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Inactivation of the Transcriptional Regulator-Encoding Gene sdiA
Enhances Rice Root Colonization and Biofilm Formation in

Enterobacter cloacae GS1
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Enterobacter cloacae GS1 is a plant growth-promoting bacterium which colonizes rice roots. In the rhizosphere environment,
N-acyl homoserine lactone (NAHL)-like quorum-sensing signals are known to be produced by host plants and other microbial
inhabitants. E. cloacae GS1 was unable to synthesize NAHL quorum-sensing signals but had the NAHL-dependent transcrip-
tional regulator-encoding gene sdiA. This study was aimed at understanding the effects of SdiA and NAHL-dependent cross talk
in rice root colonization by E. cloacae GS1. Pleiotropic effects of sdiA inactivation included substantial increases in root coloni-
zation and biofilm formation, suggesting a negative role for SdiA in bacterial adhesion. We provide evidence that sdiA inactiva-
tion leads to elevated levels of biosynthesis of curli, which is involved in cellular adhesion. Extraneous addition of NAHLs had a
negative effect on root colonization and biofilm formation. However, the sdiA mutant of E. cloacae GS1 was insensitive to
NAHLSs, suggesting that this NAHL-induced inhibition of root colonization and biofilm formation is SdiA dependent. Therefore,
it is proposed that NAHLs produced by both plant and microbes in the rice rhizosphere act as cross-kingdom and interspecies
signals to negatively impact cellular adhesion and, thereby, root colonization in E. cloacae GS1.

Population density-dependent gene expression in bacteria is
controlled by quorum-sensing (QS) regulatory networks (1).
Quorum sensing plays a major role in the regulation of factors
critical for ecological success, such as bacterial adhesion, biofilm
formation, host colonization, and virulence factor production (2,
3). The luxI-luxR QS system was first characterized in the marine
bacterium Vibrio harveyi and has since been well studied in several
other bacteria. Enteric bacteria such as Escherichia, Klebsiella, and
Salmonella are unable to synthesize N-acyl homoserine lactone
(NAHL) QS signals, as they lack a luxI homolog, while evolution-
arily preserving sdiA, which encodes an NAHL-dependent tran-
scriptional regulator. sdiA-like orphaned [uxR homologs are less
likely to be remnants of gene acquisition or loss, as no bacterial
genome contains an orphaned /uxI homolog (4). Orphaned LuxR
homologs in bacteria may require NAHL-like inducers to regulate
gene expression. When QS signal mimics that are synthesized by
higher organisms are available to bacteria in an environmental
niche, these signals can act as cross-kingdom signals and regulate
QS-dependent functions. The response of Escherichia coli and Sal-
monella SdiA to NAHLs has been well characterized (see refer-
ences5 to 7 and references therein). E. coli SdiA, for example, is
known to regulate biofilm formation in response to the interspe-
cies signals NAHLs (8).

Many reports suggest that NAHL-like mimics are produced by
higher organisms and influence gene expression in bacteria and
vice versa. For example, plant-derived flavonoids that are known
to induce nodulation were recently reported to increase expres-
sion of NAHL biosynthesis genes in symbiotic rhizobia (9). Con-
versely, unicellular algae (Chlamydomonas reinhardtii) and plants
(Pisum sativum) are known to produce NAHL-like substances
which affect QS behavior in bacteria (10, 11). Certain unidentified
substances from gnotobiotically grown rice plants were able to
elicit positive responses in three different NAHL biosensors. These
substances were characterized and were found to be sensitive to
the lactone ring-specific AiiA lactonase, further confirming their
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structural similarity to NAHLs (12). The rice rhizosphere is rich in
plant-derived nutrients which facilitate plant-associated and free-
dwelling soil bacterial colonization of the rhizospheric niche (13).
NAHL synthesis is more common in plant-associated bacteria
than soilborne bacteria (14). Thus, the rhizosphere environment
has several possible sources of NAHLs. Any NAHL-based cross
talk between SdiA-containing bacteria and NAHL-producing mi-
crobial populations remains to be explored. Earlier, we have
shown that Enterobacter cloacae GS1, a plant growth-promoting
bacterium, colonizes rice roots as microcolonies and forms bio-
film-like structures on the root surface (15). Here, we report that
E. cloacae GS1 lacks a functional NAHL-based QS system but har-
bors the luxR homolog sdiA. We demonstrate for the first time the
role of sdiA in root colonization, perception and response to en-
vironmental NAHLs, and biofilm formation in E. cloacae GS1, a
plant symbiont.

