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Abstract

Quorum sensing (QS)-mediated biofilm-forming rhizobacteria are indispensa-
ble due to their competitiveness in the crop rhizosphere. In the present work,
we have reported on the occurrence of diversified bacterial species capable of
producing N-acyl homoserine lactone (AHL) as the QS signal in the roots of
a rice plant grown under field conditions. The AHL-producing bacteria were
directly isolated from the rice root by the biosensor reporter (Chromobacterium
violaceum CV026) overlay method and characterized for biofilm production by
the microtiter plate method. A total of 48 QS-positive bacterial isolates were
purified from different aged (7, 20, 24, 26, and 36 days) rice seedlings. The in
vitro biofilm production and genetic diversity as revealed by BOX-PCR
fingerprinting showed high variability among the isolates. Most of the best
biofilm-forming isolates produced a N-butyryl pr-homoserine lactone (a C4-
AHL type) signal in the medium. The 16S ribosomal RNA (rRNA) gene
sequence of these putative elite isolates identified that they were close to
Aeromonas hydrophila (QS7-4; QS36-2), A. enteropelongenes (QS20-8), A. veronii
(QS36-3), Enterobacter sp. (QS20-11), Klebsiella pneumoniae (QS24-6), Kosako-
nia cowanii (QS24-21), Providentia rettigeri (QS24-2), Sphingomonas aquatilis
(QS24-17), and Pseudomonas sihuiensis (QS24-20). These strains profusely
colonized the rice root upon inoculation and formed biofilms on the surface
of the root under gnotobiotic conditions. Developing inoculants from these
strains would ensure competitive colonization on the rhizoplane of the crop
through their biofilm and thereby improve plant growth and health.
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chemicals migrate and proliferate in the soil around
the root regions or on the surface of the root, and

The soil microbiome and its role in soil and plant
health are well known [1]. However, root-associated
microorganisms, recently designated as rhizo-micro-
biome, have not yet fully exploited for the improve-
ment of nutrient supply and for protection of crops
against biotic and abiotic stresses [2]. The soil
microorganisms, which are attracted by the root

this process is known as rhizosphere colonization.
This event is the primary step for the soil micro-
organisms either to cause disease or to benefit the
plant they colonize [3]. When the beneficial bacteria
colonize the rhizosphere on the plant root, they
normally promote plant growth through several
mechanisms and also suppress or eliminate the
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pathogens in the vicinity of the root region [4]. Hence,
the competitive exclusion of pathogens is directly
linked to the colonizing ability of the beneficial
bacteria in the rhizosphere. In fact, the colonizing
ability of these bacteria is also essential to pro-
vide maximum benefits to the crop plant [5]. There-
fore, plant-growth-promoting rhizobacteria (PGPR)
with biofilm-forming capability upon root coloniza-
tion of a plant always are more expedient than those
strains without biofilms [6].

The biofilm-forming capability of pathogenic bac-
teria has been well studied rather than beneficial and
commensal organisms that are associated with plants.
Agrobacterium tumifaciens, Burkolderia glumae, Dick-
eya solani, Erwinina carotovora, E. stewartii, Pantoea
stewartii, Ralstonia solanacearum, Pseudomonas syrin-
gae, Xanthomonas spp., and Xylella fastidiosa are the
biofilm-forming plant pathogens reported so far [7].
Similarly, Ensifer spp., Rhizobium spp., Sinorhizobium
meliloti, P. aeruginosa, P. putida, P. fluorescens, P.
chlororaphis, Azotobacter vinelandii, and Azospirillum
lipoferum are the biofilm-forming beneficial rhizobac-
teria found in agricultural crops [6]. Quorum sensing
(QS) signals are key players in the cell aggregation and
biofilm formation in these bacteria [8]. The Gram-
positive bacteria produce peptide derivatives such as
autoinducing peptides as QS signal molecule, while
most of the plant-associated Gram-negative bacteria
use fatty acid derivatives such as N-acyl homoserine
lactone (AHL) for this [9]. LuxI (AHL synthase, I
protein) and LuxR (transcriptional regulator, R pro-
tein) are involved in AHL-mediated cell to cell
communication, and regulate the biofilm formation
in these bacteria [10].

