like Bacillus, Pseudomonas, Azospirillum, Burkholderia, and Rhizobium are widely
used in agricultural production for stimulating plant growth and suppressing soil-borne
diseases [5]. Further studies showed that the performance of their plant-beneficial effects
depends on efficient rhizosphere colonization [6]. The rhizosphere, which is influenced
by root exudates, can hold up to 1011 microbial cells per gram of root [7], that belong to
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more than 30,000 bacterial species [1]. To survive and thrive in the rhizosphere, rhizobac-
teria need to navigate in chemical gradients to places where their metabolism is optimal.
Therefore, rhizosphere chemotaxis contributes to the overall structure of the microbial
community in the rhizosphere.

Plant root exudates are a complex mixture of organic and inorganic substances released
into the rhizosphere environment through the root system during plant growth [8]. Plants
release up to 40% of their photosynthesis products into the rhizosphere as root exudates,
that can be divided into two classes, namely small molecular weight compounds (including
amino acids, organic acids, sugars, and other secondary metabolites), accounting for much
of the diversity of root exudates, and the less diverse high molecular weight compounds,
such as mucilage (polysaccharides) and proteins [8]. The root exudates of different plants
are different in quantity and composition [9], depending on different factors, such as plant
species [10], plant development [11], and soil environmental conditions [12]. However,
numerous compounds are shared in different plants, and others rather unique to certain
plants species have been identified. For example, benzoxazinoids (BXs), appear to be
produced by different grass species (Poaceae, including maize, wheat, and rye) [13], mostly
during the early stages of plant development and to a lesser extent in mature plants [14].
Many root exudate components serve as carbon and nitrogen sources for rhizosphere
microoranisms and also play a role in the signaling processes that regulate the plant–
bacteria interactions [15].

Plants recruit PGPRs to the rhizosphere through the release of specific signal molecules [16].
Chemotactic responses to root exudates, initiated by ligand sensing at chemoreceptors,
or methyl-accepting chemotaxis proteins (MCPs), is very important for root colonization
and the beneficial functions of PGPRs. It has been shown that chemotaxis in response to
root exudates is an essential initial step in the recruitment and colonization of plants by
PGPRs [17,18], that also enhances the ability of bacteria to colonize the roots of diverse plant
hosts [18]. Given the complexity of root exudates, it is essential to identify components that
play a key role in both chemotaxis and root colonization.

Significant progress has been made in understanding rhizosphere chemotaxis, result-
ing in (i) the identification of chemoeffectors sensed by the rhizobacteria, (ii) the structural
and functional characterization of a great diversity of rhizobacterial MCPs, and (iii) the
determination of the influence of rhizosphere chemotaxis on root colonization, biofilm
formation, and other root–microbe interactions. These advances will be summarised in this
review and future research objectives are discussed in order to close the existing gaps of
knowledge.

2. Chemoeffectors in Root Exudates Sensed by Beneficial Rhizobacteria

Root exudates contain primary and secondary metabolites, including amino acids, or-
ganic acids, sugars, alcohols, polyamines, fatty acids, purines, phytohormones, terpenoids,
flavonoids, and benzoxazinoids [19,20]. So far, most of the identified chemoattractants of
root exudates for rhizobacteria were low-molecular-weight compounds. Although plant
root exudates are diverse and complex [8], primary metabolites are present in most of them.
Bacillus spp. are important members of the PGPRs family, and have been commercially
exploited as biofertilizers and biocontrol agents [21]. The well-studied and commercially
widely used PGPR strain Bacillus velezensis SQR9, isolated from the cucumber rhizosphere,
can promote plant growth, and protect plant health [22]. SQR9 is chemotactically at-
tracted to cucumber root exudates [23]. The composition of cucumber root exudates was
determined by mass spectrometry and it was shown that SQR9 responded chemotacti-
cally to nearly half of the tested root exudate components (44 of the 98 compounds). Of
these 39 were chemoattractants (including 20 amino acids, 11 organic acids, 5 sugars, and
3 others), while only 5 compounds (salicylic acid, pentadecanoic acid, sodium decanoate,
DL-dithiothreitol, and hydroxycarbamate) were chemorepellents [24].