MATERIALS AND METHODS

General growth conditions. Enterobacter cloacae GS1 was grown in Luria-
Bertani (LB) medium or M9 minimal medium (16) at 37°C without or
with agitation (200 rpm). Chromobacterium violaceum CV026, E.
coli(pSB401), E. coli(pSB406), and E. coli(pSB1075) were grown in LB
medium supplemented with kanamycin (30 g ml ™), tetracycline (12 pg
ml™!), or ampicillin (100 pg ml™'). Agrobacterium tumefaciens
NT1(pZLR4) was grown in AB minimal medium (17) with gentamicin
(15 pgml ™~ '). Wherever required, N-(3-oxohexanoyl)-L-homoserine lac-
tone (OHHL), N-hexanoyl-pL-homoserine lactone (HHL), and N-octa-
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TABLE 1 Primers used in this study

Primer Targeted

name” gene/region  Sequence (5'-3")"

SAF1 sdiA TTAGCGTTCAATTTGCTCCAGATG

SAF2 GATATCAGTCAGATAAGCCCCGTC
SABaml TTTGGATCCTTTAGCGTTCAATTTGCTCC
SABam?2 AAAGGATCCGATATCAGTCAGATAAGCCC
QcsgBF csgB CTGGATAATCATGGCGGTGTT

QcsgBR AACCGCGCGAATGTTGA

QcsgAF csgA AAGCCAACCTGGTGCACAGT

QcsgAR CATCGACCAATGGAATAGCAAA

QcsgDF csgD AACTGCGTATTGGTGCTTCAAA

QcsgDR CCTGCGTGCGATTTTTAACA

QbcsAF besA TGCCAATGCCCATATTCTGA

QbesAR TCGTCACGATGGATCACCAT

QrpoBF rpoB GCAACTTGTTGTCGCGGATT

QrpoBR TCGACCGTCGTCGTAAGCT

@ Primer names prefixed with Q were used for quantitative RT-PCR.
b Relevant restriction sites are underscored.

noyl-pL-homoserine lactone (OHL) (Fluka, Sigma-Aldrich) were dis-
solved in acetonitrile and used at the required concentrations. To study
the effect of NAHLSs on root colonization and biofilm formation, media
were supplemented with OHHL at a final concentration of 1 wM. Sterile
filter paper discs loaded with 200 pmol of each NAHL were used in disc
diffusion assays.

Extraction and detection of NAHLs and NAHL-like mimics. NAHLs
from spent media and NAHL-like mimics from sterile rice root tissue and
exudate were extracted with an equal volume of acidified ethyl acetate
(0.1%, vol/vol) as described earlier (12). Concentrated (100-fold) extracts
of spent media or root exudates were separated by thin-layer chromatog-
raphy using methanol (60%, vol/vol) as the mobile phase. Developed
chromatograms were overlaid with soft-agar suspensions of biosensor
strains such as A. tumefaciens NT1(pZLR4) (18), C. violaceum CV026
(19), and E. coli(pSB401), E. coli(pSB406), and E. coli(pSB1075) (20) and
incubated at 30°C for 12 h. Chromatograms overlaid with A. tumefaciens
NT1(pZLR4) and C. violaceum CV026 were monitored for the appearance
of blue and purple spots, respectively. Bioluminescence around NAHL
spots was monitored using a Biospectrum AC imaging system (UVP, Up-
land, CA) for chromatograms overlaid with E. coli(pSB401), E. co-
li(pSB406), and E. coli(pSB1075). Sterile medium extracts concentrated to
the same levels served as negative controls, and standard OHHL served as
a positive control, while acetonitrile served as a solvent control.

