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ABSTRACT Quorum-sensing (QS) signals are widely employed by bacteria to regu-
late biological functions in response to cell densities. Previous studies showed that
Burkholderia cenocepacia mostly utilizes two types of QS systems, including the N-
acylhomoserine lactone (AHL) and cis-2-dodecenoic acid (BDSF) systems, to regulate
biological functions. We demonstrated here that a LysR family transcriptional regula-
tor, Bcal3178, controls the QS-regulated phenotypes, including biofilm formation and
protease production, in B. cenocepacia H111. Expression of Bcal3178 at the transcrip-
tional level was obviously downregulated in both the AHL-deficient and BDSF-defi-
cient mutant strains compared to the wild-type H111 strain. It was further identified
that Bcal3178 regulated target gene expression by directly binding to the promoter
DNA regions. We also revealed that Bcal3178 was directly controlled by the AHL sys-
tem regulator CepR. These results show that Bcal3178 is a new downstream compo-
nent of the QS signaling network that modulates a subset of genes and functions
coregulated by the AHL and BDSF QS systems in B. cenocepacia.

IMPORTANCE Burkholderia cenocepacia is an important opportunistic pathogen in
humans that utilizes the BDSF and AHL quorum-sensing (QS) systems to regulate bi-
ological functions and virulence. We demonstrated here that a new downstream reg-
ulator, Bcal3178 of the QS signaling network, controls biofilm formation and prote-
ase production. Bcal3178 is a LysR family transcriptional regulator modulated by
both the BDSF and AHL QS systems. Furthermore, Bcal3178 controls many target
genes, which are regulated by the QS systems in B. cenocepacia. Collectively, our
findings depict a novel molecular mechanism with which QS systems regulate some
target gene expression and biological functions by modulating the expression level
of a LysR family transcriptional regulator in B. cenocepacia.

KEYWORDS Burkholderia cenocepacia, quorum sensing, LysR family transcriptional
regulator, biofilm, protease

uorum sensing (QS) is a cell-cell communication mechanism used by various bac-

teria (1-3). The first, most characterized QS system is the AHL-type system, which
usually consists of two components, Luxl and LuxR proteins. The Luxl protein is an
autoinducer synthetase that synthesizes the chemical signaling molecule N-acyl homo-
serine lactone (AHL). The LuxR protein is a cytoplasmic autoinducer receptor that con-
tains a DNA-binding transcriptional activation domain. Autoinducers (AHLs) diffuse
into the extracellular matrix and accumulate with the increasing number of cells. When
the density of the signal reaches a threshold, the signal molecule will bind to the LuxR
protein, and then the activated LuxR protein stimulates the expression of target genes
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(4-7). In addition to AHL-type signals, there are many other kinds of QS signals. One of
them is the diffusible signal factor (DSF)-type signal, which was first identified in
Xanthomonas campestris (8, 9).

Burkholderia cenocepacia is a major opportunistic pathogen that causes infection in
cystic fibrosis and immunocompromised patients (10, 11). It can produce biofilm and
numerous virulence factors, including lipopolysaccharide, exopolysaccharide, protease,
and toxin. B. cenocepacia possesses the CeplR QS system, which is a LuxIR-type QS sys-
tem (12). Cepl synthesizes two different AHL signals; one is N-octanoyl homoserine lac-
tone (Cg-HSL, OHL), and the other one is N-hexanoyl homoserine lactone (C4-HSL, HHL).
CepR is a homolog of the LuxR protein; it contains two domains, the signal binding do-
main and the transcriptional activation domain, and uses the same regulatory mecha-
nism as other LuxR-type regulators to control target gene expression (12-16).
Furthermore, a fatty acid signal molecule synthesized by B. cenocepacia was identified
as cis-2-dodecenoic acid, which was also called Burkholderia diffusible signal factor
(BDSF) (17). Previous study showed that BDSF signal is biosynthesized by B. cenocepa-
cia RpfF (RpfFgo). It accumulates in a cell density-dependent manner and regulates the
production of various virulence factors. With the bacterial cells gradually accumulating
to a high density, BDSF signals bind to RpfR to enhance the phosphodiesterase activity
of RpfR and decrease the intracellular cyclic diguanosine monophosphate (c-di-GMP)
level, and then they increase the ability of the RpfR-GtrR complex to bind to the pro-
moter DNA of target genes (18). The AHL- and BDSF-type QS systems coordinate to
control virulence and physiological functions in B. cenocepacia. In addition, BDSF was
also revealed to positively regulate AHL signal production (19).

LysR-type transcriptional regulators (LTTRs) are the most widespread transcriptional
regulators in prokaryotes (20). Structures of this type of regulator are conserved and
usually contain an N-terminal DNA-binding helix-turn-helix motif and a C-terminal
coinducer-binding domain. The coinducing agents are mostly metabolic intermediate
substances (21, 22). Increasing evidence suggests that LTTR ShvR controls QS, protease,
type Il secretion, and colony morphology in B. cenocepacia (23, 24). In this study, we
demonstrated that a novel LysR family transcriptional regulator, Bcal3178, was posi-
tively controlled by both the AHL and BDSF systems. We also uncovered the regulatory
mechanism of Bcal3178 to modulate the phenotypes and QS-regulated target genes in
B. cenocepacia H111. In general, our results identify a novel downstream component of
the QS systems that help us to further understand the QS signaling hierarchy in B.
cenocepacia.

RESULTS

Bcal3178 controls QS-regulated phenotypes in B. cenocepacia. To further inves-
tigate the regulatory mechanism, especially the downstream signaling pathways, of
the BDSF QS system, we constructed a library of Tn5 random insertion mutants. The
bclACB operon is simultaneously regulated by the BDSF and CepIR QS systems in B.
cenocepacia H111 (25, 26). Taking advantage of this feature, the bc/ACB operon pro-
moter lacZ was fused to a plasmid and transferred into the wild-type B. cenocepacia
H111 strain. We screened and identified about 40,000 colonies of the mutant library of
B. cenocepacia H111, and the light blue colonies grown in LB agar medium (5 g yeast
extract, 10 g tryptone, 10 g NaCl, and 15 g agar per liter) supplemented with X-Gal (5-
bromo-4-chloro-3-indolyl B-p-galactopyranoside) were picked out for the identification
of insertion sites. Among those identified genes (see Table S1 in the supplemental ma-
terial), there was a LysR family transcriptional regulator (Bcal3178; 135_RS03450) whose
homologues are widely present in many bacteria and play an important role in various
physiological activities (27, 28). However, the functions and regulatory mechanisms of
Bcal3178 are unclear in B. cenocepacia. Domain structure analysis of Bcal3178 by using
the SMART program (http://smart.embl-heidelberg.de) shows that it has an N-terminal
DNA-binding helix-turn-helix motif and a C-terminal coinducer-binding domain (Fig.
1A). In-frame deletion of Bcal3178 caused a significant downregulation of biofilm
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FIG 1 Effects of Bcal3178 on the QS-regulated phenotypes. (A) Genomic organization and domain structure
analysis of Bcal3178 in B. cenocepacia H111 (domain structure was analyzed by using the SMART program at
http://smart.embl-heidelberg.de). (B and C) Effects of Bcal3178 on biofilm formation (B) and protease activity
(C). The data are means =* standard deviations from three independent experiments. *, P < 0.05; **, P<0.01;
*¥** P<0.001 (unpaired t test).

formation and protease activity, which are the phenotypes controlled by the two dif-
ferent types of QS systems in B. cenocepacia, and the complemented strain exhibited
restored phenotypes (Fig. 1B and C).