Rice is the staple food for most Asian counties.
Improvement of nutrient uptake and resistance against
drought and diseases could help to enhance rice
growth and sustain the yield [11]. Use of microbial
resources for sustainable rice production is gaining
importance, as they can mitigate the use of synthetic
agrochemicals so as to ensure environmental safety
[12]. Developing an inoculant with QS-mediated
biofilm formation may increase the association be-
tween the PGPR and root and thereby improving the
crop health. Hence, biofilm-forming plant-growth-
promoting bacteria would be a future strategy to
improve their efficiency. In the present investigation,
we have assessed the genetic diversity of such
rhizobacteria in the rice root under field conditions
and reported on their biofilm-forming capability. We
have used a new and simple method developed in our
laboratory to isolate QS-mediated biofilm-forming
bacteria [13].

2 | MATERIALS AND METHODS

2.1 | Bacterial culture and media

Chromobacterium violaceum (CV026), the AHL biosensor
reporter strain, grown in Luria Bertani (LB) medium at
30°C was used for the isolation of QS-positive rhizobac-
teria from the rice root [14]. C. violaceum ATCC12472
(QS-positive standard strain) was grown on LB medium
at 30°C. Escherichia coli DH5a used as a negative control
for QS assay was routinely grown on LB medium at 37°C.

2.2 | Assessment of occurrence of
QS-positive rhizobacteria from rice root
using C. violaceum as a biosensor

The occurrence and diversity of QS-positive biofilm-
forming rhizobacteria in the rice root was assessed at
different stages of the rice plant grown under field
conditions by following the method developed in our
laboratory [13]. For this, the 7, 9, 20, 24, 26, and 36 days
old rice seedlings (Cultivar Co51) were collected periodi-
cally from Wetlands Farm, Tamil Nadu Agricultural
University, Coimbatore. After careful removal of soil
adhered on the surface of the root followed by a gentle
rinse in sterile water, the roots were cut off and placed in
a 100 mm? sterile Petri dish. Nearly 50 ml of LB agar
seeded with 1 ml of CV026 grown in LB broth at 30°C for
18h (~10® cells/ml) was poured over the root at a
lukewarm temperature (~50°C). The plates were incu-
bated at 30°C for 1-2 days and observed for violacein
pigment production near the root. The non-pigmented
root-associated bacteria surrounded by pigmented CV026
indicate the presence of AHL synthesized by the isolates.
Such colonies were carefully picked by a sterile toothpick
and streaked on new LB agar medium.

2.3 |
isolates

Authentication of QS-positive

Freshly grown rice root-associated isolates and the
biosensor reporter strain CV026 were streaked parallel
to each other on Petri plates containing LB agar and
incubated at 30°C. C. violaceum ATCC12472 was used as
a positive control. The plates were observed after 24 and
48h for violacein production by CV026 due to AHL
production by the isolate.

2.4 | Biofilm assay

All the bacterial isolates were assessed for biofilm
formation in a 96-well titer plate [15] and the biofilm
production quantified with Crystal violet staining as
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described by O’Toole [16]. The time-course data (4, 6, 8,
and 12 days) on biofilm population (optical density [OD]
at 550 nm) and the ratio between biofilm and planktonic
population of the isolates (Asso/Asso) Were used to
identify the potential biofilm-forming rhizobacteria using
principal component analysis (PCA) [17].

2.5 | Identification of AHL by potential
QS-positive isolates

The potential biofilm-forming QS-positive isolates were
further characterized for N-acyl-L-homoserine lactone
with gas chromatography/mass spectrometry (GC/MS)
using the method described by Cataldi et al. [18].

