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ABSTRACT Paracoccus denitrificans is a valuable model organism due to its versatile
respiration capability and bioenergetic flexibility, both of which are critical to its sur-
vival in different environments. Quorum sensing (QS) plays a crucial role in the regu-
lation of many cell functions; however, whether QS systems play a role in P. denitrifi-
cans is unknown. In this study, we demonstrated that iron uptake systems in P.
denitrificans were directly regulated by a newly identified QS system. Genes coding
for TonB-dependent systems, which transport chelated iron, were transcribed at
higher levels in the QS-defective mutants. In contrast, genes coding for the Fbp sys-
tem, which is TonB independent and transports unchelated ferric iron, were down-
regulated in the mutants. In brief, QS in P. denitrificans triggers a switch in iron up-
take from TonB-dependent to TonB-independent transport during biofilm formation
as higher concentrations of iron accumulate in the exopolysaccharide (EPS). Switch-
ing from TonB-dependent iron uptake systems to TonB-independent systems not
only prevents cells from absorbing excess iron but also conserves energy. Our data
suggest that iron uptake strategies are directly regulated by QS in Paracoccus denitri-
ficans to support their survival in available ecological niches.

IMPORTANCE As iron is an important trace metal for most organisms, its absorption
is highly regulated. Fur has been reported as a prevalent regulator of iron acquisi-
tion. In addition, there is a relationship between QS and iron acquisition in patho-
genic microbes. However, there have been few studies on the iron uptake strategies
of nonpathogenic bacteria. In this study, we demonstrated that iron uptake systems
in Paracoccus denitrificans PD1222 were regulated by a newly identified PdeR/PdeI
QS system during biofilm formation, and we put forward a hypothesis that QS-
dependent iron uptake systems benefit the stability of biofilms. This report elabo-
rates the correlation among QS, iron uptake, and biofilm formation and thus contrib-
utes to an understanding of the ecological behavior of environmental bacteria.
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Iron is essential for a wide variety of biological functions from DNA synthesis to
electron transport (1). Although iron is a key nutrient for most organisms, it is subject

to biotic and abiotic redox reactions, typically forming insoluble Fe(III) oxyhydroxides
under aerobic conditions (2). The bioavailability of such nutrients can thus be quite low
regardless of local biological demand. To cope with iron limitation and to adapt to
various environments, microbes have developed multiple iron uptake systems to
absorb different forms of iron (3). These iron uptake systems are categorized into two
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classes according to the way iron passes through the outer membrane of cells. Class I
systems (TonB-dependent systems) are responsible for chelated iron complex transport.
Chelated iron is transported from the outer membrane into the periplasmic space
by the energy transduction complex TonB-ExbB-ExbD (4). Class II systems (TonB-
independent systems) are inner membrane systems that do not require TonB for iron
acquisition; the diffusion of unchelated iron occurs through porins or similar proteins
(5). Although iron is essential, high levels of iron are toxic due to its propensity to react
with oxygen to generate reactive oxygen species (ROS) via Fenton and Haber-Weiss
reactions (6). The expression of iron acquisition genes must thus be meticulously
regulated. Fur is a prevalent ferric uptake regulator that regulates iron uptake genes
and the biosynthesis of siderophores in response to the iron level in the cell. Usually,
Fur indirectly regulates iron uptake systems by regulating two-component signal
transduction systems, AraC-like regulators, and extracytoplasmic function (ECF) sigma
factors (7).

Quorum sensing (QS) is a system by which a bacterial population monitors its cell
density through the release of specific signaling molecules called autoinducers. The
system has been reported to control a wide range of biological activities, including
bioluminescence, sporulation, biofilm formation, conjugation, motility, and antibiotic
production (8). QS also controls iron acquisition in several pathogens, such as Porphy-
romonas gingivalis (9) and Actinobacillus actinomycetemcomitans (10). The regulation of
iron uptake systems by QS in pathogens contributes to the establishment and pro-
gression of infection (1). Moreover, several studies have reported a relationship among
QS, iron uptake, and biofilm formation. A study reported by Banin et al. demonstrated
that an exochelin siderophore uptake system is essential for biofilm formation under
iron-limiting conditions in Pseudomonas aeruginosa (11). A Pseudomonas quinolone
signal (PQS) was reported to act as an iron chelator, thus inducing iron starvation and
upregulating a series of genes belonging to iron acquisition and the oxidative stress
response (12). In addition, iron was reported to affect biofilm formation by interacting
with the PQS systems (13).

P. denitrificans is a ubiquitous Gram-negative denitrifying bacterium originally iso-
lated in 1910 by Martinus Beijerinck and renamed by D. H. Davis (14, 15). It has become
a paradigm model organism for studies of prokaryotic respiration, specifically for
studying the electron transfer chain and respiratory processes (16, 17). The P. denitrificans
genome contains multiple homologs of iron acquisition systems, where each system
transports a specific form of iron. These systems included TonB-dependent systems, such
as Fec (18), Fhu (19), Ycl (20), Yfm (21), and Hmu (22), and TonB-independent systems, such
as Fbp (23). However, although iron transport systems play an important role in P.
denitrificans, whether iron acquisition is transcriptionally regulated through a signaling
cascade is unclear. In a previous report, Schaefer et al. detected the production of a
long-chain acyl-homoserine lactone (AHL), N-hexadecanoyl-homoserine lactone (C16-HSL)
(24); however, the AHL synthase, LuxI/R-homologous QS system, and exact nature of
downstream gene regulation in P. denitrificans have not been identified.