Bcal3178 regulates the target genes by directly binding to the promoter. As an
insertion mutation of Bcal3178 resulted in a light blue colony with a bc/ACB operon
promoter-lacZ fusion plasmid, we supposed that Bcal3178 controls the expression level
of the bc/ACB operon. To confirm this speculation, we constructed the Pbc/ACB-lacZ re-
porter system in the Bcal3178 deletion mutant strain. The expression of bc/ACB in the
Bcal3178 deletion mutant was remarkably lower than that in the wild-type B. cenocepa-
cia H111 strain, as determined by measuring the B-galactosidase activity, suggesting
that Bcal3178 positively regulates the expression of bclACB (Fig. 2A). To further study
whether transcriptional regulation of bc/ACB was achieved by direct binding of
Bcal3178 to the promoter, we continued to perform electrophoretic mobility shift anal-
yses (EMSAs) to identify the regulatory mechanism of Bcal3178. A 506-bp DNA frag-
ment of the bc/ACB promoter was obtained by PCR amplification for use as the probe.
Bcal3178 is composed of 327 amino acids and was purified using affinity chromatogra-
phy (Fig. 2B). The EMSAs showed that the complex of Bcal3178 and bc/ACB probe
migrated slower than the unbound probe, and the bc/ACB promoter probe that bound
to Bcal3178 significantly increased with increasing amounts of Bcal3178 protein (Fig.
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FIG 2 Effects of Bcal3178 on a QS-controlled target gene. (A) The effects of Bcal3178 on the
expression level of bclACB were measured by assessing B-galactosidase activity of the bc/ACB-lacZ
transcriptional fusion in the B. cenocepacia H111 wild-type strain (@) and Bcal3178 deletion mutant
strain (H). (B) SDS-PAGE of the GST-Bcal3178 protein. (C) EMSA detection of Bcal3178 binding to the
promoter DNA of bclACB.

2C). Moreover, the amount of labeled probe bound to Bcal3178 decreased in the pres-
ence of unlabeled probe (Fig. 2C).

Transcriptional expression of Bcal3178 is positively regulated by both the
BDSF and AHL QS systems. As bc/ACB operon expression, biofilm formation, and pro-
tease activity are regulated by both the BDSF and AHL systems in B. cenocepacia H111,
we continued to investigate the relationship between Bcal3178 and the QS systems.
We first measured the expression levels of Bcal3178 in the wild-type H111, BDSF-defi-
cient mutant (rpff, deletion mutant), rpfR deletion mutant, AHL-deficient mutant (cep/
deletion mutant), and cepR deletion mutant strains by using quantitative reverse tran-
scription-PCR (RT-PCR) analysis. The results showed that the expression levels of
Bcal3178 of the mutant strains were lower than that of the wild-type H111 strain (Fig.
3A). We then constructed the Bcal3178-lacZ reporter system in the wild-type H111,
rpfFgc mutant, and cepl mutant strains. The B-galactosidase activity assays revealed
that Bcal3178 expression levels were downregulated in both rpffy. and cep/ mutant
strains, and the expression levels were restored with addition of 20 M BDSF and AHL
(OHL), respectively (Fig. 3B).

Bcal3178 is a downstream component of the BDSF and AHL QS systems. Based
on the facts that Bcal3178 controlled QS-regulated phenotypes and its expression was
modulated by QS systems at the transcriptional level, we then expressed Bcal3178 in
trans in the rpfFsc mutant and cep/ mutant strains. It was shown that in trans, the
expression of Bcal3178 in the two mutant strains increased biofilm formation to 75%
and 87% of the wild-type strain level (Fig. 4A), and the in trans expression of Bcal3178
in the rpfFzc mutant and cepl mutant strains can almost fully restore protease produc-
tion to the wild-type strain level (Fig. 4B). These results suggested that Bcal3178 is a
downstream component of the QS signaling network in B. cenocepacia.

CepR regulates Bcal3178 expression by directly binding to the promoter. To
study how the QS systems control Bcal3178, we investigated whether transcriptional
regulation of Bcal3178 is achieved by direct binding of regulators of QS systems to the
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FIG 3 Effects of QS systems on the expression of Bcal3178. (A) The expression levels of Bcal3178 in
the wild-type strain and Arpff,., ArpfR, Acepl, and AcepR mutant strains were analyzed by using qRT-
PCR. The expression level of Bcal3178 in the wild-type strain was arbitrarily defined as 100% and used
to normalize the expression ratios of Bcal3178 in the mutant strains. (B) The expression levels of
Bcal3178 in the wild-type strain and QS signal-deficient mutant strains were measured by assessing
B-galactosidase activity of the Bcal3178-lacZ transcriptional fusions. BDSF and AHL (OHL) were added
at a final concentration of 20 M. The data are means * standard deviations from three independent
experiments. ¥, P < 0.05; **, P<0.01; ***, P<0.001 (unpaired t test).

