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YdgG is an uncharacterized protein that is induced in Escherichia coli biofilms. Here it is shown that deletion
of ydgG decreased extracellular and increased intracellular concentrations of autoinducer 2 (AI-2); hence,
YdgG enhances transport of AI-2. Consistent with this hypothesis, deletion of ydgG resulted in a 7,000-fold
increase in biofilm thickness and 574-fold increase in biomass in flow cells. Also consistent with the hypothesis,
deletion of ydgG increased cell motility by increasing transcription of flagellar genes (genes induced by AlI-2).
By expressing ydgG in trans, the wild-type phenotypes for extracellular AI-2 activity, motility, and biofilm
formation were restored. YdgG is also predicted to be a membrane-spanning protein that is conserved in many
bacteria, and it influences resistance to several antimicrobials, including crystal violet and streptomycin (this
phenotype could also be complemented). Deletion of ydgG also caused 31% of the bacterial chromosome to be
differentially expressed in biofilms, as expected, since AI-2 controls hundreds of genes. YdgG was found to
negatively modulate expression of flagellum- and motility-related genes, as well as other known products
essential for biofilm formation, including operons for type 1 fimbriae, autotransporter protein Ag43, curli
production, colanic acid production, and production of polysaccharide adhesin. Eighty genes not previously
related to biofilm formation were also identified, including those that encode transport proteins (yihN and
yihP), polysialic acid production (gutM and gutQ), CP4-57 prophage functions (yfjR and alpA4), methionine
biosynthesis (mefR), biotin and thiamine biosynthesis (bioF and thiDFH), anaerobic metabolism (focB, hy-
JACDR, ttdA, and fumB), and proteins with unknown function (ybfG, yceO, yjhQ, and yjbE); 10 of these genes
were verified through mutation to decrease biofilm formation by 40% or more (yfjR, bioF, yccW, yjbE, yceO, ttdA,
JumB, yjiP, gutQ, and yihR). Hence, it appears YdgG controls the transport of the quorum-sensing signal AlI-2,

and so we suggest the gene name #gsA.

Escherichia coli biofilms have hundreds of genes differen-
tially expressed (5, 48, 56); hence, it is important to understand
how the biofilm lifestyle is regulated so that bacteria may be
controlled (4). In the absence of conjugation plasmids (47), it
appears type I fimbriae are required for cells to attach and that
motility is essential for biofilm formation, probably for initial
interaction (overcoming repulsive forces) and swimming along
the surface (43). Following attachment, extracellular polymers
and adhesive factors are produced, including curli and the
outer membrane protein Ag43 (flu) (11, 44). The microcolo-
nies mature into complex architecture by synthesis of an ex-
tracellular polysaccharide matrix such as colanic acid in E. coli
biofilms (12).

Cell signaling (quorum sensing) also is involved in biofilm
formation as it controls the production and secretion of ex-
opolysaccharides for Vibrio cholerae biofilms (21). Vibrio har-
veyi uses three quorum-sensing signals, including N-(3-hy-
droxybutanoyl)homoserine lactone, furanosyl borate diester
(autoinducer 2 [AI-2]), and a signal, synthesized by CgsA,
whose structure is unknown (23). N-(3-Oxododecanoyl)-L-ho-
moserine lactone controls biofilm formation in Pseudomonas
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aeruginosa (14). A homoserine lactone signal was also found to
control cell aggregation and biofilm formation of Serratia lig-
uefaciens (32). AI-2 was found to regulate mixed-species bio-
film formation by Streptococcus gordonii and Porphyromonas
gingivalis (39) and also to increase the amount of microcolonies
in early stages of biofilm formation by Klebsiella pneumoniae
and to increase the total mature biofilm formed by 30 to 50%
(2). We have found that the quorum-sensing disrupter (52)-4-
bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone of the alga
Delisea pulchra inhibits E. coli biofilms by repressing the same
suite of genes that are induced by AI-2 (49), which argues that
AI-2 should directly stimulate E. coli biofilm formation. This
has recently been shown by using enzymatically synthesized
Al-2, which increases biofilm formation 30-fold in 96-well bio-
film assays and in flow cells (19).

AI-2 induces transcription of the IsstACDBFGE operon of
Salmonella enterica serovar Typhimurium, in which the first
four genes encode an ATP-binding cassette-type import pro-
tein with high homology to the ribose transporter (62, 63). AI-2
is phosphorylated inside the cell by LsrK, and phosphorylated
AI-2 induces inactivation of the Isr operon repressor LsrR (62,
69). Addition of sugars that are part of the phosphotransferase
system increases AI-2 extracellular activity to its maximum
level in the mid- to late-exponential phase (60) through a
decrease in the cyclic AMP (cAMP) concentration (65). Once
glucose is depleted, cCAMP concentrations increase, the Isr
operon is activated by cAMP, and AI-2 is internalized by cells
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TABLE 1. E. coli strains and plasmids used in this study