2.6 | Genetic and phylogenic analysis

All the 48 QS-positive rhizobacterial isolates from the rice
root were assessed for molecular fingerprints using the BOX
filament polymerase chain reaction [PCR] (BOX-PCR) [19].
The presence or absence of bands in the fingerprint profile
was imported to PRIMER 6 statistical software (Plymouth
Routines in Multivariate Ecological Research, version
6.1.13; PRIMER-E, Plymouth, UK) and the similarity matrix
was computed using the Bray-Curtis coefficient [20]. The
relativity of the isolates was visualized using a nonmetric
multidimensional scaling (MDS) plot and hierarchical
cluster analysis (HCA) dendrogram.

All the potential QS-positive biofilm-forming bacterial
strains were identified with a 16S ribosomal RNA (rRNA)
gene sequence [21]. The 16S rRNA gene of the strains
was amplified as described elsewhere using FD1 and RP2
primers [21] and sequenced in both directions by using
an Applied Biosystems automated sequencer (Bioserve,
Hyderabad, India). The identity of the 16S rRNA gene
sequence was established by performing a similarity
search against the GenBank database (http://www.ncbi.
nih.gov/BLAST). The sequences obtained for the isolates
were deposited in GenBank with the accession numbers
of MK649834 (QS7-4), MK649835 (QS20-8), MK649836
(QS20-11), MK649837 (QS24-2), MK649838 (QS24-6),
MK649839 (QS24-17), MK649840 (QS24-20), MK649841
(QS24-21), MK 649842 (QS36-2), and MK649843 (QS36-3).

2.7 | Colonizing ability of the isolates on
rice root

Dehusked rice seeds (Cultivar Co51) were surface-
sterilized with sodium hypochlorite (5% available chlor-
ine) for 10 min, followed by a rinse with sterile water five
times and then soaked overnight in darkness. Then, the
seeds were treated with 2% ketoconazole to avoid fungal
contaminations followed by gentle washing with sterile
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water three times. The seeds were then transferred to a
sterile Petri plate and incubated at room temperature in
the dark for the next 24 h. The uniformly sprouted seeds
were placed over Murashige and Skoog medium with
0.5% Phytagel™ (Sigma-Aldrich) in long culture tubes
(30cm height x 2.5cm diameter) at one seed per tube.
The rice culturing was done in a plant-growth chamber
with 12-h light (200 mole-m™2.s™') at 28°C and main-
tained for 20 days. All the elite biofilm-forming
rhizobacterial strains were grown overnight in LB broth
at 30°C. The cells were harvested by centrifugation and
washed twice in 10 mM MgCl, and resuspended in the
same. This suspension was inoculated (20 ul per seed)
at the hypocotyl region of 5 days old seedlings at ODggq
of 0.05 (10® cfu/ml), whereas uninoculated controls were
maintained simultaneously. Agzotobacter chroococcum
AC1 (biofilm-forming PGPR strain) and Enterobacter
cloacae ZSB14 (nonbiofilm-forming PGPR strain) served
as standards to compare colonizing efficiency. The
colonization and biofilm formation on the surface of
the root were visualized and photographed on the third
day after inoculation.