target gene promoter. Since GtrR and CepR are the regulators of the BDSF and AHL
systems, respectively, in B. cenocepacia, we used EMSAs to test whether GtrR and CepR
can bind the Bcal3178 promoter. A 223-bp DNA fragment of the Bcal3178 promoter
was obtained by PCR amplification for use as the probe. CepR and GtrR, which are
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FIG 4 Complementation of the QS signal-deficient mutants with Bcal3178. In trans expression of
Bcal3178 complemented biofilm formation (A) and protease production (B) in the BDSF-deficient
ArpfFyc mutant and AHL-deficient Acep/ mutant. The data are means * standard deviations from
three independent experiments. ***, P < 0.001 (unpaired t test).
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FIG 5 Analysis of the binding between CepR and Bcal3778 promoters. (A) SDS-PAGE of the CepR
protein. (B) EMSA detection of in vitro binding of CepR to the promoter of Bcal3178, in which a
biotin-labeled Bcal3178 promoter DNA probe was used for protein-binding assays. (C) EMSA detection
of in vitro binding of CepR to the promoter of Bcal3178 with the addition of different amounts of
AHL (OHL).
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composed of 239 and 463 amino acids, respectively, were purified by affinity chroma-
tography (Fig. 5A and Fig. STA). It was shown that GtrR did not bind to the probe (Fig.
S1B), and the expression levels of Bcal3178 showed no detectable difference in the
wild-type and gtrR deletion mutant strains (Fig. S1C and D). CepR, which was purified
in the presence of OHL signal, formed a stable DNA-protein complex with the Bcal3178
promoter DNA fragment, and the migration rate of the complex was slower than that
of the unbound probe (Fig. 5B). The amount of labeled probe that bound to CepR
increased with increasing amounts of CepR and decreased in the presence of both 25-
and 50-fold unlabeled probe (Fig. 5B). Moreover, the binding of CepR to the Bcal3178
promoter probes was enhanced in the presence of OHL signal (Fig. 5C). These results
suggested that CepR is responsible for modulating Bcal3178 expression. Intriguingly, it
was reported that CepR usually binds to the sequence called lux-box, which contains
the conserved sequence NCTGTNNNGATCNNNCAGNN (12, 15, 27). However, we ana-
lyzed the promoter sequence of Bcal3178 and found no lux-box but only a similar
sequence, TTCGATACGAGAGCGAAC, in the promoter of Bcal3178. Deletion of this frag-
ment from the promoter region of Bcal3178 did not affect the binding of CepR to the
promoter of Bcal3178 (Fig. S2), suggesting that there is a new binding site for CepR in
the promoter region of Bcal3178.

Bcal3178 controls a wide range of QS-regulated genes. The BDSF and AHL QS
systems control numerous genes and many physiological functions in B. cenocepacia
(26). As Bcal3178 is a downstream component of the QS signaling network, we contin-
ued to test whether Bcal3178 controls the genes regulated by the BDSF and AHL QS
systems (26). Quantitative real-time fluorescence PCR (gRT-PCR) results showed that at
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FIG 6 gRT-PCR analysis of the genes that showed differential expression between the Arpff;., Acepl,
AcepR, and ABcal3178 mutant strains and the wild-type strain. The data are based on three
independent experiments, and error bars represent standard deviations.

least 25 genes were decreased in the rpffg., cepl, cepR, and Bcal3178 mutant strains
compared with their expression levels in the wild-type H111 strain (Fig. 6). These differ-
entially expressed genes are involved in a range of biological functions (Table S2).
However, the expression levels of rpffg- and cepl showed no detectable differences
between the wild-type and Bcal3178 mutant strains (Fig. S3). These findings suggested
that Bcal3178 controls at least a subset of target genes of the QS systems.

DISCUSSION

In this study, we identified that a LysR family transcriptional regulator, Bcal3178, is a
new global transcriptional regulator controlling various gene expression and biological
functions (Fig. 1, 2, and 6). Intriguingly, both of these genes and biological functions
are coregulated by the BDSF and AHL systems in B. cenocepacia. Moreover, the expres-
sion levels of Bcal3178 were significantly downregulated in the QS-deficient mutant
strains compared to the wild-type B. cenocepacia H111 strain (Fig. 3), while Bcal3178
exhibited no detectable effect on the expression levels of BDSF or AHL signal syn-
thase-encoding genes (Fig. S3). Previous studies showed that another LysR family tran-
scriptional regulator, ShvR, was controlled by the AHL QS system in B. cenocepacia
K56-2 (23, 24). ShvR also influenced the production of a set of virulence factors and
AHL signal production in B. cenocepacia K56-2 (23, 24), suggesting the distinguishing
roles of Bcal3178 from other LysR family transcriptional regulators in B. cenocepacia.

It was already demonstrated that the AHL and BDSF QS systems are not completely
independent and form a signaling network (19). The two QS systems coregulate vari-
ous genes and phenotypes. BapA (encoded by BCAM2143) is a large surface protein
that plays a vital role in biofilm formation (29, 30). A cluster of three genes, bc/ACB
(BCAMO0184 to -0186), encode lectins, which are also needed for biofilm structural de-
velopment (26, 29). ZmpB is a zinc metalloprotease that is a vital component of proteo-
lytic activity (31). All of these genes were significantly downregulated in both the
BDSF-deficient and AHL-deficient mutant strains, as previously reported (26), and were
downregulated in the Bcal3178 deletion mutant strain compared to the wild-type
H111 strain (Fig. 6). In addition, the deletion of Bcal3178 impaired biofilm formation
and protease production, while in trans expression of Bcal3178 restored the biofilm for-
mation and protease production of both the QS signal-deficient mutants and the
Bcal3178 deletion mutant (Fig. 1 and 4). Moreover, the substantially overlapping genes
controlled by both the BDSF and AHL systems were regulated by Bcal3178 (Fig. 6).
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FIG 7 Schematic diagram of the QS signaling network in B. cenocepacia. The two-component system
RgpSR positively regulates expression of the cepl and rpfF,. genes, which are required for the
synthesis of the BDSF and AHL signals, respectively. Binding of BDSF to the receptor RpfR
substantially increases its c-di-GMP degradation activity and results in a reduced intracellular c-di-
GMP level and, consequently, affects cepl transcriptional expression. CepR, activated by AHL signals,
directly binds to the promoter of Bcal3178 and enhances the expression of Bcal3178, which finally
controls some QS-regulated target gene expression and biological functions. Solid arrows indicate
regulation or signal transduction.

Taken together, these findings support that Bcal3178 is a novel key downstream com-
ponent of the QS signaling network in B. cenocepacia (Fig. 7).

Several previous reports showed that LTTR was controlled by the AHL-dependent
QS system, but the regulatory mechanism is unclear (23, 27). In this study, we discov-
ered that CepR, the receptor of the AHL system, directly bound to the promoter of
Bcal3178, and OHL signal enhanced the binding activity (Fig. 5B and C). From these
results, we can propose a new regulatory mechanism in which the AHL signals accu-
mulate to the threshold and bind to CepR, and then the activated CepR regulates
Bcal3178 by directly binding to the promoter of Bcal3178, thereby controlling target
gene expression as well as biofilm formation and protease phenotypes (Fig. 7).
Nevertheless, a new issue is that we did not find an obvious lux-box sequence in the
promoter region of Bcal3178. Furthermore, the BDSF QS system usually regulates tar-
get genes through the BDSF-RpfR-GtrR complex (18), but the EMSA result showed that
there was no binding between GtrR and the Bcal3178 promoter (see Fig. S1B in the
supplemental material), and the expression levels of Bcal3178 were similar in the wild-
type and gtrR deletion mutant strains (Fig. S1C and D), suggesting that BDSF employs
another novel regulator or the AHL QS system to regulate Bcal3178 expression, which
needs to be investigated further (Fig. 7).