J. BACTERIOL.

Strain or plasmid Genotype® Reference
Strains
V. harveyi BB170 Wild type 60
E. coli K-12 BW25113 lacl9 rrnB ;. AlacZ ;6 hsdR514 AaraBAD 44,33 ArhaBAD 1 13
E. coli K-12 BW25113 AydgG K-12 BW25113 AydgG ) Km" 1
E. coli K-12 BW25113 AyfiR K-12 BW25113 AyfjR ) Km" 1
E. coli K-12 BW25113 AbioF K-12 BW25113 AbioF ) Km" 1
E. coli K-12 BW25113 AyccW K-12 BW25113 AyccW € Km* 1
E. coli K-12 BW25113 AyceO K-12 BW25113 AyceO ) Km" 1
E. coli K-12 BW25113 AntdA K-12 BW25113 AttdA ) Km" 1
E. coli K-12 BW25113 AyjbE K-12 BW25113 AyjbE ) Km" 1
E. coli K-12 BW25113 AfumB K-12 BW25113 AfumB Q) Km' 1
E. coli K-12 BW25113 AgutQ K-12 BW25113 AgutQ () Km" 1
E. coli K-12 BW25113 AyjiP K-12 BW25113 AyjiP ) Km" 1
E. coli K-12 BW25113 AyihR K-12 BW25113 AyihR ) Km" 1
E. coli K-12 BW25113 AgutM K-12 BW25113 AgutM Q) Km" 1
E. coli K-12 BW25113 Aybc] K-12 BW25113 AybcJ ) Km" 1
E. coli K-12 BW25113 AybfG K-12 BW25113 AybfG Q) Km" 1
E. coli K-12 BW25113 AcitG K-12 BW25113 AcitG ) Km" 1
E. coli K-12 BW25113 AacrE K-12 BW25113 AacrE € Km" 1
Plasmids
pCM18 Em"; pTRKL2-Pp,sRBSII-gfp3*-T-T, 22
pCA24N Cm'; lacl? 1
pCA24N ydgG™ Cm"; lacl?; Prs 4, ydgG* 1
pVS159 Amp"; gseB::lacZ in pRS551 59
pVS176 Amp"; motA::lacZ in pRS551 59
pVS175 Amp"; fliC::lacZ in pRS551 59
pVS183 Amp"; flidehKI12::lacZ in pRS551 59
pVS182 Amp"; flhD::lacZ in pRS551 59
pLW11 Amp"; IsstACDBFG::lacZ in pFZY1 65

¢ Amp", Km", Cm'", and Em" are ampicillin, kanamycin, chloramphenicol, and erythromycin resistance, respectively

(60). However, the means by which AI-2 is exported has not
been identified, assuming that secretion of hydrophilic AI-2
requires active transport.

There are three studies describing E. coli global gene ex-
pression in biofilms (5, 48, 56). Beloin et al. (5) found biofilm
cells have genes induced for stress response, cell biogenesis
and transport, and energy and carbohydrate metabolism and
that genes were repressed involving amino acid, carbohydrate,
and inorganic ion transport; in all, 2% of all genes were dif-
ferentially expressed more than twofold. Schembri et al. (56)
found that 5% or 14% of the genes were differentially ex-
pressed compared to exponential- or stationary-phase sus-
pended cultures, respectively. By comparing cells from the
same reactor, we found that genes for stress response, type 1
fimbriae, and genes with unknown functions, including ydgG
(b1601, 344 amino acids [aa]), are induced in biofilms after 7 h
(48). The ydgG mutant was chosen for further study since this
mutation increased biofilm formation upon addition of glucose
to the medium.

To determine more rigorously the role of YdgG in biofilm
formation, DNA microarrays were used here to study gene
expression in a biofilm for a biofilm up mutant versus that of
the isogenic wild-type strain. Previously, Zhu and Mekalanos
(72) used microarrays to study genome expression in V. chol-
erae for a biofilm up mutant and found induced expression of
Vibrio polysaccharide synthesis operons. We assumed that the
differential gene expression of a poor biofilm-forming strain
compared to its mutant that forms robust biofilms (e.g., E. coli
ydgG) in a mature biofilm will show a wider view of the gene

expression pattern in biofilm cells than an experiment that
compares mature biofilm cells versus planktonic cells (33).
Since many of the differentially expressed genes identified in
the biofilm of the ydgG mutant are controlled by AI-2, we
investigated the possibility that YdgG transports AI-2.

MATERIALS AND METHODS

Bacterial strains, plasmids, growth media, and growth rate measurements.
The strains and plasmids used in this study are listed in Table 1. For E. coli K-12
BW25113 AydgG, the insertion of the kanamycin resistance gene and the com-
plete ydgG deletion were corroborated with five sets of PCRs (three primers
homologous to sequences internal to the kanamycin gene and two primers
homologous to a sequence upstream and downstream of ydgG) (1, 13). For
plasmid selection, 100 pg/ml of ampicillin, 50 pg/ml of kanamycin, 30 wg/ml of
chloramphenicol, or 300 wg/ml of erythromycin was added. Luria Bertani (LB)
medium (55) was used for preculturing the E. coli strains. LM agar plates (18)
were used for enumerating V. harveyi BB170, which was cultured in AB medium
(3). For the 96-well biofilm assays, LB medium, LB medium supplemented with
0.2% glucose (LB glu), and M9 medium supplemented with 0.4% glucose and
0.4% Casamino Acids (MIC glu) (53) were used. M9C glu was also used for the
E. coli flow cell experiment. The specific growth rates of wild-type and AydgG
strains were determined by measuring turbidity at 600 nm (optical density at 600
nm [ODy]) and calculated by using the linear portion of the natural logarithm
of ODg versus time (ODgg, from 0.05 to 0.5) in LB, LB glu, and M9C glu.