In this study, we chose P. denitrificans PD1222 as the research organism and
identified a QS system, PdeI/PdeR, in P. denitrificans PD1222. RNA sequencing (RNA-Seq)
was performed to examine the transcriptome of the wild type and QS-defective
mutants (ΔpdeI and ΔpdeR) to provide a more comprehensive analysis of the regulation
of P. denitrificans gene expression by the ΔpdeI and ΔpdeR mutants. Our results
indicated that most genes related to iron uptake were regulated in the QS-defective
mutants. Furthermore, we examined the relative mRNA transcriptional levels of the iron
transport systems during biofilm formation and concluded that QS-dependent iron
uptake was correlated with biofilm formation.

RESULTS
Identification of a LuxR/LuxI-type quorum-sensing regulatory system in P.

denitrificans. To investigate potential AHL synthases in P. denitrificans, we compared,
cloned, and heterologously expressed their homologs from P. denitrificans. The se-
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quence for the putative QS signal synthase pdeI from P. denitrificans was conserved
among AHL synthase proteins. The open reading frame (ORF) pden_0787 encodes a
putative protein of 199 amino acids whose sequence is 20% similar to that of the AHL
synthase TraI from Agrobacterium tumefaciens. The pdeI gene was cloned into a
pET-30(a) plasmid, which was then transformed into Escherichia coli BL21(DE3). The
supernatant of the recombinant bacteria was added to the KYC55 medium. The AHL
bioassay strain A. tumefaciens KYC55 uses a T7 expression system to strongly overex-
press the regulator TraR. When AHL signals are present, TraR can activate a traI-lacZ
reporter fusion protein, resulting in the production of �-galactosidase. The signals
obtained from the recombinant sample turned the biosensor supernatant solution
yellow, while no activity was observed in the control E. coli strain, which carried a
pET-30(a) vector lacking the pdeI gene. The levels of lacZ induction by AHLs are
reported in Miller units (Fig. 1A). These results suggest that pdeI from P. denitrificans
encodes an AHL synthase. High-performance liquid chromatography-mass spectrome-
try (HPLC-MS) was used to identify the acyl chains of the AHLs. The extract of E. coli
BL21(DE3) cells containing pET-pdeI was used for HPLC-MS analysis, and the retention
times and mass spectra of the AHLs in the recombinant extract were compared with
those of AHL standards reported by Schaefer et al. (24). The results showed that the
features of an AHL with a molecular ion [M�H]� of m/z 339, which had been extracted
from the expression strain of BL21(DE3), were consistent with those of a C16-HSL
standard (Fig. 1B).

An ORF upstream of pdeI encodes a putative protein of 203 amino acids that is
similar to several LuxR-type transcriptional activators, such as TraR (23% amino acid
identity). This ORF was therefore annotated pdeR. PdeR contains three tryptophan
residues, two of which are predicted to be located in the N-terminal region (W44 and
W72). LuxR homologs utilize N-terminal regions to dimerize and bind signal ligands;
such intermolecular interactions generally invoke structural changes that then alter the
intrinsic fluorescence intensity of the protein. Measurements taken at wavelengths
between 300 and 400 nm showed that PdeR produced a fluorescence maximum at
approximately 340 nm (Fig. 1C to H). This fluorescence decreased in intensity with
increasing concentrations of AHLs. Maximal quenching was approximately 35% and
resulted from reactions with N-decanoyl-L-homoserine lactone (C10-HSL) and C16-HSL;
higher concentrations did not further quench the fluorescence. Maximal quenching
reached 100% when the protein reacted with N-(p-coumaroyl)-L-homoserine lactone (pC-
HSL) [AHLs with acyl groups contain aromatic functionality with electron-withdrawing
groups; the pC-AHL used in this study was pC-HSL].

Profiling of �pdeI and �pdeR mutants and the autoregulation of PdeR/PdeI. To
investigate the function of the LuxR/LuxI homologs PdeR/PdeI in P. denitrificans, null
mutations of pdeR and pdeI were generated by replacing each gene with a gfp cassette.
Both the ΔpdeI and ΔpdeR mutants grew slower than the wild-type strain when
cultured in LB medium (Fig. 2A), indicating that mutations in the quorum-sensing
regulators affect the growth rate. Cell-free culture supernatants of these strains were
assayed for AHL activity and AHL content. As noted above, the supernatant of the
wild-type cultures exhibited high AHL activity; in contrast, no AHLs were detected in
the supernatants of the ΔpdeI and ΔpdeR mutants via liquid assays (Fig. 2B).

A pdeI-lacZ transcriptional fusion was constructed in the wild-type and pdeR mutant
strains of P. denitrificans PD1222 to examine the expression of the AHL synthase gene
pdeI. This construct disrupted the pdeI locus, resulting in no AHL production in these
strains (data not shown). Very low levels of �-galactosidase activity were detected
against the pdeR mutant, even in the presence of AHLs (see Fig. S1A in the supple-
mental material, left). However, pdeI was fully induced in the wild type only when
C16-HSL was added to the medium (Fig. S1A, right). These data indicate that pdeI
expression requires both a functional PdeR and C16-HSL. To investigate pdeR expres-
sion, we created a pdeR-lacZ transcriptional fusion in the wild-type and pdeI mutant
strains of P. denitrificans PD1222. Fig. S1B shows that pdeR expression is dependent on
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FIG 1 Verification of pdeI and pdeR gene functions. (A) AHL production (in Miller units) of recombinant and control E. coli strains after
being induced for 3, 6, 9, and 16 h was determined by A. tumefaciens KYC55(pJZ372)(pJZ384)(pJZ410) using a liquid assay. (B) LC-MS

(Continued on next page)

Zhang et al. Applied and Environmental Microbiology

July 2018 Volume 84 Issue 14 e00865-18 aem.asm.org 4

http://aem.asm.org


AHLs. The expression of pdeR was induced in the pdeI mutant by the addition of
C16-HSL to the medium, while lacZ expression reached high levels at high cell densities
in the wild type. These data collectively suggest that in P. denitrificans, the expression
of both pdeR and pdeI genes is autoregulated, which is a hallmark of QS regulation.