MATERIALS AND METHODS

Bacteria strains and growth conditions. All the strains used in this study are listed in Table 1. B.
cenocepacia H111 strains and Escherichia coli were grown at 37°C in LB medium (5 g yeast extract, 10 g
tryptone, and 10 g NaCl per liter; solid medium also contains 15 g agar per liter). In this work, antibiotics
were used at the following concentrations: ampicillin, 100 wg/ml; kanamycin, 100 wg/ml; gentamicin,
50 ng/ml; and tetracycline, 20 wg/ml. The chromogenic substrate X-Gal (5-bromo-4-chloro-3-indolyl 3-p-
galactopyranoside) was used at 40 ug/ml. Bacterial growth was monitored spectrophotometrically by
measuring the optical density at a wavelength of 600 nm (ODg).

Screening and identification of mutants in which Tn5 was randomly inserted. A mini-Tn5 trans-
poson with a gentamicin resistance gene was transformed into B. cenocepacia H111 with the bc/ACB op-
eron promoter-lacZ fusion by triparental mating. The transformants were selected on LB plates supple-
mented with X-Gal and gentamicin. The light blue colonies were picked out for the identification of
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Reference or source

B. cenocepacia

Phenotype and/or characteristics®

H111

ArpfFgc

ArpfR

Acepl

AcepR

AgtrR

ABcal3178
ArpfFg(Bcal3178)
Acepl(Bcal3178)
ABcal3178(Bcal3178)
H111(PbclACB-lacZ)
ABcal3178(PbclACB-lacZ)
H111(PBcal3178-lac2)
Acepl(PBcal3178-lac2)

ArpfF,(PBcal3178-lacZ)

AgtrR(PBcal3178-lac2)

E. coli

DH5«

BL21

Plasmids

pBBR1-mcs2
pBBR1-mcs2-Bcal3178
pK18

pK18-Bcal3178

pRK2013
pME2-lacZ
PbclACB-lacZ
PBcal3178-lacZ
pGEX-6p-1
pGEX-Bcal3178
pDBHT2
pDBHT2-cepR
pDBHT2-gtrR

Wild-type strain, genomovar lll of the B.
cepacia complex

BDSF-minus mutant derived from H111 with
rpffg. deleted

Deletion mutant with rpfR deleted

Deletion mutant with cepl deleted

Deletion mutant with cepR deleted

Deletion mutant with gtrR deleted

Deletion mutant with Bcal3178 deleted

ArpfFz mutant harboring expression
construct pBBR1-mcs2-Bcal3178

Acepl mutant harboring expression
construct pBBR1-mcs2-Bcal3178

ABcal3178 mutant harboring expression
construct pBBR1-mcs2-Bcal3178

H111 harboring reporter construct Pbc/ACB-
lacZ

ABcal3178 mutant harboring reporter
construct PbclACB-lacZ

H111 harboring reporter construct
PBcal3178-lacZ

Acepl mutant harboring reporter construct
PBcal3178-lacZ

ArpfF, mutant harboring reporter construct
PBcal3178-lacZ

AgtrR mutant harboring reporter construct
PBcal3178-lacZ

supE44 lacU169(80lacZM15) hsdR17 recAl
endAT gyrA96 thi-1 relAT pir

F~ ompT hsdS (r;"mg~) dem™ Tet" gal(DE3)
endA

Broad-host-range cloning vector; Kan"

pBBR1-mcs2 containing Bcal3178

pK18, sacB™; gene replacement vector; Kan"

pK18 containing fragments flanking Bcal3178
and Gm-resistant fragment; Kan’, Gm'

RK2 derivative, mob™ tra™ ori ColE1; Kan"

Transcriptional level reporter vector; Tet"

pPME2-lacZ containing promoter of bc/ACB

pME2-lacZ containing promoter of Bcal3178

Expression vector; Amp"

pGEX-6p-1 containing Bcal3178

Expression vector; Kan'

pDBHT2 containing cepR

pDBHT2 containing gtrR

34
17

38
19
12
18
This study
This study

This study
This study
18

This study
This study
This study
This study

This study

Laboratory collection

Stratagene

Laboratory collection
This study
Laboratory collection
This study

39

Laboratory collection
18

This study
Amersham

This study
Laboratory collection
This study

This study

aKan', Tet, Amp', and Gm" indicate resistance to kanamycin, tetracycline, ampicillin, and gentamicin,
respectively.

insertion sites. High-efficiency thermal PCR was used to identify DNA flanking sequences at the insertion
site of the Tn5 transposon as previously described (32).

Construction of in-frame deletion mutant and complemented strains. B. cenocepacia H111 was
used as the parental strain to construct the Bcal3178 deletion mutant by following previously described
methods (17). The upstream and downstream fragments of Bcal3178 were generated by using the two
PCR primer pairs listed in Table 2. For the generation of complementation, the coding region of
Bcal3178 was amplified and cloned into the plasmid pBBR1-MCS2. The resulting construct was conju-
gated into the B. cenocepacia H111 ABcal3178 deletion mutant using triparental mating with pRK2013
as the mobilizing plasmid. The construct was also conjugated into B. cenocepacia H111 ArpfF,. and
Acepl deletion mutants using the same methods (33).

Biofilm formation and protease activity assays. The bacterial cells were cultured overnight and
diluted to an ODg,, of 0.01 by using minimal medium [per liter, 2 g glycerin, 2 g mannitol, 10.5 g
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TABLE 2 PCR primers used in this study

Primer

Sequence? (5'-3’)

For deletion
Bcal3178 L-F
Bcal3178L-R
Bcal3178R-F
Bcal3178R-R
Bcal3178GM-F
Bcal3178GM-R
Bcal3178IN-F
Bcal3178IN-R
Bcal31780UT-F
Bcal31780UT-R

For in trans expression and reporter
Bcal3178C-F
Bcal3178C-R
PbclACB-F
PbclACB-R
PBcal3178-F
PBcal3178-R

For EMSA

EMSA-bcIACB-F
EMSA-bc/ACB-R
EMSA-Bcal3178-F
EMSA-Bcal3178-R

For recombinant protein
Bcal3178-GST-F
Bcal3178-GST-R
cepR-HIS-F
cepR-HIS-R
gtrR-HIS-F
gtrR-HIS-R