Detection of SdiA in E. cloacae GS1 and construction of an sdiA
mutant. SdiA function in E. cloacae GS1 was detected by an NAHL disc
diffusion assay, using the plasmid biosensor pBA405, which contains an
SdiA-NAHL complex-activated promoter upstream of the luxCDABE
operon (7). To test whether NAHL mimics from rice roots activate SdiA
and induce bioluminescence in E. cloacae GS1(pBA405), a soft-agar sus-
pension of this strain was overlaid on surface-sterilized and germinated
rice seeds. Bioluminescence was monitored using a Biospectrum AC im-
aging system (UVP, Upland, CA) after incubation for 6 h. Synthetic
OHHL, HHL, and OHL (Fluka, Sigma-Aldrich) at 200 pmol were used as
positive controls, while acetonitrile served as the negative control.

A 951-bp region containing sdiA was amplified from the E. cloacae GS1
genome using primers SAF1 and SAF2 (Table 1) on an Eppendorf Mas-
tercycler with the following cycling conditions: 94°C for 10 min; 30 cycles
of 95°C for 30 s, 55°C for 30 s, 72°C for 1 min; and 72°C for 5 min. The
amplified fragment was cloned into pTZ57R/T (Fermentas, Opelstrasse,
Germany) to obtain pTZS, the insert in which was verified by sequencing
of both strands (Macrogen, Seoul, South Korea). A kanamycin resistance
cassette flanked with Smal sites was introduced into a unique EcoRYV site
at position 655 of sdiA in pTZS to yield pTZSK. This inactivated sdiA was
amplified with Pfu DNA polymerase and inserted into the Spel site of
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suicide vector pIVETP (21) blunted with T4 DNA polymerase, to yield
pIVETS, which was then mobilized into E. cloacae GS1 from E. coli S-17.
Transconjugants which arose due to a double homologous recombination
event were selected on kanamycin (30 g ml~ ') and screened for tetracy-
cline (12 wg ml™') sensitivity. These mutants were further screened by
PCR to verify the insertional inactivation of sdiA on the E. cloacae GS1
genome. The loss of SdiA activity was also confirmed by a pBA405-based
NAHL disc diffusion assay with the wild type as the positive control. To
eliminate the possibility of secondary mutations, the sdiA mutant was
complemented in trans with wild-type sdiA. Wild-type sdiA, along with its
native promoter, was amplified from E. cloacae GS1 genomic DNA using
primers SABam1 and SABam2 (Table 1) and cloned into the unique
BamHI site of the low-copy-number vector pBR322. This construct, pBs-
diA, was introduced into E. cloacae GS1 sdiA:Km' to generate the comple-
mented strain E. cloacae GS1 sdiA: Km"(pBsdiA).

Rice root colonization assay. The colonization abilities of E. cloacae
GS1 and its sdiA mutant were studied as described earlier (15). In brief,
gnotobiotic rice plants grown in nutrient solution at 25 = 1°C were inoc-
ulated with ~10® CFU of the wild type or mutant. At 7 days postinocula-
tion, the counts of root-colonizing bacteria were determined by vortexing
the aseptically excised root in the presence of saline and glass beads and
standard plate counting. Wherever necessary, the nutrient solution was
supplemented with OHHL (1 uM). To test for competitive root-coloniz-
ing ability, ~10® CFU each of the wild type and mutant was coinoculated.
The total E. cloacae population on inoculated roots was recovered on LB
medium and screened on LB medium containing kanamycin (30 pg
ml™") to discriminate the mutant from the wild type. Counts of E. cloacae
GS1 and its sdiA mutant were expressed as a percentage of the total viable
number of CFU recovered from inoculated plants. Colonization experi-
ments, individual or competitive, were performed thrice independently
with a minimum of five replicates in each experiment.