Ninety-six-well biofilm assay. The 96-well biofilm assay was conducted as
described previously (52). Briefly, two independent overnight E. coli cultures
were diluted to an ODg, of 0.05 and grown in M9C glu, LB, or LB glu and the
biofilms were stained with 0.1% crystal violet (Fisher, Hanover Park, IL) for 20
min to quantify the total biofilm mass (for both the biofilms at the bottom and
those at the air-liquid interface). Each datum point was averaged from two
independent experiments, each with four replicate wells.

Flow cell biofilm experiments and image analysis. M9C glu supplemented with
300 pwg/ml erythromycin to maintain constitutive green fluorescent protein plas-
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mid pCM18 (22) was used to form biofilms at 37°C in a continuous-flow cell as
described previously (19). The biofilm was visualized at 24 h with a TCS SP2
scanning confocal laser microscope (Leica Microsystems, Heidelberg, Germany)
with a 40X N PLAN L dry objective with a correction collar and a numerical
aperture of 0.55. Color confocal flow cell images were analyzed with COMSTAT
image-processing software (24) as described previously (52). At 24 h, nine dif-
ferent positions were chosen for microscope analysis and 25 images were pro-
cessed for each position; in total, 225 images were analyzed. The values reported
are means of data from the different positions at the same time point, and
standard deviations were calculated based on these mean values for each posi-
tion. Simulated three-dimensional images were obtained with IMARIS (BIT-
plane, Zurich, Switzerland). Twenty-five pictures were processed for each three-
dimensional image.

Motility assay. The motility assay was adapted from Sperandio et al. (59); LB
overnight cultures were used to assay motility in plates containing 1% (wt/vol)
tryptone, 0.25% (wt/vol) NaCl, and 0.3% (wt/vol) agar (where indicated, motility
plates were supplemented with glucose or chloramphenicol). Motility halos were
measured at 16 h, and five to eight plates were used to compare motility between
the strains. For the motility complementation experiment, motility ratios be-
tween the ydgG mutant and the wild-type strain are used in order to eliminate the
small density differences between the motility plates. On each plate, both the wild
type and the ydgG mutant were inoculated.

Promoter transcriptional assays. E. coli cultures with plasmids containing the
fihD::lacZ, flid:lacZ, fliC::lacZ, motA:lacZ, and gseB::lacZ fusions (Table 1)
were cultured overnight in LB medium supplemented with ampicillin (100 g/
ml) and then diluted 1:100 in LB and LB glu (both supplemented with 100 pg/ml
ampicillin) to create exponentially growing cells that were harvested at an ODy
of 1. B-Galactosidase activity was assayed as described previously (68). All ac-
tivities were calculated based on a protein concentration of 0.24 mg protein/ml/
ODg unit. Each experiment was performed twice with two different cultures for
each strain in LB and LB glu.

Complementation of motility, biofilm, drug resistance, and extracellular AI-2
phenotypes. The ydgG deletion was complemented in frans with pCA24N ydgG™
(1, 13), which has isopropyl-B-p-thiogalactopyranoside (IPTG; Sigma, St. Louis)-
inducible expression of ydgG*. Control of ydgG™ transcription was tight due to
the presence of lacl9. The same plasmid without the ydgG™ insertion, pCA24N,
was used as a negative control. Overnight cultures with IPTG (0, 0.5, 0.75, 1.0,
and 1.5 mM) were used for the 96-well biofilm assay, motility assay, drug resis-
tance assay, and extracellular AI-2 activity assay. Chloramphenicol (30 pg/ml)
was added to the growth media and motility agar, except for the 96-well assay,
where 50 pg/ml chloramphenicol was used in the biofilm assay. For complement-
ing the extracellular AI-2 activity, cells were harvested at an OD of 0.6, washed
twice (10 min at 8,820 X g) to remove chloramphenicol (inhibits the growth of
the Vibrio reporter), and resuspended in the same volume of 20 ml LB glu. Then
cells were grown to an ODg, of 0.9 for AI-2 production in the absence of
chloramphenicol.