For RT-gPCR
Bcal3178-F
Bcal3178-R

cepl-F
cepl-R
rpfFgF
rpfFg-R
recA-F
recA-R

BCALO124-F
BCALO124-R
BCAL0831-F
BCAL0831-R
BCAL0833-F
BCAL0833-R
BCAL1063-F
BCAL1063-R
BCAL2353-F
BCAL2353-R
BCAL3285-F
BCAL3285-R
BCAMO184-F
BCAMO0184-R
BCAMO185-F
BCAMO0185-R
BCAMO186-F
BCAM0186-R
BCAMO191-F
BCAMO191-R
BCAMO192-F
BCAMO192-R

CTATGACATGATTACGAATTCCGCTCGTTGATTAGGTGGTGT
TTCCACGGTGTGCGTCCACTGCGCGCGTCAGCCATCGGA
TAAATTGTCACAACGCCGCCGGCTTGCGTATTTCTGGCC
CTGCCGTTCGAATCCCACGGCGCAGCGAACTGA
AGTGGACGCACACCGTGGAAA

GGCGGCGTTGTGACAATTT

GTACTGGCGGTTCGGATAGA

CACCTGAACACACGGCTGAT

TCCGCTCGTTGATTAGGTGG

ATGAGGAAAGGAAGTGCCCG

GGGGTACCATGAACCAGATTCAGACCATGCG
GCTCTAGATTACTGCAGGCCCGTGACG
CCGCTCGAGCGGAATCTGGCGCTTCAGGAAAGAA
CCCAAGCTTGGGGCGGTTGGATGACGTTTGAGA
CCCAAGCTTATATTCGAATACCGCGACGG
CCGCTCGAGATTGGACACGCCGAGATGGT

GATGTCGGTCCTCGGTCT
CGAACATGAATAGGGCCT
TGCTGCATTGCAACCTTA
GGCTTGCGTATTTCTGGCC

CGGGATCCATGAACCAGATTCAGACCATGCG
CGGAATTCTTACTGCAGGCCCGTGACG
CGGGATCCATGGAACTGCGCTGGCAG
CGGAATTCTCAGGGTGCTTCGATGAG
CGGGATCCATGAGAAATACGCCCGCAAT
CGGAATTCTTACTCGCTTTCGCGGGTCT

CATGCGTGTATTCGTCTGCG
TGGATCAGCCGTGTGTTCAG
AGTTCGATCGCGACGATACC
AGCGACTTCAGCAGATACGG
CACGTTCGACTTCTGGGTGA
CCGAAGCCCGTGTAGATCTC
GTACGATCAAGCGCACGAAC
GATCCGGCGGATATCGAGAC
ACCTGTCGTACCTCCTCCTC
CGTGATCATCGAAGCGGAAG
TCCGTATTTGCCCCCGAAAA
TTGCAGGTTGAGTTCGACGA
TAGTCGTCACGTATTCGCCG
CTTCTCGATGCATTGCTGGC
ACAACGACGTGATCTCGGTC
TGAACAGGTACGACGTCACC
CTGTTCCGCTCGGTGATGAA
AGCAGGAAGTGGTCGTCATG
ACATCACCGCTGACCAGATG
TGCGTCTGGTTGAACAGGTT
CAACCCTTTACCCACGACGA
CGTATTGCGGCAGTTTCTCG
CCCTCCTTTCGGCTTCGATT
GCGATCGCGAAATAGATGCC
CTCAAACGTCATCCAACCGC
GCTGTCGCCGATGAACAATT
TGACCGATTCGACGCTTCAA
GAAATACTCGGCCGCGTAGA
CGTGTGGGATTTCATGTCGC
AGGTACAGGTCGTAGTGGCT
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TABLE 2 (Continued)

Primer Sequence? (5'-3’)
BCAMO193-F GCACGACTACCACGAGGAAG
BCAMO0193-R GAAGTAGCTGCCTTCCCGAT
BCAMO194-F TTCCTGCGCGAATACCTGAG
BCAMO194-R TGACGATCATCGGATGCTGG
BCAMO195-F ACGTCGTCGCGTTCTATCTC
BCAMO195-R GATAGCCGAAATGCGCATCG
BCAMO196-F GCTCGACCATACCGACATGA
BCAMO0196-R CGACGTATGGATCAGGCTCC
BCAMO0835-F GTGAACCGCATCTCGATTGC
BCAMO0835-R CAGCGTCGTATGGATCAGCA
BCAM1005-F GAACACGCCGATGTCGAATG
BCAM1005-R GTAGACGGTGTAGCTGACGG
BCAM1010-F TGTCGGGCATCATCGAGAAG
BCAM1010-R GCTTGCGCAGATGATCGAAG
BCAM1745-F CCGACATCATCCTGCTCGAA
BCAM1745-R TGGCCGTCATGTTCAGGTAC
BCAM1871-F CTCGAACGACAGGTTGACGA
BCAM1871-R GTATTTGCTGCGCATCTCCG
BCAM2060-F GTGCTGTACGTGAACCAGGA
BCAM2060-R GTTGAGCAGGAACAGGTCGA
BCAM_2140-F AATTCTCGACGAAGCTCGCA
BCAM2140-R GATGTCTTTCACGATGCCGC
BCAM2141-F CGATCATTTCGGCAAGCAGG
BCAM2141-R GACGAACGGGATGTCGATCA
BCAM2142-F GAACCGTGAAAGCCTCGAGA
BCAM2142-R GCGGTCACTTTCTCGTAGCT
BCAM2143-F GACGATCCAGGTCGATGGTC
BCAM2143-R GTATCCACCACGATCCCCAC
BCAM2169-F GTACACGTGGTACCGCATCA
BCAM2169-R GTTTCCGTATAGCCGTCGGT
BCAM2227-F ACAGGAAGGCTTGTCGGAAG
BCAM2227-R CGTCCCAGTTGTAGACCCAG
BCAM2307-F GATGGACAAGGCGTTCCTGA
BCAM2307-R GTGCAGCTCTTGTTGTACGC
BCAM2308-F GCCTACTCTGAAACCGACCC
BCAM2308-R CATCGATGCGTTGAAGCTGG
BCAS0292-F GTCTGGTGTTCGTTGCGATG
BCAS0292-R CAAAGAGCCGGTTGTCGTTG
BCAS0293-F ATGTCACGCGTTACCGATGT
BCAS0293-R GACATAGCGCCAGTCGATCA

9aRestriction enzyme sites are underlined.