3 | RESULTS
3.1 | AHL-producing bacterial isolates
from rice rhizoplane

A total of 56 bacterial isolates showing positivity for QS
activity through AHL production were isolated from
the rhizoplane of rice seedlings collected from the field-
grown crop. White colonies appearing from the rice root
that were surrounded by the purple-colored reporter
strain, CV026 were considered as possible QS-positive
bacterial isolates. The age of the seedlings had an
influence on the number of QS bacteria isolated from
the rhizoplane. The 7-days-old seedlings had four
isolates; 9 days had 2 colonies; 20 days had 14 colonies;
24 days had 25 colonies; 26 days had 5; and 36-days-old
rice had 6 QS-positive colonies in their rhizoplane region.
All the bacterial isolates were purified and designated as
“QS-day-isolate number” from QS-7-1 to QS-36-6. Among
the 56 QS-bacterial isolates screened for AHL production
using CV026 as the reporter strain, QS7-1, QS7-3, QS9-2,
QS20-1, QS20-4, QS20-7, QS20-8, QS20-10, QS20-11,
QS20-12, QS20-13, QS20-14, QS24-5, QS24-10, QS24-
13, QS24-14, QS24-15, QS24-16, QS24-17, QS24-18,
QS24-20, QS24-21, QS24-23, QS24-24, QS24-25, QS26-1,
QS26-2, QS26-4, QS26-5, QS36-2, QS36-3, and QS36-6
showed AHL production within 24h of incubation,
turning the CV026 colony into purple pigmentation.
The isolates QS7-2, QS7-4, QS20-2, QS20-5, QS20-
6, QS20-7, QS20-9, QS24-1, QS24-2, QS24-4, QS24-6,
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FIGURE 1 Authentication of the QS-positive isolates of rice rhizoplane by parallel streaking with the reporter strain, Chromobacterium
violaceum (Cv026) in LB agar. QS7-1 to QS36-6, QS-positive strains from rice root. LB, Luria Bertani; P, positive control (C. violaceum

ATCC12472); QS, quorum sensing

QS24-11, QS24-19, QS24-22, QS36-1, QS36-5, and positive
control ATCC12472 produced AHL after 48 h of incuba-
tion and pigmented the CV026 strain in the parallel
streak assay (Figure 1).

3.2 | Screening potential
biofilm-forming isolates

PCA was performed on biofilm formation (Asse) and the
biofilm/planktonic ratio (Asso/Agso) data to identify
the potential biofilm formers. The PCA plot showing

Observations (axes PC1 and PC2: 64.97 %)

the variables and observations are presented as Figure 2.
The PCA explained 64.97% cumulative variability due to
biofilm-forming capability and its ratio with the plank-
tonic population. The principal component (PC1) adds
41.05% variability, while PC2 adds an additional 23.92%
to the total cumulative variability. All the assessed
variables used for PCA were orthogonally positioned in
the PC1 and PC2 positive quadrant (left-hand top) and
the PC1 positive and PC2 negative quadrant (left-hand
bottom) of the plot (Figure 2a). Corresponding to these
two plots, all the potential biofilm-forming QS isolates

Variables (axes PC1 and PC2: 64.97 %)

5 1.0
BP ratio (8t day)
4 073 T eqs00 Biofilm (8t day)
3 Q5265 : th
0.5 1 BP ratio (16t day)
24-16 Qs24-17 g
2 as7-1 po8 =
® Qs24-13 ™ Qs20-11 as7:4 Biofilm (16" day)
- 1 as24-19 233348 as20-10. g
X Q524-23 4 Q52654 X7 o4 Qs24-2 o
o 0 ) | 5200520145282 @01 | ‘bssez, LT a 0.0 ;
: f % s gsse P oSy x f f f . —
2 gsszzo‘faz o0 :‘q.sz':zls"z o e —— W GE0E ~.:— Biofilm (12t day)
8 -1 as2a-13 ®as2012 1o S Q5205 mqsaaai o ) o
a 4-25 o%0 7 . Qs9-1 BP ratio (121 (4* day)
2 Qsi66  CG26T| asaid ® Q524-20 m QS36-3
as2a-11° ® Qss2 .05 1 BP ratio (4™ day)
3 4
-4 o
-5 -1.0
5 4 -3 2 1 0 1 2 3 4 -1.0 -0.5 0.0 0.5 1.0
PC1(41.05 %) PC1 (41.05 %)
FIGURE 2 Principal component analysis plots relating the biofilm data and QS-bacterial isolates. (a) Scoring plot showing the positions