AlI-2 assays. To determine extracellular AI-2 concentrations, overnight E. coli
cultures were diluted 1:100 and grown to exponential phase (ODgq of 0.6) in LB
and LB glu. Filter-sterilized supernatants were prepared and assayed as de-
scribed previously with the reporter V. harveyi BB170 (51). To determine the
intracellular AI-2 concentration, overnight cultures of E. coli containing
IstACDBFG::lacZ (Table 1) were diluted to create both exponentially growing
and stationary-phase cells and so were harvested at ODg, values of 0.6 and 6,
respectively, and then B-galactosidase activity was assayed as described previ-
ously (68). Taga et al. (62) showed that as AI-2 is internalized, higher B-galac-
tosidase activity is measured from the Isr::lacZ fusion.

Drug transport measurements. Analysis of the effect of the ydgG mutation on
the MICs of various antibiotics was conducted as described previously (35).
Briefly, strains were grown overnight in LB glu and for the ydgG mutant, the
medium was supplemented with 50 wg/ml kanamycin. The overnight culture was
diluted 1:100 in LB glu, grown to an ODy, of 0.4, and cooled to 4°C. The cells
were grown again, after dilution of the cultures (ODg, of 0.4) to a cell density
of 5 X 10* cells/ml in LB glu with 50- to 500-fold increasing concentrations of
drugs (streptomycin sulfate and spectinomycin at 1 to 50 pg/ml, crystal violet at
10 to 500 pg/ml, chloramphenicol at 0.1 to 10 pg/ml, amoxicillin at 0.1 to 10
pg/ml, 2,6-dichloroquinone-4-chloroimide at 5 to 500 wg/ml, penicillin G at 1 to
500 pg/ml, erythromycin at 5 to 500 wg/ml, sodium dodecyl sulfate at 10 to 1,000
pg/ml, ampicillin at 0.1 to 10 wg/ml, and tetracycline at 0.1 to 10 wg/ml). The
ODg was measured after 18 h of incubation at 250 rpm at 37°C.

Biofilm total RNA isolation for DNA microarrays. Overnight cultures were
diluted 100-fold into 1-liter shake flasks containing 250 ml of LB glu and 10 g of
glass wool. The cells were shaken at 250 rpm at 37°C for 24 h (final ODg of 5
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for the suspended cells) to form a biofilm on the glass wool, and RNA was
isolated from the biofilm as described previously (48).

DNA microarrays. The E. coli GeneChip antisense genome array (P/N 900381;
Affymetrix) was used to study the differential gene expression profile of the ydgG
mutant compared to that of the isogenic wild type in a mature biofilm as
described in the Gene Expression Technical Manual and as previously published
(19). The data were inspected for quality and analyzed as described in Data
Analysis Fundamentals, which includes using premixed polyadenylated tran-
scripts of the B. subtilis genes (lys, phe, thr, and dap) at different concentrations.
Also, as expected, there was insignificant ydgG mRNA signal in the biofilm of the
ydgG mutant (60-fold lower than the mean signal and 13-fold lower than the
signal accepted from the ydgG open reading frame [ORF] in the wild-type
strain), and the genes which are known to be completely deleted from E. coli
K-12 BW25113 (e.g., araA and rhaA) showed insignificant mRNA levels. To
ensure the reliability of the induced-repressed gene list, genes were identified as
differentially expressed if the P value was less than 0.05 and if the expression ratio
was greater than 2 since the standard deviation for the expression ratio for all the
genes was 2.2 (GEO accession number GSE3514). The gene functions were
obtained from the National Center for Biotechnology Information database
(http://www.ncbi.nlm.nih.gov/); the Institute for Genomic Research, University
of California at San Diego; and the UNAM database (http://biocyc.org/ECOLI/).

RESULTS

YdgG represses biofilm formation without affecting growth.
Almost no change in the growth rate was observed when ydgG
was deleted from E. coli K-12; the growth rates in LB medium
were 1.49 = 0.05 versus 1.67 = 0.05/h, in LB glu they were 1.73
+ 0.0 versus 1.80 = 0.02/h, and in M9C glu they were 1.01 =
0.01 versus 1.15 = 0.03/h for the wild-type strain and the ydgG
mutant, respectively. However, this deletion increased biofilm
formation in 96-well plates when glucose was added to the
medium (3.8-fold * 0.2-fold for LB glu and 1.6-fold *+ 0.1-fold
for M9C glu) and decreased biofilm formation for LB medium
(0.5-fold = 0.1-fold).

The increase in biofilm formation in M9C glu measured by
the crystal violet assay was corroborated in the more rigorous
continuous-flow system, where the ydgG deletion dramatically
increased biofilm formation (Fig. 1). The wild-type biofilm
architecture in the flow cell consists of only a few individual
cells on less than 1% of the observable surface, while the ydgG
mutant formed a flat biofilm covering at least 30% of the
viewable area and was composed of large, irregularly shaped,
smooth masses containing random protrusions (Fig. 1). These
changes in biofilm architecture were quantified with the
COMSTAT computer program for quantifying biofilm struc-
tures (24); compared to the wild type, after 24 h, the biomass
increased 574-fold, the substratum coverage increased 10-fold,
the mean thickness was increased 7,000-fold, and the rough-
ness coefficient was decreased 12-fold. Although different bio-
film systems were used to measure the effect of YdgG on
biofilm formation (one involves static conditions, and the other
involves flow), an enhancement of biofilm formation with the
ydgG mutant was obtained consistently and the difference in
biofilm formation between the two systems may be attributed
to the differences in the biofilm assays.