K,HPO,, 4.5 g KH,PO,, 2 g(NH,),SO,, 0.2 g MgSO,-7H,0, 0.005 g FeSO,, 0.01 g CaCl,, 0.002 g MnCl,].
Biofilm formation in 96-well polypropylene microtiter dishes was performed as described previously
(34). For analyzing the protease activity, bacteria were cultured in NYG medium (per liter, 3 g yeast
extract, 5 g peptone, 20 g glycerin) overnight at 37°C with shaking at 200 rpm, diluted to an ODy,, of
0.01 in NYG, and then cultured at 37°C with shaking at 200 rpm for 18 h. Protease activity was deter-
mined by following previously published methods (35).

Construction of reporter strains and measurement of f-galactosidase assays. The bc/ACB re-
porter was introduced into the B. cenocepacia H111 and ABcal3178 mutant strains by electroporation.
The Bcal3178 reporter was introduced into the B. cenocepacia H111, ArpfF,., AgtrR, and Acepl strains by
triparental mating. The transconjugants were selected on LB agar plates supplemented with ampicillin,
tetracycline, and X-Gal. For measurement of B-galactosidase activities, the overnight-cultured bacteria
were diluted to the same cell densities (ODy,,, 0.01) in LB medium supplemented with ampicillin and tet-
racycline. The inoculated cultures were then incubated at 37°C with shaking at 200 rpm and harvested
to measure B-galactosidase activities by following previously described methods (36).

Protein expression and purification assays. The coding regions of Bcal3178, gtrR, and cepR were
amplified with the primers listed in Table 2 and ligated to the expression vectors pGEX-6p-1 and
pDBHT2, as indicated. The resulting constructs were transformed into E. coli BL21. The bacteria were cul-
tured in LB medium with ampicillin and kanamycin, respectively, and the strain with pDBHT2-cepR was
cultured with the addition of OHL (50 nM) (15). Affinity purifications of GST-Bcal3178, HIS-GtrR, and HIS-
CepR fusion proteins were performed by following methods described previously (33). The fusion pro-
teins were eluted and verified by SDS-PAGE.

EMSA. The DNA probes used for electrophoretic mobility shift assay (EMSA) were harvested by PCR
amplification using the primer pairs listed in Table 2. The purified PCR products of bc/ACB and Bcal3178
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promoters were 3’-end labeled with biotin according to the manufacturer’s instructions (Thermo). The
biotin-labeled probes and proteins were prepared for the DNA-protein binding reactions by following
the manufacturer’s instructions (Thermo). A 5% polyacrylamide gel was used to separate the DNA-pro-
tein complexes from the unbound probes by following methods described previously (33). After UV
cross-linking, the biotin-labeled probes were detected in the membrane, with different mobilities for the
bound probes and unbound probes.
Quantitative real-time fluorescence PCR. The bacterial cells were collected by centrifuging at
13,000 rpm for 2 min after growth to an ODq,, of 1.0. The total RNA was prepared using an RNA extrac-
tion kit (Promega). Reverse transcription-PCR was performed using a ¢cDNA synthesis kit (Promega)
according to the manufacturer’s instructions. The qRT-PCR assays were performed using a SYBR green
gPCR master mix (Thermo Scientific) and a 7300Plus real-time PCR system (Applied Biosystems). recA
was used as the control. The relative expression levels of different target genes were analyzed by follow-
ing the quantitation-comparative threshold cycle (AAC;) method as described previously (37).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.

ACKNOWLEDGMENT
This work was supported by a grant from the Guangdong Natural Science Funds for
Distinguished Young Scholars (no. 2014A030306015), China.

REFERENCES

1.

June 2021

Galloway WR, Hodgkinson JT, Bowden SD, Welch M, Spring DR. 2011.
Quorum sensing in Gram-negative bacteria: small-molecule modulation
of AHL and Al-2 quorum sensing pathways. Chem Rev 111:28-67. https://
doi.org/10.1021/cr100109t.

. Eberhard A, Burlingame AL, Eberhard C, Kenyon GL, Nealson KH,

Oppenheimer NJ. 1981. Structural identification of autoinducer of Photo-
bacterium fischeri luciferase. Biochemistry 20:2444-2449. https://doi.org/
10.1021/bi00512a013.

. Deng Y, Wu J, Tao F, Zhang LH. 2011. Listening to a new language: DSF-

based quorum sensing in Gram-negative bacteria. Chem Rev 111:160-173.
https://doi.org/10.1021/cr100354f.

. Engebrecht J, Silverman M. 1984. Identification of genes and gene prod-

ucts necessary for bacterial bioluminescence. Proc Natl Acad Sci U S A
81:4154-4158. https://doi.org/10.1073/pnas.81.13.4154.

. Kaplan HB, Greenberg EP. 1985. Diffusion of autoinducer is involved in

regulation of the Vibrio fischeri luminescence system. J Bacteriol
163:1210-1214. https://doi.org/10.1128/JB.163.3.1210-1214.1985.

. Fuqua WC, Winans SC, Greenberg EP. 1994. Quorum sensing in bacteria:

the LuxR-LuxI family of cell density-responsive transcriptional regulators.
J Bacteriol 176:269-275. https://doi.org/10.1128/jb.176.2.269-275.1994.

. Fuqua C, Winans SC, Greenberg EP. 1996. Census and consensus in bacte-

rial ecosystems: the LuxR-Lux| family of quorum-sensing transcriptional
regulators. Annu Rev Microbiol 50:727-751. https://doi.org/10.1146/
annurev.micro.50.1.727.

. Barber CE, Tang JL, Feng JX, Pan MQ, Wilson TJ, Slater H, Dow JM,

Williams P, Daniels MJ. 1997. A novel regulatory system required for path-
ogenicity of Xanthomonas campestris is mediated by a small diffusible sig-
nal molecule. Mol Microbiol 24:555-566. https://doi.org/10.1046/j.1365
-2958.1997.3721736.x.

. Wang LH, He Y, Gao Y, Wu JE, Dong YH, He C, Wang SX, Weng LX, Xu JL,

Tay L, Fang RX, Zhang LH. 2004. A bacterial cell-cell communication sig-
nal with cross-kingdom structural analogues. Mol Microbiol 51:903-912.
https://doi.org/10.1046/j.1365-2958.2003.03883 x.

. Lipuma JJ. 2010. The changing microbial epidemiology in cystic fibrosis.

Clin Microbiol Rev 23:299-323. https://doi.org/10.1128/CMR.00068-09.

. Mahenthiralingam E, Vandamme P, Campbell ME, Henry DA, Gravelle AM,

Wong LTK, Davidson AGF, Wilcox PG, Nakielna B, Speert DP. 2001. Infec-
tion with Burkholderia cepacia complex genomovars in patients with
cystic fibrosis: virulent transmissible strains of genomovar Ill can replace
Burkholderia multivorans. Clin Infect Dis 33:1469-1475. https://doi.org/10
.1086/322684.