Biofilm formation, atomic force microscopy, and Congo red bind-
ing assay. For quantitation of biofilm formation on polystyrene, the assay
described earlier (22) was adapted, with modifications. Wild-type, mu-
tant, and complemented sdiA mutant cultures at an optical density at 600
nm (ODg,) of 0.8 were diluted 1:100 (vol/vol) into fresh LB medium
without NaCl. Wherever necessary, OHHL was supplemented to a final
concentration of 1 wM. This diluted culture was then split into aliquots of
2.5 ml and placed into each well of a 24-well microtiter plate. Appropriate
sterile medium served as a negative control. After 48 h growth at 25°C,
mature biofilms were washed thrice with sterile saline, air dried, stained
with crystal violet (0.5%, wt/vol), washed to remove unbound crystal
violet, and then air dried. The crystal violet bound on 24-well polystyrene
plates was then solubilized with absolute ethanol, and the absorbance at
590 nm was measured. The mean of five replicates from one of the three
independent experiments is presented, with error bars indicating stan-
dard deviations (SDs). Interface biofilms were cultivated on glass as de-
scribed earlier (23) in LB medium without NaCl at 25°C. Mature biofilms
on glass slides were washed thrice, stained with crystal violet, air dried,
observed, and photographed under a light microscope (Eclipse Ti; Nikon,
Melville, NY), and the architecture was analyzed. Images of each layer of
the biofilm were sewn together using the multiple-images sewing feature
available in the NIS elements-D program.

Interface biofilms on glass slides were also visualized using atomic
force microscopy to visualize finer details (24). Air-medium interface bio-
films were imaged with an A100SGS instrument (APE Research, Trieste,
Italy). Imaging was carried out by noncontact mode using a V-shaped
silicon nitride cantilever resonating at a frequency of 289 kHz. The images
were processed using the Gwyddion program and visually evaluated for
aggregation, extracellular matrix, and the robustness of the biofilm. A
Congo red binding assay was adapted, with modifications (25). E. cloacae
GS1, the sdiA mutant, and the complemented sdiA mutant were streaked
onto LB medium without NaCl supplemented with Congo red (50 pg
ml ') and Coomassie brilliant blue (6.25 wg ml~!) and incubated at 25°C
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FIG 1 Thin-layer chromatography of rice root exudate extracts and assay for
NAHL mimics. (a) Thin-layer chromatography of standard OHHL (lane 1),
extract of sterile nutrient solution (lane 2), extract of the spent nutrient solu-
tion in which rice seedlings were grown for 10 days (lane 3), extract of the
gnotobiotically grown rice root tissue (lane 4), and acetonitrile (lane 5). Chro-
matograms were developed by overlaying sheets with a soft-agar suspension of
the NAHL biosensor A. tumefaciens NT1(pZLR4). (b) Bioluminescence of E.
cloacae GS1(pBA405) (wild type [W]) and the absence of bioluminescence in
E. cloacae GS1 sdiA:Km"(pBA405) (mutant [M]) 6 h after overlaying on
3-day-old, surface-sterilized, and germinated rice seeds. Sterile filter paper
discs containing 200 pmol of N-(3-oxohexanoyl)-L-homoserine lactone over-
laid with E. cloacae GS1(pBA405) served as a positive control (P).

for 48 h before being scanned on a high-resolution gel scanner (UTA 11005
Amersham Biosciences, Uppsala, Sweden).

Quantitative reverse transcription-PCR (RT-PCR). Primer pairs
producing ~120-bp products specific to curli biosynthetic genes csgB,
csgA, and csgD, a cellulose biosynthetic gene besA, and an endogenous
control (rpoB) were designed using Primer Express (version 3.0) software
(Table 1). E. cloacae GS1 and its sdiA mutant were grown for 8 h statically
at 25°C in LB medium without NaCl. Total RNA was prepared from these
cultures using the Qiagen RNeasy protocol. Following DNase treatment,
c¢DNA was synthesized by random priming using a RevertAid first-strand
cDNA synthesis kit according to the manufacturer’s instructions. Synthe-
sized cDNA was quantified, and 100 ng was supplied as the template for
quantitative PCR performed in a total reaction volume of 25 pl, as in-
structed by the Qiagen QuantiFast SYBR green PCR kit manual, on an
Applied Biosystems 7500 real-time PCR system. Two independent exper-
iments were performed, where expression of each gene was measured in
triplicate. The wild-type gene expression was used as a calibrator to deter-
mine the relative change in gene expression.