To confirm that the increase in biofilm formation is due to
the deletion of ydgG, the mutant strain was complemented in
trans and biofilm formation was measured in a 96-well biofilm
assay with M9C glu and LB glu. As expected, increasing ydgG
expression decreased the biofilm formation of the ydgG mutant
in both M9C glu and LB glu to that of the wild-type strain. In
MOC glu, at IPTG concentrations of 0.5, 0.75, 1.0, and 1.5 mM,
the relative values of biofilm formation by the ydgG mutant
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FIG. 1. Effect of ydgG deletion (A) on biofilm formation in a flow chamber with M9C glu versus wild-type E. coli (B). Biomass was measured

after 24 h, and images were analyzed with IMARIS. Scale bars, 10 pm.

expressing YdgG in trans were 1.9 = 0.3, 1.8 = 0.3, 1.1 = 0.2,
and 1.1 = 0.2, respectively. In LB glu, at the same IPTG
concentrations, the relative values of biofilm formation by the
ydgG mutant expressing YdgG in trans were 1.8 = 0.2, 1.6 =
0.2, 1.4 £ 0.2, and 0.9 = 0.2, respectively. Hence, YdgG re-
presses biofilm formation.

YdgG represses motility. Compared to the wild-type strain,
deletion of ydgG resulted in a sixfold increase in swimming
motility; the motility diameter for the wild-type strain was 0.3
+ 0.2 cm versus 2.0 = 0.5 cm for the ydgG mutant (there was
no effect of glucose). Similar to complementing biofilm forma-
tion, as ydgG* was induced in trans, the motility of E. coli
AydgG/pCA24N ydgG™ became equal to that of the wild-type
strain containing plasmid pCA24N, indicating the motility phe-
notype could be complemented. At IPTG concentrations of
0.1, 0.25, 0.5, 0.75, and 1.0 mM, the relative values for the
motility of the ydgG mutant expressing YdgG in trans were 3.8
+0.2,34 0.1, 1.8 £ 0.1, 1.6 = 0.0, and 1.0 = 0.1, respec-
tively. Hence, YdgG represses motility.

To determine the cause of this increase in motility seen upon
deletion of ydgG, transcription of the quorum-sensing response
regulator of flagellum genes (gseB), flagellar synthesis genes
(flhD, fliA, and fliC), and the motility gene (motA) was inves-
tigated. The ydgG mutation increased the expression of these
flagellum and motility genes 15- to 120-fold in both LB and LB
glu (Fig. 2).

YdgG increases extracellular AI-2 activity. Significantly
higher extracellular AI-2 activity was measured for the wild-
type strain compared to the ydgG mutant in both LB (13-fold
+ 9-fold) and LB glu (4-fold + 2-fold) under exponential
growth conditions (relative light units measured per cell of V.
harveyi BB170 were (3.4 = 0.6) X 107° and (8.0 = 0.1) X 107>
for the wild-type strain, respectively). Hence, YdgG appears to
have a role in either enhancing AI-2 export from the cell or
inhibition of AI-2 uptake. As expected (60), extracellular AI-2
activity was higher for both the wild type and the ydgG mutant
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FIG. 2. Effect of deletion of ydgG on the transcription of fihD, fliA,
fliC, motA, and gseB in LB (A) and LB glu (B) for cells in suspension.
The experiment was done in duplicate, and 1 standard deviation is
shown. ONPG, o-nitrophenyl-B-D-galactopyranoside.
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ranoside.

upon the addition of glucose to LB medium (2-fold + 0.5-fold
and 7-fold = 5-fold, respectively).

Similar to complementing biofilm formation and motility, by
expressing ydgG™ in frans, we were able to increase the extra-
cellular AI-2 activity of the E. coli ydgG mutant to that of the
wild-type strain (containing control plasmid pCA24N) by ex-
pressing ydgG™* in trans in LB glu with pCA24N ydgG™*. At
IPTG concentrations of 0.5, 0.75, 1.0, and 1.5 mM, the relative
extracellular AI-2 concentrations of the ydgG mutant express-
ing YdgG in trans were 0.3 = 0.3, 0.5 = 0.4, 0.8 = 0.2, and 1.0
+ 0.3, respectively.