. Lewenza S, Conway B, Greenberg EP, Sokol PA. 1999. Quorum sensing in

Burkholderia cepacia: identification of the LuxRl homologs CepRlI. J Bacter-
iol 181:748-756. https://doi.org/10.1128/JB.181.3.748-756.1999.

. Gotschlich A, Huber B, Geisenberger O, Togl A, Steidle A, Riedel K, Hill P,

Tammler B, Vandamme P, Middleton B, Camara M, Williams P, Hardman

Volume 87 Issue 12 €00202-21

20.

21.

22.

23.

24.

A, Eberl L. 2001. Synthesis of multiple N-acylhomoserine lactones is wide-
spread among the members of the Burkholderia cepacia complex. Syst
Appl Microbiol 24:1-14. https://doi.org/10.1078/0723-2020-00013.

. Eberl L. 1999. N-Acyl homoserinelactone-mediated gene regulation in

Gram-negative bacteria. Syst Appl Microbiol 22:493-506. https://doi.org/
10.1016/50723-2020(99)80001-0.

. Weingart CL, White CE, Liu S, Chai Y, Cho H, Tsai CS, Wei Y, Delay NR,

Gronquist MR, Eberhard A, Winans SC. 2005. Direct binding of the quo-
rum sensing regulator CepR of Burkholderia cenocepacia to two target
promoters in vitro. Mol Microbiol 57:452-467. https://doi.org/10.1111/j
.1365-2958.2005.04656.x.

. Chambers CE, Lutter El, Visser MB, Law PP, Sokol PA. 2006. Identification

of potential CepR regulated genes using a cep box motif-based search of
the Burkholderia cenocepacia genome. BMC Microbiol 6:104. https://doi
.org/10.1186/1471-2180-6-104.

. Boon C, Deng Y, Wang LH, He Y, Xu JL, Fan Y, Pan SQ, Zhang LH. 2008. A

novel DSF-like signal from Burkholderia cenocepacia interferes with Can-
dida albicans morphological transition. ISME J 2:27-36. https://doi.org/10
.1038/ismej.2007.76.

. Yang C, Cui C, Ye Q, Kan J, Fu S, Song S, Huang Y, He F, Zhang LH, Jia Y,

Gao YG, Harwood CS, Deng Y. 2017. Burkholderia cenocepacia integrates
cis-2-dodecenoic acid and cyclic dimeric guanosine monophosphate sig-
nals to control virulence. Proc Natl Acad Sci U S A 114:13006-13011.
https://doi.org/10.1073/pnas.1709048114.

. Deng Y, Lim A, Wang J, Zhou T, Chen S, Lee J, Dong YH, Zhang LH. 2013.

Cis-2-dodecenoic acid quorum sensing system modulates N-acyl homo-
serine lactone production through RpfR and cyclic di-GMP turnover in
Burkholderia cenocepacia. BMC Microbiol 13:148. https://doi.org/10.1186/
1471-2180-13-148.

Henikoff S, Haughn GW, Calvo JM, Wallace JC. 1988. A large family of bac-
terial activator proteins. Proc Natl Acad Sci U S A 85:6602-6606. https://
doi.org/10.1073/pnas.85.18.6602.

Picossi S, Belitsky BR, Sonenshein AL. 2007. Molecular mechanism of the
regulation of Bacillus subtilis gltAB expression by GItC. J Mol Biol
365:1298-1313. https://doi.org/10.1016/j.jmb.2006.10.100.

van Keulen G, Ridder AN, Dijkhuizen L, Meijer WG. 2003. Analysis of DNA
binding and transcriptional activation by the LysR-type transcriptional
regulator CbbR of Xanthobacter flavus. J Bacteriol 185:1245-1252. https://
doi.org/10.1128/jb.185.4.1245-1252.2003.

O'Grady EP, Nguyen DT, Weisskopf L, Eberl L, Sokol PA. 2011. The Burkhol-
deria cenocepacia LysR-type transcriptional regulator ShvR influences
expression of quorum-sensing, protease, type Il secretion, and afc genes.
J Bacteriol 193:163-176. https://doi.org/10.1128/JB.00852-10.

Bernier SP, Nguyen DT, Sokol PA. 2008. A LysR-type transcriptional regula-
tor in Burkholderia cenocepacia influences colony morphology and viru-
lence. Infect Immun 76:38-47. https://doi.org/10.1128/IA1.00874-07.

aem.asm.org 12


https://doi.org/10.1021/cr100109t
https://doi.org/10.1021/cr100109t
https://doi.org/10.1021/bi00512a013
https://doi.org/10.1021/bi00512a013
https://doi.org/10.1021/cr100354f
https://doi.org/10.1073/pnas.81.13.4154
https://doi.org/10.1128/JB.163.3.1210-1214.1985
https://doi.org/10.1128/jb.176.2.269-275.1994
https://doi.org/10.1146/annurev.micro.50.1.727
https://doi.org/10.1146/annurev.micro.50.1.727
https://doi.org/10.1046/j.1365-2958.1997.3721736.x
https://doi.org/10.1046/j.1365-2958.1997.3721736.x
https://doi.org/10.1046/j.1365-2958.2003.03883.x
https://doi.org/10.1128/CMR.00068-09
https://doi.org/10.1086/322684
https://doi.org/10.1086/322684
https://doi.org/10.1128/JB.181.3.748-756.1999
https://doi.org/10.1078/0723-2020-00013
https://doi.org/10.1016/S0723-2020(99)80001-0
https://doi.org/10.1016/S0723-2020(99)80001-0
https://doi.org/10.1111/j.1365-2958.2005.04656.x
https://doi.org/10.1111/j.1365-2958.2005.04656.x
https://doi.org/10.1186/1471-2180-6-104
https://doi.org/10.1186/1471-2180-6-104
https://doi.org/10.1038/ismej.2007.76
https://doi.org/10.1038/ismej.2007.76
https://doi.org/10.1073/pnas.1709048114
https://doi.org/10.1186/1471-2180-13-148
https://doi.org/10.1186/1471-2180-13-148
https://doi.org/10.1073/pnas.85.18.6602
https://doi.org/10.1073/pnas.85.18.6602
https://doi.org/10.1016/j.jmb.2006.10.100
https://doi.org/10.1128/jb.185.4.1245-1252.2003
https://doi.org/10.1128/jb.185.4.1245-1252.2003
https://doi.org/10.1128/JB.00852-10
https://doi.org/10.1128/IAI.00874-07
https://aem.asm.org

Bcal3178 Controls Biofilm and Protease

25.