QS regulates the iron acquisition systems of P. denitrificans. To gain insight into
the genome-scale gene expression patterns regulated by the QS system in P. denitri-
ficans PD1222, we conducted RNA-Seq on the wild-type strain and the ΔpdeI and ΔpdeR
mutants. The transcriptome of each strain was acquired during the stationary (S) phase
(optical density at 600 nm [OD600], �3.0) under aerobic culture conditions. RNA-Seq
was performed using an Illumina HiSeq 2000 system, and the samples yielded from
17,046,636 to 23,506,828 reads. To profile the gene expression, we mapped the total
reads of the four libraries to the reference genome of P. denitrificans PD1222 by the
BWA program. Approximately 9,098,930 to 14,448,966 reads were mapped. The gene
expression levels were quantified based on their reads per kilobase of exon per million
mapped sequence reads (RPKM) values. To identify genes regulated in a QS-dependent
manner, we used the DEGseq package in R language, calculating the fold change (FC)

FIG 1 Legend (Continued)
chromatograms of C16-HSL from E. coli(pET-pdeI) and the C16-HSL standard. The mass spectra reveal molecular ions [M�H] of m/z 339. (C)
Interaction of PdeR with different concentrations of C16-AHL. The PdeR fluorescence was determined at a protein concentration of 34 �M. (D)
Titrating PdeR with increasing amounts of C16-AHL. (E) Interaction of PdeR with different concentrations of C10-AHL. (F) Titrating PdeR with
increasing amounts of C10-AHL. (G) Interaction of PdeR with different concentrations of pC-HSL. (H) PdeR titration with increasing amounts of
pC-HSL.

FIG 2 (A) Growth curves of wild-type and ΔpdeI and ΔpdeR mutant strains. (B) Effects of pdeR and pdeI genes on AHL production in P.
denitrificans. Wild-type and ΔpdeI and ΔpdeR mutant cells were grown to a high cell density, and the cell-free supernatants were assayed
for AHL activity. (C) Number of differentially expressed genes (DEGs) regulated by pdeI and pdeR.
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from the ratio of the wild-type RPKM to mutant RPKM values (25). In total, 974 genes
were upregulated in the ΔpdeI mutant from their wild-type values, and 918 genes were
downregulated; 572 genes were upregulated in the ΔpdeR mutant, and 572 genes were
downregulated (Fig. 2C). To validate the accuracy of the RNA-Seq results, the expression
levels of six randomly selected genes for each group in wild-type samples relative to
mutant samples were determined by quantitative real-time PCR (RT-qPCR) (Fig. S2B and
D). This comparison of the RT-qPCR results and the RNA-Seq data showed that
correlation coefficients were higher than 0.98 (Fig. S2A and C), indicating that our
RNA-Seq data were reliable.

The gene expression patterns of iron transport systems were visualized by a
heatmap, shown in Fig. 3A; 39 genes related to TonB-dependent iron transport and
nine genes related to TonB-independent transport are listed. These data suggested that
TonB-dependent systems were upregulated and that Ton-independent systems were
downregulated in the QS-defective mutants. These findings were verified using phys-
iological experiments in which chelated iron (heme and dicitrate chelated iron) stim-
ulated the growth of pdeI and pdeR mutants better than that of the wild-type strain. In
contrast, the two mutants grew less strongly in medium treated with ferric oxide than
did the wild type (Fig. 3B to D).

To further investigate the regulation of gene clusters related to iron transport by a
QS system, we focused on two operons, one encoding a homolog of the fbp unchelated
ferric transport system (pden_1077, pden_1078, and pden_1079) and one encoding a
homolog of the hmu heme transport system (pden_4202, pden_4203, pden_4204, and
pden_4205). To study the expression of these two operons, we constructed promoter-
lacZ transcriptional fusions in the wild-type, ΔpdeI mutant, and ΔpdeR mutant strains.
These constructs preserved a functional copy of the fbp or hmu operon. �-Galactosidase
(in Miller units) was detected in the late-logarithmic-growth stage, and results indicated
that the expression of the fbp-lacZ fusion was approximately 7-fold lower in both the

FIG 3 (A) Gene expression patterns of the iron uptake-related ABC transporter systems. The data were visualized as a heatmap. Genes differentially expressed
between the ΔpdeI mutant and wild-type strain and between the ΔpdeR mutant and wild-type strain are listed in the map. Each column of the heatmap
represents the log2 FC value in expression, with a green-yellow-red scheme in which the lower limit is �5 and the upper limit is 6. (B) Growth curves of the
wild type and QS-defective mutants in medium with Fe2O3 only. (C) Growth curves of the wild type and QS-defective mutants in medium with dicitrate-chelated
iron (ferric dicitrate [FD]) only. (D) Growth curves of the wild type and QS-defective mutants in medium with heme only.
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ΔpdeI and ΔpdeR mutants than in the wild type, whereas the expression of the
hmu-lacZ fusion was 3- to �4-fold higher in both the ΔpdeI and ΔpdeR mutants than
in the wild type (Fig. 4A and B). To further understand the regulation system, we also
measured the Miller units of lacZ fusions under different iron conditions (iron depletion
and iron overdosage). As shown in Fig. S3, the results indicated that under iron-
depleting conditions, the expression pattern of the fbp-lacZ fusion was slightly different
from that cultured in medium with optimum iron concentration. The Miller units of
hmu-lacZ fusion in all three strains were increased by almost 100%. Under iron
overdosage conditions, the expression pattern of fbp-lacZ was similar to that cultured
in medium with optimum iron concentration; however, the Miller units of the hmu-lacZ
fusion in all three strains decreased by almost 30%. The different expression levels of
the hmu-lacZ fusion under different iron conditions indicated the presence of other
iron-induced regulatory mechanisms for heme uptake, such as Fur or sigma factors.
Although the hmu operon was differentially expressed under different iron conditions,
the QS regulatory mechanism was suitable for iron uptake systems under both iron-
depleting and iron overdosage conditions.