RESULTS AND DISCUSSION

Rice root exudate contains NAHL-like substances that activate
SdiA in E. cloacae GS1. Extracts of the spent nutrient solution
after rice seedling growth under gnotobiotic conditions and ex-
tracts of sterile root tissue were found to activate the tral-traR-
based NAHL biosensor A. tumefaciens NT1(pZLR4), as shown by
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FIG 2 Disc diffusion assay for detection of SdiA activity in E. cloacae GS1.
Sterile filter paper discs impregnated with acetonitrile (negative control [N])
or 200 pmol of OHHL, HHL, and OHL were placed on an LB agar plate and
overlaid with a soft-agar suspension of E. cloacae GS1(pBA405) (a) or E. cloa-
cae GS1 sdiA:Km'(pBA405) (b). After incubation at 37°C for 6 h, the plates
were imaged with a charge-coupled-device camera to detect SdiA-dependent,
NAHL-induced bioluminescence.

the appearance of a spot slightly below the standard OHHL when
analyzed by thin-layer chromatography (Fig. 1a). This confirmed
that NAHL-like compounds were produced by rice roots and were
found in the root exudates. Production of NAHL mimics by plant
tissues has been shown before (10, 12). In the natural environ-
ment, the rhizosphere contains a mixture of beneficial and patho-
genic bacteria producing their cognate NAHLs (26, 27). Thus, the
rice rhizosphere environment is likely to contain NAHLs and
NAHL mimics from microbial and plant sources, respectively,
which could affect population density-dependent functions in
bacteria.

To test whether E. cloacae GS1 produces NAHLs, we examined
the concentrated extracts of E. cloacae GS1 culture supernatants in
different media for the presence of NAHLs with biosensors such
as A. tumefaciens NT1(pZLR4), C. violaceum CV026, E. co-
li(pSB401), E. coli(pSB406), and E. coli(pSB1075). None of the
NAHL biosensors used responded to the E. cloacae GS1 culture
supernatant extracts. Analysis of the recently sequenced genome
(GenBank accession number AJXP00000000.1) of E. cloacae GS1
indicated the absence of any luxI homolog which is essential for
synthesis of NAHLs but showed the presence of SdiA, one of the
well-studied LuxR-family transcriptional regulators. PCR with
primers SAF1 and SAF2 produced a single 951-bp amplified prod-
uct containing sdiA as a 723-bp open reading frame. The deduced
protein sequence was 240 amino acids long and contained con-
served domains belonging to autoinducer binding (Autoind_
bind) and helix-turn-helix (HTH) superfamilies, which are char-
acteristic of LuxR-family transcriptional regulators. Functional
SdiA in E. cloacae GS1 was detected by transforming this strain
with the biosensor plasmid pBA405 containing an SdiA-NAHL
complex-activated promoter upstream of the luxCDABE operon.
Observation of bioluminescent zones around discs impregnated
with NAHLs overlaid with E. cloacae GS1(pBA405) and the ab-
sence of bioluminescent zones when NAHL-impregnated discs
were overlaid with E. cloacae GS1 sdiA::Km'(pBA405) confirmed
the SdiA function in the parent strain and the absence of the same
in the sdiA mutant (Fig. 2). We wanted to understand why E.
cloacae GS1 had preserved a response regulator for a QS signal
which it was unable to synthesize. SdiA of E. coli and Salmonella
has been reported to regulate gene expression in response to en-
vironmental NAHLs. When E. cloacae GS1(pBA405) was overlaid
on surface-sterilized and germinated rice seeds, a diffused zone of
bioluminescence appeared around the seeds. However, such bio-
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FIG 3 Rice root colonization by wild-type E. cloacae GS1 (ECGS1) and its isogenic sdiA::Km" mutant (ECGSI sdiA::Km") individually (a) and competitively (b).
All colonization experiments were performed thrice independently with at least 4 replicates per experiment. Data shown are the means of replicates from one
representative experiment, and error bars indicate SDs. In competitive colonization, counts of the wild type and mutant are expressed as a percentage of the total
viable cells recovered per root. *, significant differences in relation to the wild type (P < 0.01).