of QS isolates. (b) Loading plot showing orthogonal positions of variables (biofilm and biofilm/planktonic ratio). Values in parentheses
indicate the days after inoculation. Mean of three replicates was plotted. The % variance explained by each component (PC1 and PC2) is
given in parentheses in axes. The higher biofilm-forming strains positioned with the variables in the scoring plot are highlighted with [] and

red-colored. PC, principal component; QS, quorum sensing
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were positioned in the “high” (left-hand top) and
“moderate” (left-hand bottom) quadrants of the PCA
plot (Figure 2b). The QS bacteria with less-biofilm are
negatively correlated with the variables and positioned in
the “low” quadrant, which is negative for both PCs. The
isolates QS20-8, QS20-11, QS24-6, QS24-17, and QS36-3
showed the highest biofilm formation on all the days of
observation. QS7-4 was observed to form more biofilm
during 8th, 12th, and 16th day, whereas QS24-2, QS24-20,
and QS24-21 showed more biofilm on the later stages,
that is, the 12th and 16th day. QS36-2 formed more
biofilm on the 12th day than other cultures.

3.3 |

The BOXA1 primer targeting BOX repetitive element of
an isolate showed discriminative amplicons for the QS-
bacterial isolates. The agarose gel electrophoresis of the
BOX fingerprint showed that a range of 100-1,200 base
pairs sized with 5-8 amplicons per isolate was noticed
(Figure 3a). The nonmetric MDS plot using the Bray-
Curtis similarity index of BOX fingerprinting discrimi-
nated the QS isolates with a similarity ranging from
30% to 100%. The QS isolates were evenly positioned
in the MDS plot without any pattern and the two-
dimensional stress of 0.06 showed the reliability of the
plot (Figure 3b). The HCA dendrogram clustered
identical and most similar isolates into groups (Figure
3c). QS20-4 and QS20-13; QS24-16 and QS24-18 had

Genetic diversity of QS bacteria
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100% similarity, and are genetically identical isolates.
The wild and mutant strains of C. violaceum, QS24-15
and QS24-17 had 90% genetic similarity with reference
to BOX fingerprinting. If 80% similarity is used as the
cut off for clustering, only five clusters of isolates
remain namely, Cluster I consists of QS24-3, QS24-4,
QS24-16, QS24-18; Cluster II with QS20-12, QS20-11,
QS20-3, QS20-4, QS20-13; Cluster III with QS20-14
and QS24-4; Cluster IV containing QS24-15 and QS24-
17; and Cluster V with QS24-14 and QS36-2 (Figure 2c),
while the rest of the isolates were unique and
unclustered.

3.4 | Identification of AHL produced by
elite QS-bacterial isolates

The GC/MS analysis of the culture extract of most of the
elite QS-bacterial isolates (QS7-4, QS20-8, QS20-11, QS24-
2, QS24-6, QS24-17, QS24-20, QS24-21, and QS36-2)
identified the AHL as N-butyryl r-homoserine lactone
(retention time between 12.17 and 12.23min; m/Z
171; 92.0-96.0 purity). The isolate QS36-3 produced
N-Decanoyl-pr-homoserine lactone (12.14 min; m/z 255;
93.4 purity).

3.5 |

All the potential AHL-mediated biofilm-forming bacteria
were identified based on their 16S rRNA gene sequence

Phylogeny of elite strains
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(a) BOX-PCR fingerprint profiles of QS-positive isolates of rice rhizosphere. Lanes, M-100 bp DNA ladder; 1-48, QS-positive

isolates (QS7-1 to QS36-6); S1, Corynebacterium glutamicum ATCC13032; S2, C. glutamicum ATCC13869; S3, Chromobacterium violaceum
cv026; S4, C. violaceum ATCC12472. Nonmetric MDS plot (b) and HCA dendrogram (c) constructed from BOX-PCR fingerprint data of QS-
positive isolates and standard strains. The similarity matrix using the Bray-Curtis coefficient was applied for both the analyses in Primer 6.0