Amino acids, organic acids, and sugars were the major chemoattractant families and
accounted for 45, 32, and 11% of the identified chemoattractants (Table 1), respectively.
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Pseudomonas putida KT2440, an efficient colonizer of plant roots, can protect plant hosts
against phytopathogens through the induction of systemic resistance. KT2440 was found
to respond to many different organic acids (including TCA intermediates), amino acids,
sugars, polyamines, gamma-aminobutyric acid (GABA), inorganic phosphate, and the
changes in the energy status (Table 1) [25]. Sinorhizobium (Ensifer) meliloti is the cognate
symbiont for alfalfa (Medicago sativa L.), which is a very important forage crop and capable
of nitrogen-fixing symbiosis. Alfalfa and other legumes can recruit S. meliloti to the rhizo-
sphere, exhibiting positive chemotactic responses toward a wide range of substances, such
as amino acids, organic acids, sugars, and substrates that induce energy taxis (Table 1) [26].

Table 1. MCPs of rhizobacteria containing a cache type sensor domain that respond to different ligands.

Strains (Total Number of MCPs) MCP Chemoeffector Binding Mode References

Bacillus subtilis OI1085 (10)

McpA Glucose, alpha-D-ethylglucoside unknown [27]

McpB Asparagine, aspartic acid,
glutamine, histidine; methanol direct [27,28]

McpC

Proline, threonine, glycine, serine,
valine, alanine, tyrosine, isoleucine,
tryptophan, phenylalanine, leucine

direct
[29]

Asparagine, lysine, glutamine,
methionine indirect *

Bacillus amyloliquefaciens SQR9 (8)

McpA

Citric acid, aspartic acid direct

[24]

Glutamic acid, isoleucine, lysine,
tyrosine, serine; phthalic acid, oxalic

acid, malic acid, succinic acid,
fumaric acid, adipic acid,

dehydroascorbic acid, glyceric acid,
3-hydroxypropionic acid, gluconic

acid, sodium decanoate; ribitol,
mannose, ribose, fucose,

hydroxycarbamate (r), fructose,
galactose

unknown

McpB

Glycine, tryptophan, asparagine,
glutamine, serine, cysteine,

methionine; salicylic acid (r), sodium
decanoate (r), adipic acid, ribose,

glyceric acid, 3-hydroxypropionic
acid, gluconic acid, fructose

unknown

McpC

Valine, alanine, proline, leucine,
histidine, serine, threonine, cysteine,
methionine; gluconic acid, succinic

acid, maltose

unknown

TlpA
DL-dithiothreitol (r),

hydroxycarbamate (r), sodium
decanoate (r), gluconic acid, maltose

unknown

TlpB

Phenylalanine, threonine; malic acid,
succinic acid, fumaric acid, salicylic

acid (r), sodium decanoate (r),
gluconic acid, pentadecanoic acid (r);

ribose, fucose, maltose, fructose;
dulcitol, inosine

unknown
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Table 1. Cont.

Strains (Total Number of MCPs) MCP Chemoeffector Binding Mode References

Pseudomonas putida KT2440 (27)

McpA

Glycine, alanine, cysteine, serine,
asparagine, glutamine,

phenylalanine, tyrosine, valine,
isoleucine, methionine, arginine

direct [30]

McpG γ-aminobutyric acid (GABA) direct [31]

McpH Adenine, guanine, hypoxanthine,
purine, xanthine, uric acid direct [32]

McpP (s) Acetate, pyruvate, propionate,
L-lactate direct [33]

McpU
Agmatine, cadaverine,

ethylenediamine, histamine,
putrescine, spermidine

direct [30,34,35]

Pseudomonas fluorescens Pf0-1 (37)

CtaA

Alanine, arginine, asparagine,
cystine, glycine, histidine, isoleucine,
lysine, methionine, phenylalanine,
serine, threonine, tyrosine, valine,

leucine, proline

unknown

[36]

CtaB

Alanine, arginine, asparagine,
cystine, glycine, histidine, isoleucine,
lysine, methionine, phenylalanine,
serine, threonine, tyrosine, valine,

glutamine, glutamic acid

unknown

CtaC Arginine, cystine, glycine,
methionine, threonine unknown

McpT (s) L-malate, succinate unknown [37]

Sinorhizobium meliloti MV II-1 (8)

McpU Proline direct [38,39]