To determine whether this QS regulatory mechanism is direct regulation or not, an
electrophoretic mobility shift assay (EMSA) experiment was performed. The in vivo data
of Fig. 4A and B indicate that PdeR regulates the promoter gene fusions of the hmu and
fbp operons, presumably by binding to the PdeR box located in these regions. We

FIG 4 Expression of fbp and hmu operons is QS dependent. (A) fbp-lacZ expression in the wild type and the QS-defective mutants. (B)
hmu-lacZ expression in the wild type and the QS-defective mutants. �-Galactosidase activity assays were performed as described
previously, and data are presented in Miller units. The results are representative of three experiments. Error bars indicate standard
deviations. Asterisks indicate a significant increase compared to the control in the same treatment period (*, P � 0.1; **, P � 0.05; ***, P � 0.01).
(C) Gel mobility shift assays using purified PdeR-His and a DNA fragment containing the hmu promoter (P1) or fbp promoter (P2) regions. Lanes
1 and 6, a synthetic end-labeled 50-bp DNA fragment (thermal probe); lanes 2 and 7, PdeR protein did not form a complex with the labeled
DNA fragment; lanes 3 and 8, the addition of C16-HSL resulted in complex formation; lanes 4 and 5 and 9 and 10, the binding specificity
of PdeR for the probe DNA was not affected by unlabeled competitor DNA (cold probe).
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therefore conducted DNA mobility shift assays to define the in vitro DNA-binding
characteristics of PdeR. Figure 4C shows that PdeR bound the promoter region of the
hmu and fbp operons but only when C16-HSL was present (lanes 1 to 3 and lanes 6 to
8). The addition of an unlabeled probe DNA did not affect complex formation (lanes 5
and 10). This result proves that fbp and hmu expression is directly activated by the QS
regulator PdeR.

QS-dependent iron uptake systems were correlated with biofilm formation. To
reveal how the QS system regulates iron uptake during biofilm formation, we measured
the iron content in EPS and cells enveloped in the EPS. The iron content is displayed in
parts per million (the ratio of the mass of iron to the mass of all elements in biofilms).
Meanwhile, the expression of the iron uptake systems of the wild-type strain and
QS-defective strains during biofilm formation was also detected. As shown in Fig. 5, the
majority of iron was accumulated in the EPS during biofilm formation of the wild-type
strain. However, iron was absorbed in the QS-defective mutant cells continuously
during biofilm formation. The increased intracellular iron concentration in the QS-
defective mutants was correlated with the high expression levels of the hmu operon
compared with the wild type. In addition, the decrease in iron mass in the EPS matrix
was presumably due to the disintegrating biofilm surface during the late period.

DISCUSSION

Paracoccus denitrificans is a ubiquitous bacterium isolated from soil. In the reported
P. denitrificans PD1222, DSM 413, and DSM 415 genomes (https://www.ncbi.nlm.nih
.gov/genome/genomes/1658), many homologous genes of the iron transport systems
have been identified. All of these strains contain homologs of the luxI and luxR genes,
and the putative LuxR/LuxI systems showed 100% identity. In this study, we demon-
strated that the iron acquisition systems were regulated by a newly identified PdeR/
PdeI QS system.

In the newly identified PdeR/PdeI QS system, PdeI was responsible for synthesis of
the long-chain quorum-sensing signal molecule C16-HSL, and the pdeR gene, which
encoded the regulatory protein PdeR, was located upstream of pdeI. Interestingly,
unlike most reported LuxR-type proteins (26–29), the PdeR does not require cognate
AHLs for correct folding but needs AHLs to regulate target gene expression. Moreover,
in vivo fluorescence quenching experiments showed that PdeR binds not only its
cognate, C16-HSL, but also C10-HSL and pC-HSL. P. denitrificans was thus assumed to
respond not only to its own “language” but also to the “languages” of other popula-
tions (Fig. 1). By the promoter-lacZ fusions of pdeI and pdeR, constructed in the wild
type and QS-defective mutants, the results show that very low levels of �-galactosidase
activity were detected in the absence of AHLs or PdeR proteins (Fig. S2). The expression
of pdeI and pdeR requires both a functional PdeR and autoinducers produced by PdeI,
creating an autoinduction feedback loop (Fig. 6). QS feedback, a signature of QS
regulation, has been observed in many bacteria with QS systems, such as Mesorhizo-
bium tianshanense, Vibrio harveyi, and P. aeruginosa (30, 31).