YdgG reduces intracellular AI-2 activity. Significantly higher
intracellular AI-2 activity was measured for the ydgG mutant
compared to the wild-type strain in LB glu (16-fold = 5-fold
and 10-fold = 5-fold under exponential-growth and stationary-
phase conditions, respectively) (Fig. 3), as determined by com-
paring transcription of the IsrACDBFG promoter region. This
operon is induced by internal phosphorylated AI-2 produced
by the cytoplasmic kinase LsrK and intracellular AI-2 (62).
Hence, once again, YdgG appears to either enhance AI-2
export from the cell or inhibit AI-2 uptake. As expected, ad-
dition of glucose to the wild-type strain repressed Isr transcrip-
tion via catabolic repression by 4.0-fold * 0.3-fold and 4.0-fold
+ (.7-fold during the exponential and stationary phases, re-
spectively (65). Since transport of Al-2 is altered in the ydgG
mutant, addition of glucose had no effect on the ydgG mutant
during stationary phase (Fig. 3); some increase (2.7-fold *
0.3-fold) in the intracellular AI-2 concentration was observed
upon glucose addition during exponential growth of the ydgG
mutant (Fig. 3). Future experiments with a uxS ydgG double
mutant should be performed to investigate whether the ydgG
mutation affects Isr expression.

YdgG increases drug susceptibility. If YdgG is a trans-
porter, one might expect it to affect drug resistance (27);
hence, we tested the impact of the ydgG deletion with 11
different antimicrobials. Higher resistance of the ydgG mutant
was observed with the following drugs compared to the wild-
type strain: crystal violet (MICs of 100 and 250 pg/ml, respec-
tively), spectinomycin (MICs of 20 and 50 pg/ml, respectively),
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FIG. 4. Schematic of YdgG combining data predicted by different
bioinformatic programs.

streptomycin sulfate (MICs of 5 and 10 pg/ml, respectively),
2,6-dichloroquinone-4-chloroimide (MICs of 50 and 100 g/
ml, respectively), chloramphenicol (MICs of 5 and 10 pg/ml,
respectively), and amoxicillin (MICs of 5 and 10 pg/ml, respec-
tively). No change in resistance to the other drugs used was
observed. Also, when expressing ydgG in trans in the ydgG
mutant with pCA24N ydgG™, the phenotype could be comple-
mented in that a higher susceptibility to crystal violet was
observed in the mutant as the IPTG concentration was in-
creased; BW25113 AydgG/pCA24N ydgG™ grew to an ODygy,
of 0.9 after 18 h in LB glu supplemented with 30 pg/ml chlor-
amphenicol, but addition of 0.5 mM IPTG caused no growth
(no growth was observed in the controls BW25113/pCA24N
and BW25113/pCA24N ydgG™).

Prediction of YdgG structure and function. Multiple second-
ary-structure prediction programs, such as PSIPRED (38),
JPRED (10), and PHD (54), were used to identify the second-
ary structure of YdgG as almost exclusively all a-helical. Ad-
ditionally, a ProDom (7) and BLAST (37) search indicated
that YdgG most likely functions as a transporter and is pre-
dicted to be a membrane protein. Therefore, the membrane
protein topology prediction programs MEMSTAT-2 (25, 26),
TMHMM (31, 57), and PHDhtm (54) were used to predict
seven to eight transmembrane helices, and the topology of the
a-helices is shown in Fig. 4. The results from these programs
correlated very well, and all predict (with 50 to 75% reliability)
that the first loop is out of the membrane and the N and the C
termini are cytosolic. Between residues 83 and 145 and resi-
dues 164 and 201, large loops are predicted, which could po-
tentially play a role in regulating the transport of YdgG.

Differential gene expression in biofilms due to deletion of
ydgG. To explore further the mechanism by which YdgG re-
presses biofilms, differential gene expression in the biofilms
(rather than in suspension) as a result of deletion of ydgG was
investigated; it was found that 1,330 (31%) of the E. coli genes
were differentially induced and 327 (8%) were differentially
repressed when a twofold cutoff was used (292 genes were
induced and 99 genes were differentially repressed when a
threefold cutoff was used). The most significantly induced and



592 HERZBERG ET AL.

repressed genes (more than fourfold) are summarized in Ta-
bles 2 and 3.

Deletion of ydgG increased Al-2 intracellular activity during
both the exponential and stationary phases in shake flasks (Fig.
3); hence, many genes that are induced by AI-2 synthesis via
active LuxS (49, 58) were induced in the ydgG mutant. For
example, 87% of the genes induced by AI-2 (49) were also
induced here in the biofilm culture of the ydgG mutant more
than 1.5-fold, and 41% of AI-2-repressed genes (49) were
repressed here more than 1.5-fold in the biofilm of the ydgG
mutant. Also, 94% of the flagellum and motility genes reported
to be induced by AI-2 by Sperandio et al. (58) were induced in
the biofilm of the ydgG mutant (1.5-fold cutoff), and 70% of
the differentially expressed genes in the study of Sperandio et
al., which are involved in growth and cell division, showed the
same expression (induced and repressed more than 1.5-fold) in
the biofilm of the ydgG mutant.

The most significantly induced genes in the biofilm due to
deletion of ydgG are those related to the cell envelope, trans-
port, polysialic acid production, phage functions, methionine
biosynthesis, biotin and thiamine biosynthesis, anaerobic me-
tabolism, and unknown function (Table 2). The most signifi-
cant cell envelope transport genes induced were acrEF (24-
and 5.7-fold). AcrEF is a multidrug efflux system in E. coli
which secretes indole, the product of tryptophan degradation
(27). Indole was found to act as an extracellular signal in E. coli
and to regulate biofilm formation (16) and amino acid degra-
dation (64). An unknown stationary-phase signal has been
found previously that is related to indole (50, 64). This station-
ary-phase signal was found to repress AI-2 extracellular activity
and to induce genes related to biofilm formation such as fliK,
tnaA, and ybaJ (50).