McpV (s)

Propionate, acetate, glycolate,
pyruvate, acetoacetate, formate direct

[26,39]Butyrate, L-lactate, glyoxylate,
methyl pyruvate,

α-hydroxybutyrate, α-ketobutyrate;
unknown

McpX
Choline, glycine betaine,

stachydrine, trigonelline, choline,
betonicine, proline betaine

direct [39–41]

(r) indicates that this compound is a chemorepellent. (s) indicates that the LBD of the MCP belongs to sCache domain family, whereas the
remaining MCPs possess a dCache domain. * indicates that three candidate binding lipoproteins associated with amino acid transporters:
ArtP was found to bind arginine and lysine; GlnH, glutamine; MetQ, methionine.

However, as the composition of root exudates is complex, the resulting chemotactic
behavior is highly multifactorial and represents the sum of activities of different chemoat-
tractants and MCPs mediating responses with different magnitudes. Furthermore, in the
rhizosphere, the concentration of root exudates varies with the different distance toward
the root [42], and this variation in concentration adds to the complexity of chemotaxis and
root colonization.

Recent advances in untargeted metabolomics have enabled the detection and identi-
fication of a large number of novel exudate components [43]. Some compounds may be
present in different forms, such as isomers or optical rotation, which may cause different
chemotactic responses. For example, Pseudomonas fluorescens Pf0-1 showed a very strong
response to L-malate, but could not sense D-malate [37]. A large unexplored field is the
mutual influence of the tripartite probiotics-plant-pathogen interaction in root exudate
chemoataxis and colonization. One such example is that of the cucumber root colonization
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by Fusarium oxysporum f.sp.cucumerinum that increased tryptophan secretion by the root,
which is a strong chemoattractant of the PGPR strain Bacillus velezensis SQR9 leading to an
enhanced root colonization that counteracts the effects of the pathogen [24,44].

In addition to the above common chemotactic compounds, there are some plant
compounds that appear to be secreted specifically by some bacteria only [19,45,46]. In S.
meliloti, quaternary ammonium compounds (QACs), such as glycine betaine, trigonelline,
and choline, can serve as nutrient sources and osmoprotectants, and can promote the
colonization of alfalfa seedling roots (Table 1). Like flavonoids, QACs (stachydrine and
trigonelline) have been described to induce nodD2 gene activity, which is critical in estab-
lishing the legume–rhizobium symbiosis [40,47]. Another example are isoflavones that are
released by soybean roots and attract the nodulating symbiont Bradyrizobium japonicum [48].
Polyamines such as cadaverine, putrescine, and 1,3-diaminopropane, that are present
in soybean root exudates, attract the plant parasite Meloidogyne incognita (a nematode).
This knowledge permits the rational development of strategies for the protection of crops
from the infection of root-knot nematodes [49]. The compound 1-aminocyclopropane-
1-carboxylic acid (ACC), a precursor of ethylene synthesis in plants, is secreted in the
rhizosphere, in which PGPRs can take advantage of it as a source of carbon and nitrogen
using ACC deaminase, encoded by the acdS gene. ACC is a relatively strong and key
chemoattractant for the strain Pseudomonas sp. UW4. Interestingly, most PGPRs contain
the acdS gene, and can use ACC as the sole nitrogen source, giving them a significant
advantage over competing bacteria [50].

The canonical way of sensing by MCPs consists in the interaction of the chemoeffector
with the ligand binding domain (LBD). In recent years, a number of unconventional
sensing mechanisms have been reported, such as those of pH and ethanol. Interestingly,
Bacillus subtilis, that preferentially lives in environments with neutral pH, was found to
perform bidirectional pH taxis. This response is based on the concerted action of four
MCPs, namely McpA and TlpA for sensing acidic environments, and McpB and TlpB for
sensing the alkaline pH range [51]. Ethanol is also an attractant for B. subtilis. This response
appears to be counter-intuitive since ethanol is of no metabolic value to B. subtilis and,
in addition, inhibits its growth. However, a possible reason for ethanol taxis may be to
prey for ethanol-producing microorganisms [28]. These findings enlarge the list of known
chemoeffectors.