software. bp, base pair; MDS, multidimensional scaling; PCR, polymerase chain reaction; QS, quorum sensing
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homology with the nucleotide database using the BLAST
search. The QS7-4 is close to Aeromonas hydrophila with
100% sequence homology, whereas QS20-8, QS36-2, and
QS36-3 belong to A. enteropelongenes, A. hydrophila, and
A. veronii, respectively. QS20-11 was phylogenetically
close to E. cloacae (99% homology); whereas QS24-2 with
Providentia rettigeri (99% homology); QS24-6 with Kleb-
siella pneumoniae; QS24-17 with 99% homology to
Sphingomonas aquatilis; QS24-20 with Pseudomonas
sihuiensis; and QS24-21 with 99% homology with
Kosakonia cowanii.

3.6 | Colonizing ability of the strains

The root colonization and biofilm-forming capability of
QS-bacterial strains differed (Figure 4). A clear and
visible biofilm on the root surface of rice was observed
on the third day in QS20-11, QS24-6, QS24-20, QS36-2,
and A. chroococcum strain Acl inoculated rice roots,
whereas the least response was noticed in QS7-4, QS20-8,
QS24-17. The non-biofilm PGPR strain (ZSB14) did not
show any visual biofilm on the rice root.

QS20-11
, '

QS20-8

4 | DISCUSSION
The plant-associated bacteria use QS signals for biofilm-
mediated colonization as well as for the production of
antagonistic compounds to avoid competition from other
microbial communities [22]. QS increases the cell density
of a strain and further tends to produce extracellular
polymeric substances in which cells are embedded. This
structure known as the biofilm is a microhabitat of that
strain in which the cells live in with maximum protection
[23]. Hence, biofilm-forming PGPR strains have better
space and nutritional benefits than the nonbiofilm-
forming strains and subsequently elicit more benefits to
the colonizing plant species [5,6]. Obviously, developing
the biofilm-forming microbial inoculants as biofertilizers
and biocontrol agents could make a great contribution to
sustainable agriculture [6]. With this background, we
have shown through this study that the rice root harbors
diversified QS-mediated biofilm-forming bacteria, which
can be explored for plant and soil health.

In our previous work, we have developed a straight-
forward method for isolation of QS-positive rhizobacteria
from the root. In that method, the QS-positive bacteria

Act

QS24-20

ZSB14 Control

»
-

FIGURE 4 Biofilm formation by elite QS-bacterial isolates on the root surface of rice seedlings (Co51) under gnotobiotic conditions. All
the elite strains were inoculated at the hypocotyl region of the 5-day-old seedlings and imaged after 3 days of incubation. QS7-4 to QS36-3:
Elite QS-bacterial strains. Acl, Azotobacter chroococcum strain Acl; ZSB14, Enterobacter cloacae strain ZSB14; control, uninoculated control.
Biofilmed growth of inoculated strain on rice root indicated with arrow mark. QS, quorum sensing
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adhering on the surface of the root could be detected
by the change of color of biosensor reporter strain
(C. violaceum CV026) overlaid in an agar medium [13]. In
the present work, we have adopted that method to assess
the genetic diversity of QS-positive bacteria in rice
rhizoplane, when grown under field conditions. We have
focused on the AHL alone and omitted other signal
molecules, as the AHL-based QS is predominant among
rhizobacteria [8]. From a field-grown rice root (sampled
between 7 and 36 days old), a total of 48 QS-positive
strains could be isolated and authenticated using the
newly developed method. The in vitro assay also
confirmed their biofilm-producing capability and showed
a difference among the isolates. Similarly, the genetic
diversity as revealed by BOX-PCR fingerprints also
showed significant variability among the QS-positive
isolates. These findings suggest that the QS bacteria
colonizing the rice root differ across the time course of
seedling growth. There is no correlation between the
age of the seedling and the genetic diversity of QS-
bacterial isolates, which means that no specific bacterial
community is colonizing the rice seedling.