By conducting RNA-Seq between the wild type and QS-defective mutants, we
demonstrated that the QS system activated the expression of TonB-independent
systems and repressed the expression of the TonB-dependent systems, thereby regu-
lating the acquisition of iron from active transport to passive transport (Fig. 6).
Furthermore, we demonstrated that PdeR bound to the promoters of fbp and hmu gene
clusters in the presence of C16-HSL in vitro, indicating the direct regulation of iron
acquisition systems by QS. The unique regulation of iron uptake systems in P. denitri-
ficans raised a question: do QS-dependent iron uptake systems affect physiological
changes in P. denitrificans? The QS systems reported in several pathogenic bacteria
affect pathogenicity by regulating iron uptake systems (1). In P. aeruginosa, iron uptake
systems affect biofilm formation by interacting with the PQS system (13). In this study,
we demonstrated that QS-dependent iron uptake systems play an important role in
maintaining biofilm integrity. In Fig. 5, we show that iron was enriched in the EPS of
biofilms formed by P. denitrificans. This finding is consistent with the results reported by
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FIG 5 Relationship between QS-dependent iron uptake systems and biofilm formation. (A) Development of wild-type biofilm formation and the iron content
in the EPS and cells enveloped in the EPS. Biofilms were stained with crystal violet and quantified by their absorbance at 575 nm. The iron concentration was
determined during biofilm development and is shown in parts per million. (B) RT-qPCR of hmu and fbp operons during biofilm formation of the wild-type strain.
Data were analyzed using the 2�ΔΔCT method. (C) Development of ΔpdeI mutant biofilm formation and the iron content in the EPS and cells enveloped in the
EPS. (D) RT-qPCR of hmu and fbp operons during biofilm formation of the ΔpdeI mutant. (E) Development of ΔpdeR mutant biofilm formation and the iron
content in the EPS and cells enveloped in the EPS. (F) RT-qPCR of hmu and fbp operons during biofilm formation of the ΔpdeR mutant. Asterisks indicate a
significant increase compared to the control during the same treatment period (*, P � 0.1; **, P � 0.05; ***, P � 0.01).
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Friese et al., who demonstrated that biofilms bind significant quantities of metals under
natural conditions and serve as matrices for the precipitation of insoluble mineral
phases (32). To investigate the expression of iron transport systems during biofilm
formation, the HmuSTUV and FbpABC systems were selected as representatives of
TonB-dependent and TonB-independent systems, and the mRNA levels of the two iron
transporters in biofilms were measured by an RT-qPCR method. In the wild-type strain,
during biofilm formation, the expression of hmu was “turned off” by the QS system, and
the less effective but more energy-conserving iron uptake system Fbp was “turned on.”
The iron uptake pattern most probably switched from Hmu to Fbp during biofilm
formation to protect cells from toxic iron concentration in the EPS and thus maintain
biofilm integrity. In contrast, in the QS-defective mutants, the expression of fbp and
hmu was not regulated by the QS system, causing iron accumulation in the cells
enveloped by the EPS. The accumulation of iron in cells is likely to induce Fenton
reactions within the cells and lead to the generation of reactive oxygen species (ROS),
resulting in the rapid dissolution of the biofilm (33).

Based on the above-mentioned conclusions, we proposed the following in vivo
model. (i) Under culture conditions where iron concentrations are sufficient to meet the
rapid prebiofilm growth and reproduction needs, in the early stage of bacterial growth,
before biofilm formation, the acquisition of iron is dominated mainly by the TonB-
dependent transport in P. denitrificans. (ii) As cell density increases and biofilm forma-
tion begins, with its concurrent iron enrichment, iron acquisition switches from TonB-
dependent Hmu-type transport to more energy-efficient TonB-independent Fbp-type
transport to avoid excessive iron damage to cells.

In conclusion, the presence of multiple iron uptake systems is a manifestation of the
adaptation of microbes to their environment. Our analyses based on related data
suggest that switching between different iron uptake systems is a form of collective
decision-making and confers benefits to biofilm formation in the environment, provid-

FIG 6 Schematic for regulation of iron acquisition by PdeR/PdeI and the autoregulation of PdeR/PdeI. hmuTUVW encodes the
TonB-dependent Hmu transport system, while fbpABC encodes the TonB-independent Fbp transport system. In the presence of
C16-HSL, PdeR actives the expression of fbpABC, pdeI, and pdeR but represses the expression of hmuTUVW.
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ing a new theoretical basis for studying the adaptability of nonpathogenic microor-
ganisms.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The plasmids and bacterial strains used are

listed in Table 1. P. denitrificans PD1222 was a gift from David Schleheck (34). Agrobacterium tumefaciens
KYC55 was provided by Huiming Zheng (35). The suicide plasmids pJQ200SK and pVIK112 were gifts
from Zhongli Cui (36). P. denitrificans PD1222 and the QS-defective ΔpdeI and ΔpdeR mutants were grown
in LB medium, and E. coli strains were grown in LB medium at 37°C. Ampicillin, kanamycin, gentamicin,
chloramphenicol, and rifampin were added to the medium at concentrations of 100, 50, 30, 30, and 100
�g/ml, respectively. A. tumefaciens KYC55(pJZ372)(pJZ384)(pJZ410) was cultivated at 28°C and 200 rpm
in A. tumefaciens (AT) medium containing 100 �g/ml spectinomycin, 100 �g/ml gentamicin, and 5 �g/ml
tetracycline.

DNA manipulations. Expression strains were constructed by standard methods and verified by DNA
sequencing. DNA isolated from P. denitrificans PD1222 was used as the template for pdeI and pdeR gene
amplification. The primers 5=-GGAATTCCATATGCAGACCACCACACTTTC-3= (5= end) and 5=-CCGCTCGAG
GTGCATCTTGGCCGCCAG-3= (3= end) were used for pdeI amplification. The primers 5=-GGAATTCCATATG
ATGTCGTCTCGCGCGGAAAT-3= (5= end) and 5=-CCGCTCGAGCAGCAAGCGGTAATCCTTGG-3= (3= end) were
used for pdeR amplification. The 5=-end primer included an NdeI restriction site, and the 3=-end primer
included an XhoI restriction site (both underlined). The PCR conditions for the two genes were 5 min at
95°C, followed by 30 cycles of 30 s at 95°C, 30 s at 55°C, and 1 min at 72°C, with a final step of 10 min
at 72°C. Amplified pdeI and pdeR genes were cloned into pET-30(a), according to the manufacturer’s
instructions (EMD Biosciences [Novagen]). The plasmids were transformed into E. coli by heat shock.