Genes involved in biofilm formation (43) were found to be
induced due to ydgG deletion. For example, the four operons
for flagellar synthesis (8) were induced in the ydgG mutant
biofilm. The class 1 master flagellar regulator fIAC was induced
2.1-fold, which led to overexpression of flADC-induced class 2
flagellum genes, including the figABCDEFGHIJ operon, where
the most significant increase in expression was observed in figl
(induced 6.5-fold). Other class 2 flagellum operons were also
induced in the ydgG mutant, including flhA and flhB (both
induced twofold). The fliEFGHIJK operon was also induced
2.5-fold, and fliLMNOPQR was induced 2.1- to 3.2-fold. The
sigma factor FliA, 0%, was induced 2.1-fold (activates class 3
flagellum operons [8]), and the force generator gene motA and
its motility and chemotaxis operon (motAB and cheAW) were
induced around twofold. The chemotactic response gene cheZ
was also induced 2.5-fold. fliD (encoding the filament cap
FliD) was induced 2.5-fold. fIiS and fliT encoding FliD chap-
erones were both induced 2.1-fold. Other class 3 flagellum
genes were also induced; flgN, encoding the hook-filament
chaperone proteins FIgK and FlgL, was induced 2.3-fold. The
lower relative induction of the flagellum genes in the biofilms
of the ydgG mutant (determined via microarrays) compared to
the induction of flagellum genes observed in the exponential-
phase suspension cultures of the ydgG mutant (Fig. 2) may be
attributed to the two different modes of bacterial growth.

Adhesion determinants induced in the ydgG biofilm include
the type 1 fimbria operon, other putative type 1 fimbria oper-
ons, and Ag43. Type 1 fimbriae are an important determinant
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of E. coli adhesion to both biotic and abiotic surfaces (43)
during the first step of cell attachment to a surface. In the ydgG
biofilm, fimB and fimE were induced 2.6- and 2-fold, respec-
tively. Another eight putative type 1 fimbria-like predictive
operons (http://biocyc.org/ECOLI/) were induced, with at least
two genes from each operon induced more than twofold. The
most highly induced was the sfin gene cluster, where sfimD,
encoding a putative outer membrane protein, was induced
fourfold. fimZ, an activator of FimA (located in the sfin gene
cluster, which is involved in type 1 fimbria gene expression)
(71), was also induced fourfold. The surface adhesin autotrans-
porter protein Ag43 (encoded by flu) was induced 2.5-fold and
is also known to promote biofilm formation (29). The two curli
production operons in charge of producing the major (CsgA)
and minor (CsgB) subunits of these fibronectin tentacle fila-
ments were induced; csgBAC was induced 2.1- to 2.5-fold, and
¢sgDEFG was induced 2- to 4-fold. Curli fibers are required
both for adhesion and biofilm maturation (44). Also, the
pgaABCD operon was induced 2- to 2.8-fold; this operon pro-
duces the B-1,6-N-acetyl-D-glucosamine polysaccharide adhe-
sin, which affects biofilm formation (66).

The colanic acid operon (wza wzb wzc weaABCDEFG), in-
volved in polysaccharide production, was induced (two- to sev-
enfold) when the highest expression ratio was observed in
weaC, a putative glycosyltransferase. Colanic acid is important
for biofilm three-dimensional structure rather than the initial
attachment of cells to a surface (44).

Other induced genes in the ydgG biofilm include those which
encode uncharacterized proteins, including yirR (11-fold, pu-
tative aldose-1-epimerase), yihN (12-fold, putative proton-
driven sugar phosphate uptake protein), yirP (11-fold, putative
transport protein for galactosides-pentoses-hexuronides), and
YfiR (16-fold, putative protein related to phage).

Biofilm formation after deletion of the 15 most significantly
induced genes. To investigate the genes which may affect bio-
film formation, 15 isogenic E. coli K-12 strains with mutations
in the highly induced genes were assayed for biofilm formation
after 24 h of growth in the 96-well biofilm assay. As expected,
14 of the 15 had reduced biofilm formation and 10 out of the
15 mutations resulted in 40% or more biofilm removal (Fig. 5).
Deletion of the gene that encodes YfjR, a putative transcrip-
tional repressor probably related to phage, showed the largest
decrease in biofilm formation (65%). Other genes which affect
biofilm formation were a biotin synthesis-related gene (bioF),
a gene that encodes a putative methyltransferase (yccW), genes
that encode putative regulatory proteins with an unknown
function (yjbE and yceO), genes related to anaerobic metabo-
lism (##dA and fumB), a gene that encodes an uncharacterized
protein (yjiP, probably transposon related), a gene that en-
codes a putative aldose-1-epimerase (yiiR), and a polysialic
acid production-related gene (gutQ). The acrE deletion did not
seem to affect biofilm formation after 24 h of growth, which is
probably due to AcrAB complementing AcrEF (30). There-
fore, 10 genes (yfjR, bioF, yccW, yjbE, yceO, ttdA, fumB, yjiP,
gutQ, and yihR) that were not previously linked with biofilms
were shown here to be involved in biofilm formation, including
1 that suggests a role for polysialic acid (via gurQ) in E. coli
biofilms.
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TABLE 2. Genes induced more than fourfold in LB glu medium biofilms upon deleting ydgG