Energy taxis relies on the activity of energy taxis receptors and is the movement to
locations that permit optimal metabolic activities [52,53]. As one of the most important
parameters, the redox state of the rhizosphere, is helpful for maintaining this ecological
system [54,55]. Energy taxis to redox-active compounds may play major roles in plant–
microbe interactions. A representative example is that of Pseudomonas chlororaphis that was
isolated from avocado roots and that showed biocontrol activity towards the pathogen
Rosellinia necatrix. The former organism produces the highly redox-active compound
phenazine causing energy taxis involving multiple Aer receptors [56].

Furthermore, fungal hyphae can also release a series of compounds into the myco-
sphere, where they mediate fungi-bacteria interactions. The mycosphere is typically of
weakly acidic, which favors the colonization by rhizobia, especially of the genus Bradyrhizo-
bium. Since root exudate-driven bacterial chemotaxis cannot explain bacterial long-distance
dispersal, mycelia constitute an ideal dispersal networks, which is also known as the
“fungal highway”, that facilitates microbial transfer from bulk soil to the rhizosphere,
which was found to be particularly important for establishing legume-rhizobium symbio-
sis [57]. Recently, spores of the nonmotile Streptomyces were found to activate chemotactic
mechanisms of other soil bacteria (such as Bacillus subtilis and Pseudomonas fluorescens),
which were transported from bulk soil to the plant roots. The authors suggested that
Streptomycetes may be able to form “microbial hitchhiking” with their motile partner [58].
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3. Rhizobacterial MCPs Sensing the Rhizosphere Chemoeffectors

The key component of a chemosensory pathway is the ternary complex formed by
MCPs, the CheA histidine kinase, and the coupling protein CheW [59,60]. The canonical
sensing mechanism consists in an interaction of the chemoeffector with the MCP LBD, that
is typically located in the extracytoplasmic space. This interaction generates a molecular
stimulus that is transduced across the membrane where it modulates CheA autokinase
activity that consequently alters the transphosphorylation kinetics to the CheY response
regulator [61]. The output of a chemosensory pathway is thus the modulation of the CheY
to CheY-P ratio and only the latter is able to interact with the flagellar motor (FliM) causing
ultimately chemotaxis [62].

Genome analysis revealed that bacteria contain on average of 14 MCP genes [63].
Furthermore, there is an enormous variety among MCPs in their topology and type of
LBD they employ for sensing, since so far 80 different LBD types have been identified at
MCPs [25]. MCPs that employ LBDs of the same class can recognize different ligands. On
the contrary, a single ligand can also be recognized by structurally different LBDs [25,64].
The LBD families, Cache, 4HB, and PAS were found to be the most abundant among
bacteria [25] and were shown to bind a very wide variety of signals. Studies have revealed
that the abundance of MCPs is closely related to the bacterial lifestyle but not to its
genome size [17]. Within the same species, the number of MCPs can vary significantly
depending on their ecologial niche. For example, bacteria that inhabit aquatic and soil
environments possess more MCPs, while species that are usually found in specific, confined,
and relatively constant environments, have fewer MCPs [25,65]. Most soil bacteria can
perform chemotaxis, and in general, chemotactic genes are enriched in bacteria from the
rhizosphere as compared to those of the bulk soil [18]. Bacteria containing more MCPs also
typically possess complex behaviors, such as the ability to establish relationships with other
organisms. For example, strains of legume symbiont Rhizobium leguminosarum and the
plant tumor causing Agrobacterium tumefaciens possess 20–60 mcp genes per genome [66].