To construct the QS-defective ΔpdeI mutant strain, the regions 500 bp upstream (pdeItyb1) and 500
bp downstream (pdeItyb2) of pdeI were amplified using the primer pairs pdeI-TYB1-F/pdeI-TYB1-R and
pdeI-TYB2-F/pdeI-TYB2-R, respectively (Table 2). The green fluorescent protein (gfp) gene was amplified
using the primers gfp-F and gfp-R. We cloned pdeItyb1, gfp, and pdeItyb2 in that order into the plasmid
pMD19T. The inserted fragment was then excised with SacI and XhoI to obtain the pdeItyb1-gfp-pdeItyb2

TABLE 1 Bacterial strains and plasmids used

Strain or plasmid Characteristic(s)a Source or reference

Strains
P. denitrificans

PD1222 Wild type, G�, Rifr David Schleheck
ΔpdeI mutant pdeI deletion mutant of PD1222 This study
ΔpdeR mutant pdeR deletion mutant of PD1222 This study
PD0786 PD1222 derivative with PpdeR-lacZ This study
PD0787 PD1222 derivative with PpdeI-lacZ This study
PD4202 PD1222 derivative with Phmu-lacZ This study
PD1077 PD1222 derivative with Pfbp-lacZ This study

E. coli
DH5� Host strain for cloning vectors Lab stock
SM10�pir Conjugation strain Lab stock
BL21(DE3) F� ompT hsdS(rB

� mB
�) gal dcm

lacY1 (DE3)
Lab stock

A. tumefaciens
KYC55 AHL bioassay strain Huiming Zheng

Plasmids
For gene expression

pMD19T T-A cloning vector Lab stock
pET-30(a) Expression vector, Kanr Lab stock
pET-pdeI pET-30(a) derivative carrying pdeI This study
pET-pdeR pET-30(a) derivative carrying pdeR This study

For gene knockout
pJQ200SK Gmr, Mob�, lacZ�, SacB Zhongli Cui
pJQ-pdeI pdeI deletion construct in pJQ200SK This study
pJQ-pdeR pdeR deletion construct in pJQ200SK This study
pRK2013 Helper plasmid, mob� tra�, Kanr Zhongli Cui

For lacZ fusion
pVIK112 lacZ transcriptional fusion vector,

R6K origin
Zhongli Cui

pPD0787 pVIK112 derivative, PpdeI-lacZ This study
pPD0786 pVIK112 derivative, PpdeR-lacZ This study
pPD4202 pVIK112 derivative, Phmu-lacZ This study
pPD1077 pVIK112 derivative, Pfbp-lacZ This study

aG�, Gram negative; Rifr, rifampin resistant; Kanr, kanamycin resistant; Gmr, gentamicin resistant.
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fusion. We cloned the fusion into the suicide plasmid pJQ200SK, yielding pJQ-pdeI, and the plasmid was
then transferred into P. denitrificans by triparental mating. Colonies with single-recombination events
were selected based on their resistance to gentamicin and rifampin on LB plates. Double-recombination
events were selected after growth on medium containing 10% (wt/vol) sucrose. The construction of the
ΔpdeR mutant was similar to that of the ΔpdeI mutant. The primers used are listed in Table 2.

Fusions of the probable promoter regions for the P. denitrificans PD1222 homologs of hmu
(pden_4202 to pden_4205), fbp (pden_1077 to pden_1079), pdeI (pden_0787), and pdeR (pden_0786) to a
promoterless E. coli lacZ �-galactosidase gene were created in the plasmid pVIK112 (37). An intergenic
region upstream of pden_4202 containing the 5= end of the gene was PCR amplified using the primers
hmu-F and hmu-R, given in Table 2. The hmu-F primer included an EcoRI restriction site, and the hmu-R
primer included an XbaI restriction site. The PCR product was digested with EcoRI and XbaI, and the
resulting fragment was ligated into a similarly digested pVIK112 plasmid to create pPD4202, which was
confirmed by sequencing. The regions upstream of the fbp and pdeR coding sequences were similarly
PCR amplified using the primer pairs fbp-F/fbp-R and pdeR-F/pdeR-R, respectively, and then subcloned
into pVIK112, creating plasmids pPD1077 and pPD0786. The internal fragment of pdeI, excluding the 5=
end of the gene, was PCR amplified using the primer pair pdeI-F/pdeI-R (Table 2), and the resulting
fragment was ligated into a similarly digested pVIK112 plasmid to create pPD0787. These pPD constructs
were transformed into P. denitrificans PD1222 by triparental mating. Colonies with recombination events
were selected based on their resistance to kanamycin and rifampin on LB plates, resulting in PD4202,
PD1077, PD0786, and PD0787 mutants.

Bioassays of AHLs. AHL bioactivity was determined by measuring the �-galactosidase bioactivity of
the ultrasensitive AHL biosensor strain A. tumefaciens KYC55 (38). Cultures of recombinant E. coli
BL21(DE3)(pET-pdeI), wild-type PD1222, and ΔpdeI and ΔpdeR mutants were centrifuged at 5,000 � g for
5 min to pellet the cells. A 0.22-�m syringe filter was used to filter assay supernatants, and the cell-free
culture supernatants were stored at �20°C. A. tumefaciens KYC55 (5 � 107) was inoculated into 2 ml of
AT culture medium containing 200 �l of supernatant from the growth of recombinant E. coli. The
supernatant of the E. coli strain carrying pET-30(a) without the pdeI gene was used as a negative control.
The OD600 of each sample was recorded after approximately 10 h at 28°C, and 200 �l of the supernatant
of the AT culture medium was then combined with 0.8 ml of Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4,
10 mM KCl, 1 mM MgSO4, and 50 mM 2-mercaptoethanol [pH 7.0]). Two drops of 0.05% SDS solution and
3 drops of chloroform were added to this solution in 2-ml microcentrifuge tubes. The samples were
vortexed vigorously for 10 s, 0.1 ml of 4 mg/ml ortho-nitrophenyl-�-D-galactopyranoside (ONPG) was
added, and the samples were then placed into a 30°C water bath for 10 min. Reactions were stopped by
the addition of 0.6 ml of 1 M Na2CO3. Cell debris were removed by centrifugation for 3 min at 16,000 �
g and room temperature, and the OD420 of the supernatant was then measured. �-Galactosidase units
were calculated according to the following equation: Miller units � (1,000 � OD420)/(OD600 � 10 � 0.2),
where the OD420 was read from the supernatant of the reaction mixture.