luminescent zones were absent when the sdiA mutant containing
pBA405 was overlaid on germinated rice seeds (Fig. 1b). These
results confirmed that NAHL mimics were produced by the ger-
minated rice seeds and induced SdiA-dependent bioluminescence
in E. cloacae GS1(pBA405), while they were unable to do so in the
sdiA mutant background. It is known that cell-cell communica-
tions at the cross-kingdom level between plant hosts and their
microbial symbionts play a regulatory role in host colonization
(see references 28 and 29 and references therein). Thus, it was
proposed that E. cloacae GS1 sdiA could be conserved in evolution
to sense and regulate gene expression in response to environmen-
tal NAHLs in the rice rhizosphere. Thus, to gain a deeper insight
into the pleiotropic effects that SdiA may have on root coloniza-
tionin E. cloacae GS1, sdiA was disrupted and the resulting mutant
was characterized in vitro and in planta.

The sdiA mutant of E. cloacae GS1 shows improved rice root
colonization and biofilm formation. Disruption of sdiA in the
mutant strain was confirmed by PCR and an NAHL disc diffusion
assay. The absence of bioluminescent zones around discs impreg-
nated with different NAHLs and overlaid with the sdiA mutant
containing pBA405 confirmed the loss of SdiA function in E. clo-
acae GS1 (Fig. 2b). When inoculated on rice roots, the sdiA mu-
tant efficiently colonized rice roots and displayed a 4-fold signifi-
cant increase in population (P < 0.01) over that of the wild type in
7 days (Fig. 3a). Similarly, when the wild type and sdiA mutant
were allowed to compete for the same rhizospheric niche, the sdiA
mutant clearly outcompeted the wild type, forming 85% of the
total population recovered from the roots, while the wild type

formed only 15% of the same (Fig. 3b). These observations imply
that inactivation of sdiA improves rice root colonization and also
provides a competitive advantage to the sdiA mutant over the wild
type during root colonization. The in trans complemented sdiA
mutant achieved population sizes similar to those of the wild type
on rice roots over the 7-day period, eliminating the possibility of
secondary mutations (Table 2). These findings are similar to those
in an earlier report (25) on E. coli O157:H7 where inactivation of
sdiA led to a significant increase in cellular adhesion and biofilm
formation.

Earlier reports have shown that mutations in sdiA significantly
alter biofilm formation by E. coli in response to NAHLs (see ref-
erence 30 and references therein). Similarly, significant differ-
ences in the architecture, robustness, quality, and quantity of E.
cloacae GS1 and its sdiA mutant biofilms were visualized by light
microscopic observation of the air-medium interface biofilm. A
thin layer of cells formed on the air side of the wild-type biofilm,
while it was a thick layer of cells cemented together by a matrix
that formed on the air side in the case of the sdiA mutant biofilm
(Fig. 4a). Quantification of biofilm-forming ability, as described
in Materials and Methods, indicated a 1.6-fold, significant in-
crease (P < 0.001) in the biofilm-forming ability of the sdiA mu-
tant over that of the parent strain (Fig. 4b). These findings further
substantiated our hypothesis of an overall increase in cellular ad-
hesion to biotic and abiotic surfaces upon sdiA inactivation.
Atomic force microscopy analysis of the wild-type and sdiA mu-
tant biofilms revealed that the thick layer observed in the mutant
biofilms was a matrix that cemented the cells together. Clear im-

TABLE 2 Sensitivity of E. cloacae GS1 and the complemented sdiA mutant to 1 uM OHHL during root colonization and biofilm formation”

Root colonization (no. of CFU g™ " fresh

root wt [10°]) with:

Biofilm formation (ODs,,) with:

1pM 1M
Strain Acetonitrile OHHL Acetonitrile OHHL
E. cloacae GS1 0.31 = 0.03 0.14 = 0.02 0.87 £ 0.05 0.70 = 0.07
E. cloacae GS1 sdiA:Km" 1.25 + 0.14* 1.19 £ 0.30* 1.47 £ 0.13* 1.50 * 0.09*
E. cloacae GS1 sdiA:Km"(pBsdiA) 0.19 £ 0.13 0.097 * 0.08 0.72 + 0.08 0.89 *+ 0.04