A large number of MCPs and their corresponding ligands have been characterized
in different rhizobacteria, including Pseudomonas putida, Bacillus subtilis and Sinorhizobium
meliloti [29,40,67,68]. More than 140 compounds have been found to induce chemotaxis in
Pseudomonas strains [69], which made these strains models for establishing MCP structure-
function relationships [70]. Twenty-seven MCPs from the free-living environmental strain P.
putida KT2440 have been characterized, of which McpA, McpG, McpH, McpP, McpQ, McpS,
McpU, and PcaY_PP were identified as MCPs for amino acids (glycine, alanine, cystine,
serine, asparagine, glutamine, phenylalanine, tyrosine, valine, isoleucine, methionine,
arginine), GABA, purine (adenine and guanine), C2 and C3 carboxylic acids (acetate,
pyruvate, propionate, and L-lactate), citrate/ metal ion complexes, tricarboxylic acid
cycle intermediates (malate, fumarate, oxaloacetate, succinate, citrate, isocitrate, butyrate,
acetate), polyamines (putrescine, cadaverine, and spermidine), and histamine as well
as C6-ring containing carboxylic acids, respectively [31,32,34,69,71]. However, a large
number of P. putida MCPs, remain functionally uncharacterized. The Gram-positive model
bacterium B. subtilis OI1085 possesses 10 MCPs, namely McpA, McpB, McpC, TlpA, TlpB,
TlpC, HemAT, YfmS, YvaQ, and YoaH [17]. McpC binds 11 amino acids directly (proline,
threonine, glycine, serine, valine, alanine, tyrosine, isoleucine, phenylalanine, leucine, and
tryptophan) and further evidence indicates that it may bind four others (lysine, arginine,
methionine, and glutamine) using indirect binding mechanisms [29]. McpC was identified
as an important MCP for rhizosphere chemotaxis and root colonization in Arabidopsis
thaliana [17,29,72]. The chemotactic response of the alfalfa symbiont Sinorhizobium meliloti is
mediated by nine different MCPs, including seven transmembrane MCPs (McpS to McpX
and McpZ) and two soluble cytosolic receptors (McpY and IcpA), of which McpU and
McpX play central roles in mediating host interactions by sensing plant-derived amino
acids and QACs, respectively. McpV, the most abundant MCP in S. meliloti, accounts for
70% of the total MCP pool, senses short-chain carboxylates (including propionate, acetate,
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glycolate, pyruvate, acetoacetate, formate) via direct binding [26,38,40,73]. However, the
function of the remaining six MCPs are unknown.

Homologous MCPs in different strains may have different functions, as exemplified
by McpA in B. velezensis SQR9 and B. subtilis NCIB 3610. McpA of B. velezensis SQR9 senses
nine different dicarboxylic acids including two amino acids (aspartic acid and glutamic
acid) and seven organic acids (citric acid, malic acid, oxalic acid, fumaric acid, succinic
acid, phthalic acid, and adipic acid) [24]. In contrast, the McpA homolog of B. subtilis
NCIB 3610 mediated attraction toward glucose and α-methylglucoside and might sense
repellent molecule(s) secreted by Arabidopsis thaliana [17]. McpB, McpC, and TlpC mediated
chemotaxis of the plant-associated strain Bacillus subtilis NCIB 3610 to Arabidopsis thaliana
root exudates that was found to be required for early root colonization [17]. The oxygen
sensing MCP IcpB of Azorhizobium caulinodans, which belong to a plant beneficial bacterium,
had an influence on the nodulation and nitrogen fixation on the stems and roots of Sesbania
rostrata [74]. The McpU of Sinorhizobium meliloti, mediated chemotaxis to proline and other
plant-derived amino acids and plays an important role in chemotaxis to root exudates and
rhizosphere colonization [38,40].

Previous studies of MCP transcript levels in the presence of different root exudate
concentrations have revealed an increase in MCP expression at lower exudate concentra-
tions (at a distance to the root), but a reduction at higher concentrations (in root vicinity).
A model was proposed in which bacteria induce the chemosensory system at low exu-
date concentrations but inhibit this sytem at higher concentrations, in other words, when
bacteria are close to the root, the chemotaxis is no longer required [75].

The role of the eight B. velezensis SQR9 MCPs in root exudate chemotaxis and cu-
cumber root colonization has been established. A mutant that lacked all MCP genes was
complemented with each of the individual MCPs. Interestingly only two MCPs, McpA,
and McpC, participated in root exudate chemotaxis to an extent that the mutant strain com-
plemented with both MCP genes showed wild type-like chemotaxis to root exudates. Very
similar observations were made when the capacity of these eight MCPs in root colonization
were assessed. In analogy to the above studies, only McpA and McpC were involved in
root colonization and the strain harboring both genes showed wild type-like colonization
phenotype [24,76]. This example clearly illustrates the crucial role of chemotaxis in the
process of root colonization. The chemoeffectors that are sensed by both MCPs have been
identified. Whereas McpA responds to malic acid, fumaric acid, glyceric acid, lysine, and
mannose, McpC is stimulated by serine, alanine, and gluconic acid [76].