Among the AHL-mediated biofilm-forming isolates,
efficient isolates were further characterized by the type of
AHL produced. Most of the isolates (QS7-4, QS20-8,
QS20-11, QS24-2, QS24-6, QS24-17, QS24-20, QS24-21,
and QS36-2) produced C4-HSL, N-butyryl L-homoserine
lactone. This type of AHL was reported earlier in plant-
associated bacteria such as A. veronii [24]; A. hydrophila
[13,25]; A. caviae [13,26]; Enterobacter asburiae [27];
P. aeruginosa [28,29]; P. sihuiensis [13]. The phylogeny of
the elite biofilm-forming bacteria reported in the present
study belongs to species of Aeromonas (A. hydrophila,
A. enteropelongenes, A. veronii), E. cloacae, Providentia
rettgeri, K. pneumoniae, S. aquatilis, P. sihuiensis, and
K. cowanii. All these strains also proved their ability to
colonize the rice root better than the well known biofilm-
producing biofertilizer (A. chroococcum). The preliminary
gnotobiotic experiment on rice seedling revealed that
the biofilm formation and root colonization of these
strains varied. Most of the strains covered the entire root
within 3 days of inoculation and the mantle of bacterial
growth on the surface of the rice root is visible. The in
vitro experiments conducted with our isolates (data not
shown) as well as previous reports [5,6] suggest that these
biofilm-forming rhizobacteria can increase the availabil-
ity of phosphorus, potassium, and zinc by solubilization,
produce siderophores and indole-3-acetic acid, thereby
benefiting crop growth.

The species that are capable of producing biofilms
through QS signaling reported to be found in the rice root
surface were reported previously in various studies. PGPR
strains of Aeromonas were isolated from sugarcane [30].
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The occurrence of biofilm-forming Aeromonas spp. on the
root surface of rice was already reported in our previous
work [13]. However, the biofilm-forming capability and QS
regulation have been well studied for pathogenic isolates
[31-33]. Similarly, several species of Klebsiella including
K. pneumoniae, K. oxytoca, and K. planticola have been re-
ported for their presence on the root surface of several plant
species [34]. The plant-growth-promoting K. pneumoniae
isolated from the surface of rice root uses biofilm-related
proteins to colonize the surface of nonbiological planes [35].
One of the isolates possessing potential biofilm-forming
capability belongs to the species S. aquatilis (QS24-17).
Sphingomonas belonging to a-proteobacteria, is a strictly
aerobic bacterium, distinguished from other related genera
by their sphingolipids [36]. This is a soil-dwelling bacterium
often reported with plant association. This bacterium was
isolated from various tissue parts of rice [37]. Enya et al.
[38] isolated four strains of Sphingomonas with biocontrol
potential against tomato diseases and also observed AHL
synthesis. Similarly, the AHL-mediated biofilm formation of
both pathogenic and plant-growth-promoting Enterobacter
spp. and Pseudomonas spp. has also been documented [39].
In the current work, K. cowanii, a reclassified species of
Enterobacter [40] was also reported to be present in rice
root. Kosakonia spp. found in clinical samples, soil and tree
species and several species promotes plant growth by
nitrogen fixation [41,42]. We also found P. rettgeri (QS24-2)
as one of the best biofilm-forming rhizobacteria from the
surface of the rice root. Though P. rettgeri is recognized as a
pathogen to humans [43], recently a strain with plant-
growth-promoting traits was isolated from lichens [44].
However, cell to cell communication via QS in pathogenic
strains of Providentia has already been reported [45].

To conclude, we showed that rice root recruits
diversified soil-dwelling bacteria that are capable of
producing biofilms through AHL-mediated QS. These
bacteria may be commensal, pathogenic, or beneficial to
the rice crop. However, by careful examination of their
plant-growth-promoting traits and virulence, it could
be possible to develop a biofilm-forming inoculant for
providing nutrients and for biotic and abiotic stress
mitigation.
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