@ The sdiA mutant was insensitive to the presence of OHHL. Biofilm assays and colonization experiments were performed thrice independently with at least 4 replicates each. Data
shown are the means from one such experiment. *, significant differences in relation to the wild type (P < 0.01).
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FIG 4 Biofilm formation by wild type and sdiA mutant of E. cloacae GS1. (a)
Interface biofilms of E. cloacae GS1 (ECGSI1) and its sdiA mutant (ECGS1
sdiA:Km") grown on glass slides observed by light microscopy after crystal
violet staining showing significant differences in biofilm architecture. (b) Bio-
film formation by E. cloacae GS1, its sdiA mutant, and the sdiA mutant com-
plemented in trans on polystyrene quantified by crystal violet staining and
measurement of the absorbance at 590 nm. The assay was performed thrice
independently with five replicates each. Data shown are the means from one
such experiment, and error bars indicate SDs. *, significant differences in re-
lation to the wild type (P < 0.001). (c) Atomic force micrographs of E. cloacae
GS1 and its sdiA mutant showing cellular aggregates (CA). A matrix-like struc-
ture (M) encapsulating the cellular aggregates of the sdiA mutant is noted.

ages of cells forming cellular aggregates from the E. cloacae GS1
biofilms are shown in Fig. 4c. It was difficult to image individual
cells forming the sdiA mutant aggregates due to this thick extra-
cellular cementing matrix. Enterobacterial adhesion, invasion,
and resistance to antibacterials are known to be mediated by for-
mation of an extracellular matrix comprised of cellulose and curli
fimbriae (31). In E. coli O157:H7, the expression of genes encod-
ing fimbrial structures that are essential for bacterial adhesion was
significantly higher in an sdiA mutant strain than the parent. It was
proposed that this increase in curli fimbria production increased
attachment of E. coli to HEp-2 cells 2-fold, which may contribute
toward better colonization and pathogenesis (25). To verify
whether sdiA inactivation in E. cloacae GS1 causes curli fimbria/
cellulose overproduction, the wild type and sdiA mutant were
plated on medium containing Congo red, which stains both curli
and cellulose. E. cloacae GS1 produced pale red colonies, while its
isogenic sdiA mutant produced pale red colonies with dark red

January 2013 Volume 195 Number 1

SdiA Regulates Root Colonization in E. cloacae GS1

centers (a fish eye-like appearance), as shown in Fig. 5a, which is
characteristic of curli/cellulose overproduction. When comple-
mented with functional sdiA, E. cloacae GS1 sdiA::Km" exhibited a
wild-type-like phenotype. These findings suggest that SdiA has a
negative effect on cellular adhesion by its control over cellulose/
curli production. SdiA is shown to be a strong transcriptional
repressor of the curli biosynthetic operon (csg) in enterohemor-
rhagic E. coli O157:H7 (25). To check if similar regulatory mech-
anisms are operational in E. cloacae GS1, we performed quantita-
tive RT-PCR to analyze curli and cellulose biosynthetic gene
expression in the wild type and mutant strain (Fig. 5b). We ob-
served an ~53-fold higher expression level of csgB, the minor
subunit of curli fimbriae, and an ~12-fold elevated expression
level of csgA, the major subunit of curli, in the sdiA mutant, which
substantiated the curli overproduction phenotype observed for
this strain on Congo red agar. We also observed ~14-fold higher
levels of csgD expression in the sdiA mutant. CsgD is a known
positive regulator of the curli biosynthetic genes, and its expres-
sion is not self-regulated, as in the case of many transcriptional
regulators (32). No significant change in the expression of bcsA,
coding for the cellulose synthase catalytic subunit, was observed.
This finding correlated with our results in a cellulose production
assay where no variation in fluorescence was visible when E. cloa-
cae GS1 and its isogenic sdiA mutant were grown on calcofluor
white-containing plates (data not shown).