The dCache domain, composed of two α/β structural modules and a long N-terminal-
helix, is one of the two characterized LBDs with a bimodular arrangement. In recent years,
the dCache domain, as one of the most abundant LBD in MCPs, has become the focus
in the study on bacterial chemotaxis. A significant number of dCache containing MCPs
were characterized and found to bind a broad range of ligands. For example, P. aeruginosa
PctA was identified to directly bind 17 amino acids and the autoinducer-2 (AI-2) [77,78]. In
addition, PctA also mediates histamine chemotaxis using a mechanism that may involve
indirect ligand recognition by solute binding protein [35,79].

Strikingly, a large number of dCache domain containing MCPs were found to par-
ticipate in the chemotaxis to root exudates that are listed in Table 1. For example, B.
subtilis OI1085 McpC is responsible for chemotaxis to all proteinogenic amino acids except
L-asparagine and was found to bind 12 of them directly whereas the remianing ligands
may also be recognized via solute binding proteins [29]. McpC is involved in B. subtilis
chemotaxis to Arabidopsis thaliana root exudates, which was required for efficient root colo-
nization [17]. S. meliloti McpU is involved in sensing amino acids, including all nonacidic
proteogenic amino acids and several nonproteogenic amino acids [38]. McpX in the alfalfa
symbiont S. meliloti governed chemotaxis towards host plant root exudates and participates
in root colonization through directly QACs sensing [40,73]. The broadest ligand range of
dCache LBD containg MCPs involved in root exudate chemotaxis is McpA of B. velezen-
sis SQR9 that responds to 5 amino acids (aspartic acid, glutamic acid, isoleucine, lysine,



Int. J. Mol. Sci. 2021, 22, 6655 8 of 14

and tyrosine), 10 organic acids (citric, malic, oxalic, fumaric, succinic, phthalic, adipic,
dehydroascorbic, glyceric, and 3-hydroxypropionic acids), and 6 other compounds (hy-
droxycarbamate, mannose, ribose, fucose, galactose, and ribitol) [24,76,80]. These studies
have shown that MCPs with dCache domain in rhizobacteria can sense many structurally
different chemoeffectors.

Structural and functional studies of dCache domains showed that ligands were almost
exclusively bound to the membrane-distal module (Figure 1) [25,34,35,81,82], whereas
there is only a single case for signal recognition at the membrane proximal module [83]. It
was thus suggested that the primary roles of the membrane proximal module consists in
the stimulus transmission to the transmembrane region [25] or the recognition of solute
binding proteins [79]. A recent study demonstrated that the dCache domain containing
McpB of Bacillus subtilis can directly bind ethanol at its cytoplasmic signaling domain,
indicating the existance of alternative mechanisms for MCP stimulation [28]. In summary,
dCache domain-containing MCPs recognize a variety of different compounds, such as
proteinogenic amino acids, short-chain carboxylic acids, sugars, GABA, quaternary amines,
purines, histamine and polyamines, taurine, and AI-2, and recognition occurs primarily at
the membrane distal module.
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Figure 1. MCP of dCache sensor domain of rhizobacteria. Shown are the 3D structures of the dCache
sensor domains of the S. meliloti McpX in complex with proline betaine (A) and the P. putida McpU in
complex with putrescine (B). Bound ligands are shown in spheres mode. These structures have been
published and are deposited in the protein databank with ID 6D8V [41] and 6F9G [34], respectively.

Since members of the same sensor domain family bind many different ligands, ef-
forts have been made to identify specific features within the ligand binding pocket that
determine the nature of the ligand recognized. This knowledge can then be used to pre-
dict ligands that bind to other uncharacterized MCPs. Comparative sequence analyses
combined with the 3D strcutural information of the dCache sensor domains of the three
paralogous MCPs PctA, PctB, and PctC of P. aeruginosa has led to the identification of
a highly conserved amino acid recognition motif (Tyr121, Asp122, Arg124, Arg126, and
Trp128) [84]. This motif was identified in many dCache domains that were previously iden-
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tified to bind amino acids, but was absent from dCache domains that bind other ligands
like polyamines, purines, or quaternary amines [76]. dCache domains that contain the
amino acid binding motif show a wide phylogenetic distribution and have been identified
in Pseudomonas, Bacillus, and Sinorhizobium. Further research will undoubtedly identify
other ligands that are recognized by dCache domains and that are relevant in the context
of root exudate chemotaxis.