LC-MS analysis of AHLs. The supernatants of recombinant E. coli strains were extracted twice with
equal volumes of acidified ethyl acetate (EtAc) containing 0.2% glacial acetic acid and finally dried by a
rotary evaporator. The extracts and AHL standard were reconstituted in HPLC-grade acetonitrile. AHL
profiling was confirmed by an HPLC-MS system using a C18 reverse-phase column (5 �m by 250 mm by
4.6 mm) coupled with positive-ion electrospray ionization (ESI)-mass spectrometry (MS), and compounds
were eluted with a linear gradient of acetonitrile in water (10 to 70%) at a flow rate of 1 ml/min. The
retention times and spectral properties of samples whose ESI spectra (m/z range, 50 to 400) exhibited a
fragment product at m/z 102 were compared to those of the corresponding synthetic AHL standards (27).

TABLE 2 Primers used for construction of QS-defective mutations and promoter-lacZ
fusion

Primer name Primer sequence (5= to 3=)
pdeI-TYB1-F AAGGAAAAAAGCGGCCGCCAACGCTACGACGGCTTCAC
pdeI-TYB1-R GACTAGTTCAAGGAATACATGCCGCAGCGC
pdeI-TYB2-F AAAACTGCAGGAACGCCGCCGTGTGCATTT
pdeI-TYB2-R CCGCTCGAGCCCGAAAAGATCGCCGAGAT
pdeR-TYB1-F AAGGAAAAAAGCGGCCGCTAAGCGATGGTATGGGCCCG
pdeR-TYB1-R GACTAGTTCATCGAAAAGCCCCAGGCGAT
pdeR-TYB2-F AAAACTGCAGTTCACGAGATCACGGAGCCG
pdeR-TYB2-R CCGCTCGAGATAGGAATACATGCCGCAGC
gfp-F GACTAGTACCAAGAACCCCAGGAGAAGACCATGAGTAAAGGAGAAGAACTTTTCAC
gfp-R AAAACTGCAGCTATTTGTATAGTTCATCCATGCC
pdeI-F GGAATTCCCACGGACGACATGGAGT
pdeI-R GCTCTAGAGCGCGGTGTCGAAAAGGTCT
pdeR-F GGAATTCGGCGGTTATGTTCGCATCAT
pdeR-R GCTCTAGAGAAAAGCCCCAGGCGATGGT
hmu-R GCTCTAGAATCTCGGGGTCCACGGTCAT
hmu-R GCTCTAGAATCTCGGGGTCCACGGTCAT
fbp-F GGAATTCGCATCGGGTGCCTGATCGGC
fbp-R GCTCTAGATCAGCGATCAGCTCGCGCAA
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Purification of PdeR protein. E. coli BL21(DE3) cells containing the plasmid pET-pdeR were grown
in 900 ml of LB broth with kanamycin at 37°C to an OD600 of 0.5. The temperature was lowered to 16°C,
and 20 mM isopropyl �-D-1-thiogalactopyranoside (IPTG) was added. After 16 h of agitation at 16°C, cells
were harvested by centrifugation at 8,000 � g for 10 min at 4°C. The cells were suspended in 10 ml of
binding buffer (20 mM Tris-HCl, 500 mM NaCl, and 5 mM imidazole [pH 7.9]) and lysed by sonication. The
lysate was centrifuged at 13,000 � g for 30 min, and the resulting supernatant was fractionated by
nickel-nitrilotriacetic acid (Ni-NTA) agarose column chromatography. The bound protein was washed
with a buffer containing 20 mM Tris-HCl and 500 mM NaCl at pH 7.9. Proteins were eluted by increasing
concentrations of imidazole. Fractions containing His-tagged PdeR were identified by SDS-PAGE.

Assay of PdeR-AHL interaction by fluorescence spectroscopy. Fluorescence measurements were
performed with a Shimadzu RF-5301PC spectrofluorophotometer. All experiments were conducted in 50 mM
Tris (pH 7.5). Purified PdeR protein was used for all experiments. The PdeR protein and relevant AHLs were
reacted for 30 min at 30°C before measurements were made. Spectra were recorded between 290 and 480
nm, with an excitation wavelength of 284 nm and a scan speed of 0.8 nm per second. To avoid errors caused
by sample dilution, we performed autoinducer titrations by adding 1 �l of suitable stock solutions (39).

Transcriptional profiling. P. denitrificans RNAs were isolated and purified with an RNeasy mini
system (Qiagen, Hilden, Germany). Triplicate cultures of P. denitrificans PD1222, ΔpdeI mutant, and ΔpdeR
mutant cultures were grown overnight in LB medium under aerobic conditions. When the OD600 reached
�3.0, cells were harvested, and total RNAs were extracted. The quality of purified RNAs was analyzed by
electrophoresis and quantified by a NanoDrop 1000 spectrophotometer (NanoDrop Technologies). The
RNA was subjected to Solexa/Illumina sequencing at Beijing Auwigene Tech.

Raw data were generated and filtered by removing reads that contained possible sequencing errors.
After RNA sequencing, raw reads were mapped to the downloaded reference genome sequences of P.
denitrificans PD1222 using the BWA program. SAM files generated by mapping were converted into BAM
files, which are in binary, and the BAM files were then sorted by chromosomal coordinates using the
SAMtools program. Mapped reads per annotated gene (total, 5,134 genes) were counted by Bam-
readcount. The relative transcript abundance was measured in reads per kilobase of exon per million
mapped sequence reads (RPKM) (40).