26.

27.

28.

29.

30.

31

June 2021

Suppiger A, Schmid N, Aguilar C, Pessi G, Eberl L. 2013. Two quorum sens-
ing systems control bioflm formation and virulence in members of the
Burkholderia cepacia complex. Virulence 4:400-409. https://doi.org/10
4161/viru.25338.

Schmid N, Pessi G, Deng Y, Aguilar C, Carlier AL, Grunau A, Omasits U,
Zhang LH, Ahrens CH, Eberl L. 2012. The AHL- and BDSF-dependent quo-
rum sensing systems control specific and overlapping sets of genes in
Burkholderia cenocepacia H111. PLoS One 7:¢49966. https://doi.org/10
.1371/journal.pone.0049966.

Mao D, Bushin LB, Moon K, Wu Y, Seyedsayamdost MR. 2017. Discovery of
scmR as a global regulator of secondary metabolism and virulence in Bur-
kholderia thailandensis E264. Proc Natl Acad Sci U S A 114:E2920-E2928.
https://doi.org/10.1073/pnas.1619529114.

Silva IN, Ramires MJ, Azevedo LA, Guerreiro AR, Tavares AC, Becker JD,
Moreira LM. 2017. Regulator LdhR and D-Lactate dehydrogenase LdhA of
Burkholderia multivorans play roles in carbon overflow and in planktonic
cellular aggregate formation. Appl Environ Microbiol 83:€01343-17.
https://doi.org/10.1128/AEM.01343-17.

Inhilsen S, Aguilar C, Schmid N, Suppiger A, Riedel K, Eberl L. 2012. Identi-
fication of functions linking quorum sensing with biofilm formation in
Burkholderia cenocepacia H111. Microbiologyopen 1:225-242. https://doi
.org/10.1002/mbo3.24.

Latasa C, Roux A, Toledo-Arana A, Ghigo JM, Gamazo C, Penadés JR, Lasa
1. 2005. BapA, a large secreted protein required for biofilm formation and
host colonization of Salmonella enterica serovar Enteritidis. Mol Microbiol
58:1322-1339. https://doi.org/10.1111/j.1365-2958.2005.04907 .x.

Kooi C, Subsin B, Chen R, Pohorelic B, Sokol PA. 2006. Burkholderia cenoce-
pacia ZmpB is a broad-specificity zinc metalloprotease involved in viru-
lence. Infect Immun 74:4083-4093. https://doi.org/10.1128/1A1.00297-06.

Volume 87 Issue 12 €00202-21

32

33.

34.

35.

36.

37.

38.

39.

Applied and Environmental Microbiology

Liu YG, Chen YL. 2007. High-efficiency thermal asymmetric interlaced
PCR for amplification of unknown flanking sequences. Biotechniques
43:649-654. https://doi.org/10.2144/000112601.

CuiC,Yang C, Song S, Fu S, Sun X, Yang L, He F, Zhang LH, Zhang Y, Deng
Y. 2018. A novel two-component system modulates quorum sensing and
pathogenicity in Burkholderia cenocepacia. Mol Microbiol 108:32-44.
https://doi.org/10.1111/mmi.13915.

Huber B, Riedel K, Hentzer M, Heydorn A, Gotschlich A, Givskov M, Molin
S, Eberl L. 2001. The cep quorum-sensing system of Burkholderia cepacia
H111 controls biofilm formation and swarming motility. Microbiology
147:2517-2528. https://doi.org/10.1099/00221287-147-9-2517.

Safarik I. 1987. Thermally modified azocasein—a new insoluble substrate
for the determination of proteolytic activity. Biotechnol Appl Biochem
9:323-324.

Zhou L, Wang J, Zhang L. 2007. Modulation of bacterial type Il secretion
system by a spermidine transporter dependent signaling pathway. PLoS
One 2:e1291. https://doi.org/10.1371/journal.pone.0001291.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 2 2% method. Methods
25:402-408. https://doi.org/10.1006/meth.2001.1262.

Deng Y, Schmid N, Wang C, Wang J, Pessi G, Wu D, Lee J, Aguilar C,
Ahrens CH, Chang C, Song H, Eberl L, Zhang LH. 2012. Cis-2-dodecenoic
acid receptor RpfR links quorum sensing signal perception with regula-
tion of virulence through cyclic dimeric guanosine monophosphate turn-
over. Proc Natl Acad Sci U S A 109:15479-15484. https://doi.org/10.1073/
pnas.1205037109.

Figurski DH, Helinski DR. 1979. Replication of an origin-containing deriva-
tive of plasmid RK2 dependent on a plasmid function provided in trans.
Proc Natl Acad Sci U S A 76:1648-1652. https://doi.org/10.1073/pnas.76.4
.1648.

aem.asm.org 13


https://doi.org/10.4161/viru.25338
https://doi.org/10.4161/viru.25338
https://doi.org/10.1371/journal.pone.0049966
https://doi.org/10.1371/journal.pone.0049966
https://doi.org/10.1073/pnas.1619529114
https://doi.org/10.1128/AEM.01343-17
https://doi.org/10.1002/mbo3.24
https://doi.org/10.1002/mbo3.24
https://doi.org/10.1111/j.1365-2958.2005.04907.x
https://doi.org/10.1128/IAI.00297-06
https://doi.org/10.2144/000112601
https://doi.org/10.1111/mmi.13915
https://doi.org/10.1099/00221287-147-9-2517
https://doi.org/10.1371/journal.pone.0001291
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1073/pnas.1205037109
https://doi.org/10.1073/pnas.1205037109
https://doi.org/10.1073/pnas.76.4.1648
https://doi.org/10.1073/pnas.76.4.1648
https://aem.asm.org

	RESULTS
	Bcal3178 controls QS-regulated phenotypes in B. cenocepacia.
	Bcal3178 regulates the target genes by directly binding to the promoter.
	Transcriptional expression of Bcal3178 is positively regulated by both the BDSF and AHL QS systems.
	Bcal3178 is a downstream component of the BDSF and AHL QS systems.
	CepR regulates Bcal3178 expression by directly binding to the promoter.
	Bcal3178 controls a wide range of QS-regulated genes.

	DISCUSSION
	MATERIALS AND METHODS
	Bacteria strains and growth conditions.
	Screening and identification of mutants in which Tn5 was randomly inserted.
	Construction of in-frame deletion mutant and complemented strains.
	Biofilm formation and protease activity assays.
	Construction of reporter strains and measurement of β-galactosidase assays.
	Protein expression and purification assays.
	EMSA.
	Quantitative real-time fluorescence PCR.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENT
	REFERENCES