4. Role of Chemotaxis in Root–Microbe Interactions in Rhizosphere

Chemotaxis plays very important roles in root–microbe interactions in the rhizosphere—
such as rhizoplane biofilm formation, root colonization, nitrogen fixation, and pathogen-
esis [17,30,85–88]—and a diverse range of MCPs were found to be involved in these
interactions. Recently, we have shown that root-secreted D-galactose is an inducible sig-
nal that regulates chemotaxis and biofilm formation in the plant beneficial rhizobacteria
SQR9 in an McpA-dependent manner [80]. In P. putida, mutants of either McpU, which
is responsible for chemotaxis to polyamine, or WspA, which is another chemosensory
pathway, were much less competitive than wild type for maize root colonization [30]. In
Rhizobium leguminosarum, mutants of McpB and McpC are unable to compete with wild
type cells in nodulation experiments of Trapper peas [89]. In Azorhizobium caulinodans, the
oxygen sensing MCP IcpB modulates nodulation and nitrogen fixation on the stems and
roots of Sesbania rostrata, and also affects the production of extracellular polysaccharides
and impairs flocculation [74]. In pathogenic Ralstonia pseudosolanacearum, McpM-mediated
chemotaxis to L-malate, secreted by tomato roots, is essential for the infection process [88].
All these studies demonstrate the importance of rhizosphere chemotaxis.

5. Conclusions and Prospects

A large number of in-depth and systematic studies have led to the functional anno-
tation of MCPs with their chemoeffectors in different flagellated bacteria. We have tried
to summarize the resulting knowledge in Figure 2, which suggests that amino acid and
organic acid chemotaxis is of particular relevance for root exudate chemotaxis. In addition,
a number of chemorepellents have been identified, but their physiological relevance still
remains to be established. The study of rhizosphere chemotaxis forms the basis for biotech-
nological applications aimed at improving plant colonization by PGPRs using genetic
engineering approaches. One possible strategy for reinforcing root exudate chemotaxis
is to increase the cellular abundance of the key MCPs in plant beneficial rhizobacteria or,
alternatively, the stimulation of the exudation of dominant attractants by host plants.

An interesting research of the rhizosphere chemotaxis is to mimic the in situ process.
However, due to the complex interactions in rhizosphere and the diversity of rhizomicro-
biome, it will be a big challenge to clarity the molecular mechanism of in situ rhizosphere
chemotaxis, that is also meaningful and helpful to explain how plants recruit rhizosphere
microorganisms.

While insightful, many of these studies only rely on the relatively constant and
confined laboratory conditions to elucidate the roles of MCPs in sensing specific compounds
within root exudates and plant colonization. Future studies are necessary to elucidate
the role of chemotaxis and in particular (i) to understand the structural basis for signal
recognition at broad ligand-range MCPs; (ii) to identify the key chemoattractants sensed
by different beneficial rhizobacteria in the rhizosphere of different crops; (iii) to elucidate
the role of chemotaxis in the definition of the rhizosphere microbiome; (iv) to exploit the
gained knowledge on rhizosphere chemotaxis to engineer bacteria and plants as a strategy
to contribute to the establishment of a sustainable agriculture.
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Figure 2. Model of rhizobacteria recruitment to plant roots through chemotaxis. Chemotaxis to plant roots is a prerequisite
for efficient root colonization by PGPRs, which plays important roles for plant growth and health. Roots produce chemical
compounds that attract beneficial bacteria and repel harmful bacteria. The composition of root exudates is influenced by a
variety of factors, such as biotic and abiotic factors. In addition to root exudates, soil microorganisms in the rhizosphere
can also produce some secretions, thereby affecting the movement of rhizobacteria, such as the interaction between
rhizobia and filamentous fungi. Mycelia may constitute an ideal dispersal networks, known as “fungal highway” for the
rhizobial long-distance dispersal, to promote rhizobial enrichment in the legume rhizosphere from bulk soil. Otherwise, the
rhizosphere environment is also influenced by many factors such as light, moisture, pH, redox, etc., which may be helpful
for rhizobacteria to move toward to rhizosphere.
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