Reverse transcriptase PCR and RT-qPCR analyses. Twelve genes that had been identified as up-
or downregulated by RNA-Seq analysis were selected, and quantitative real-time PCR (RT-qPCR) was
carried out to confirm the gene expression changes of these 12 genes from the RNA-Seq results. PCR primers
were designed using Primer 5.0 software and are listed in Table 3. Immunofluorescence analysis was
performed with SYBR green master mix using a 7500 real-time PCR system, as previously described (41).
Relative gene expression was calculated by the 2�ΔΔCT method. All reactions were carried out in triplicate.

Physiological and biochemical iron uptake experiments. The growth curves of the wild type and
QS-defective mutants were detected in LB medium containing different types of iron. The original iron
in the medium was removed by 2,2=-dipyridyl. By adding increasing concentrations of dipyridyl to the LB
medium, we determined that the minimum concentration of dipyridyl that could remove iron from the
LB medium was 150 nM (data not shown). Then, 50 nm iron dicitrate, Fe2O3, and heme were added to
the medium separately, and the growth curves were determined by the OD600.

Gel electrophoresis mobility shift assay. Two pairs of double-stranded nucleotide sequences, one
from the promoter region of the hmu (pden_4202 to pden_4205) operon and one from that of the fbp

TABLE 3 Primers used for RT-qPCR

Primer name Primer sequence (5= to 3=)
P0386-F TGATCACCACAGACGCCC
P0386-R GTTGAACGTCGTGGCTTTCC
P0728-F TCGAAAACGTCCAGGTCCAG
P0728-R ATTCGATCCATTTCCGGCTG
P2829-F CATCGCTGGCAAAGACCC
P2829-R TGTCGGTCCGTTCATCATGA
P1810-F CCCTTGATGACGACCACCT
P1810-R CAACTTTCCTGCCATCGAGC
P2363-F CCAACCTGTCCTTCGTCATC
P2363-R GGATGTGGTCGGGATGCATA
P2713-F TCGGACAGTTCGACGATCTC
P2713-R AGCTGCACGAGAACTGGAT
P4761-F GATCAACATCGCCCTGCTG
P4761-R GGCCAATACCGCATCATGG
P3858-F GGATTGCAGGGTTACGAGGA
P3858-R ATGATGGTCTTGCGCAACTC
P2902-F ATTCCTCGGCCTTCTTCCAC
P2902-R CGTGATGGTCTTTGGCGAAT
P1698-F TGCAGGACCTCATCAACGAG
P1698-R ATCGCGGGGATCAGGAATTT
P0721-F AGATCATCAGCCCATCCTCG
P0721-R CTGGCCATGCTGATCGAATC
P0657-F GGCGACTATCTGGACCATGA
P0657-R CATGGCATACTGGTCCGAGA
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(pden_1077 to pden_1079) operon, were synthesized and labeled with biotin for chemiluminescence
detection. The two fragments contained regions 1 to 50 bp upstream of their respective methionine start
codons. For specific competitor DNA, we used the 50-bp mutated probe. The sequences of the probes
are listed in Table 4. Purified PdeR-His (100 nM) was incubated with 1 nM labeled DNA in binding buffer
[10 mM Tris-HCl (pH 7.6), 10 mM KCl, 0.5 mM EDTA, 1 mM dithiothreitol, 5% (vol/vol) glycerol, and 1
�g/�l poly(dI-dC)] with or without C16-HSL (1 �M) for 20 min at 30°C. The mixtures were size fractionated
in a nondenaturing 6% polyacrylamide gel and transferred to nitrocellulose membranes, at which point
the biotin-labeled probes were detected by streptavidin-horseradish peroxidase chemiluminescence.

Biofilm formation. Biofilm formation was assessed as previously described (42). Cultures started at
an initial OD660 of 0.05 and were incubated in polystyrene 96-well microtiter plates for 24 h at 30°C. To
simulate the flow model under natural conditions, after 4 h of culturing (the lag phase), the culture fluid
was replaced with sterilized fresh medium every half hour. Biofilms were stained with 0.1% (wt/vol)
crystal violet solution for 30 min. Then, 20% (vol/vol) dimethyl sulfoxide in ethanol was added to each
well and the absorbance at 575 nm measured to quantify biofilm formation.

Concentration measurements of iron in the EPS and cells enveloped in the EPS. The EPS of the
biofilms was extracted as described previously (43). Biofilms formed by P. denitrificans were centrifuged for 10
min at 4,000 � g, and the supernatant was collected and marked as the soluble EPS. The sediment was
suspended in 1 ml of 0.85% NaCl and kept at 70°C for 30 min. The solution was centrifuged for 20 min at
20,000 � g, and the supernatant was collected and marked as the bond EPS. Soluble EPS and bond EPS were
mixed together and filtered through a 0.22-�m-pore-size membrane. The extracted EPS and the cells
enveloped within it were freeze-dried and weighed. The biosamples were then digested by the addition of
5 ml of nitric acid and subsequent heating at 300°C for 5 h, until the liquid became completely clear. The
digested solution was transferred to a 50-ml volumetric flask and diluted with 5% HCl to a volume of 50 ml.
Iron concentrations were determined using an inductively coupled plasma optical emission spectrometer
(ICP-OES; Thermo iCAP 6000), and the relative content of iron in the biofilms was calculated (44).

Data analysis. All data were analyzed and graphed by Origin 9.0 (OriginLab Corporation). Signifi-
cance analysis was completed in SPSS (Statistical Product and Service Solutions) using one-way analysis
of variance (ANOVA) (45).

This study does not involve human participants or animals.
Accession number(s). The raw data were submitted to the National Center for Biotechnology

Information Sequence Read Archive (NCBI SRA) database (https://www.ncbi.nlm.nih.gov/sra). The acces-
sion numbers are SRP128965 and SRP128852.
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