NAHLs negatively regulate rice root colonization and bio-
film formation. The classical model of NAHL-based quorum
sensing involves the LuxI family of proteins, responsible for the
synthesis of NAHLs, and the LuxR family of proteins, responsible
for regulation of gene expression in an NAHL-dependent manner
(1). Recently, many bacterial species were found to contain or-
phaned LuxR regulators or LuxR-family solos, which are evolu-
tionarily conserved in many bacterial species and may play key
roles in sensing and responding to environmental NAHL/NAHL-
like signals (see references 33 and 34 and references therein). The
effect of NAHLSs on root colonization and biofilm formation by E.
cloacae GS1 and its sdiA mutant was studied with and without
OHHL supplementation. In the presence of OHHL, root coloni-
zation by E. cloacae GS1 decreased by 2.2-fold (P < 0.01), while
biofilm formation on polystyrene was reduced by 1.2-fold (P <
0.01). This observation is consistent with the findings of an earlier
study demonstrating that NAHLs impose a negative effect on bio-
film formation in E. coli K-12 BW25113 (8). The E. cloacae GS1
sdiA mutant, however, displayed no significant difference in root
colonization and biofilm formation in the presence or absence of
OHHL (Table 2). The sdiA mutant’s insensitivity to the inhibitory
effect of NAHLSs on root colonization and biofilm formation sug-
gested that the observed effect was strictly SdiA dependent. Fur-
ther supporting our inference, the sdiA mutant complemented
with wild-type sdiA in trans displayed a sensitivity to the presence
of NAHLs during root colonization and biofilm formation. In
summary, SdiA of E. cloacae GS1 imposes negative regulatory ef-
fects on cellular adhesion in both the presence and absence of
NAHL signals. However, the inhibitory effect is intensified in the
presence of extraneous NAHLs. Since we find that rice plants syn-
thesize NAHL-like substances, we believe that these NAHL mim-
ics could be cross-kingdom signals which modulate NAHL-in-
ducible gene expression in rhizosphere colonizers. Symbiotic
plant-microbe interactions have a certain level of host specificity.
Similarly, plants do impose restrictions on the type and number of
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FIG 5 Curli overproduction by E. cloacae GS1 sdiA::Km" compared to the level of production by the parent strain. (a) Curli production phenotype of E. cloacae
GS1, its sdiA mutant, and the sdiA mutant complemented in trans on Congo red medium. All three strains were grown on LB agar without NaCl containing
Congo red at 25°C for 48 h, and the plate was scanned on a high-resolution gel scanner. E. cloacae GS1 produced pale red colonies (w), while the sdiA mutant
produced red colonies with dark red centers showing a typical fish eye-like appearance characteristic of curli overproduction (m). The sdiA mutant comple-
mented in trans appeared similar to the wild type (p). (b) Effect of sdiA inactivation on the expression of curli (csgB, csgA, csgD) and cellulose biosynthesis (besA)
genes in E. cloacae GS1. Gene expression values of the wild type were set equal to 1 to calculate the relative change in gene expression in the sdiA mutant.
Quantitative RT-PCR was performed twice independently, including triplicate measurements of gene expression per gene, and yielded similar results. Data
shown are the mean relative change in expression = standard deviation from one such experiment. *, significant differences in relation to the wild type (P <

0.001).

bacteria that colonize their rhizosphere. This phenomenon,
termed the “rhizosphere effect,” heavily influences the bacterial
communities associated with the plant, as it allows preferential
selection of a few bacterial species, inhibiting the growth of some
and not affecting some (35). It is known that root colonization by
beneficial bacteria involves an attraction phase, a settlement
phase, and a residence phase. The residence phase is when the root
surface attains a maximal bacterial population, beyond which the
bacterial count becomes dependent on root growth (36). Thus,
any plant allows only permissible populations to inhabit its rhizo-
sphere, irrespective of the total inoculated population. In the case
of beneficial bacteria, this permissible population is usually suffi-
cient to promote plant growth and improve nutrition. Our find-
ings presented in this article suggest that inactivation of sdiA leads
to a 4-fold increase in the permissible population allowed on the
rice root surface. We propose that this increase could be a combi-
natorial effect of derepression of the curli biosynthetic genes and
insensitivity to rice-derived NAHL mimics as a result of sdiA in-
activation.
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