Group and gene b no. Ex;;;iis(s)lon Description Sfi’zr:t(zl;)
Synthesis and metabolism
bioF b0776 21.1 8-Amino-7-oxononanoate synthase 384
pfiD b3951 13.9 Formate acetyltransferase 2 765
yfdw b2374 12.1 Putative enzyme; formyl-CoA” transferase monomer, subunit of formyl-CoA 416
transferase
citG b0613 12.1 OREF, hypothetical protein; triphosphoribosyl-dephospho-CoA synthase 292
VihR b3879 11.3 Putative aldose-1-epimerase 308
ttdA b3061 11.3 L-Tartrate dehydratase, subunit A 303
nth b1633 10.6 Endonuclease I11, specific for apurinic and/or apyrimidinic sites 211
gutM b2706 9.8 Glucitol operon activator 119
eutA b2451 9.8 Reactivating factor for ethanolamine ammonia lyase EutBC 467
gutQ b2708 9.2 OREF, hypothetical protein; protein with a sugar isomerase domain; GutQ 308
has similarity to E. coli K1
fumB b4122 9.2 Fumarase B fumarate hydratase class I; anaerobic isozyme 548
yieL b3719 8.6 Putative xylanase 400
yagH b0271 8 Putative beta-xylosidase 536
thiD b2103 8 Phosphomethylpyrimidine kinase (thiamine biosynthesis) 266
mhpB b0348 7.5 2,3-Dihydroxyphenylpropionate 1,2-dioxygenase 314
weaC b2057 7 Putative glycosyl transferase; colanic acid related 405
thiF b3992 7 Thiamine-biosynthesis, thiazole moiety 245
napA b2206 7 Probable nitrate reductase 3 832
ybjw b0873 6.5 Putative prismane; hybrid cluster protein/hydroxylamine reductase 552
hyfD b2484 6.5 Hydrogenase 4 membrane subunit 479
hyfA b2481 6.5 Hydrogenase 4 Fe-S subunit 205
purC b2476 6.1 Phosphoribosylaminoimidazole-succinocarboxamide synthetase, SAICAR 237
synthetase
citC b0618 6.1 Citrate lyase synthetase (citrate [pro-3S]-lyase ligase) 381
weaA b2059 5.7 Putative regulator for colanic acid synthesis 279
lysA b2838 53 Diaminopimelate decarboxylase 420
abgB b1337 53 OREF, hypothetical protein; member of the GMP family of beta barrel pores 481
treC b4239 4.9 Trehalase 6-P hydrolase 551
arp b4017 4.9 Regulator of acetyl-CoA synthetase 728
argF b0273 4.9 Ornithine carbamoyltransferase 2, chain F (arginine biosynthesis) 334
metR b3828 4.6 Regulator for metE and metH, homocysteine transcriptional activator 348
agaW b3134 4.6 Phosphotransferase system N-acetylgalactosameine-specific IIC component 2 133
ygbD b2711 43 Putative oxidoreductase; reductase enzyme which can convert oxidized 377
flavorubredoxin to its reduced form (NO removal)
torT b0994 4.3 Part of regulation of for operon, periplasmic 342
hybC b2994 4.3 Probable large subunit, hydrogenade 2 567
Metabolism and transport
wza b2062 4 Putative polysaccharide export protein 379
Transport
yeeW b0967 17.1 Putative oxidoreductase; putative methyltransferase 367
focB b2492 13.9 Probable formate transporter (formate channel 2); FocB formate FNT? 282
transporter
YihN b3874 12.1 Putative resistance protein (transport) 421
yhQ b4307 11.3 OREF, hypothetical protein 181
yihP b3877 10.6 Putative permease 468
uraA b2497 8.6 Uracil transport 429
yhfM b3370 7.5 Putative amino acid/amine transport protein; YhfM methionine APC¢ 462
transporter
dcuB b4123 6.5 Anaerobic dicarboxylate transport 446
malK b4035 6.1 ATP-binding component of transport system for maltose 371
acrF b3266 5.7 Integral transmembrane protein; acridine resistance 1,034
art] b0860 53 Arginine 3rd transport system periplasmic binding protein 243
pheP b0576 49 Phenylalanine-specific transport system 458
yefT bl115 4.3 OREF, hypothetical protein; putative transport protein 357
agaD b3140 4 Phosphotransferase system, N-acetylglucosamine enzyme IID component 1 263
Structure
acrE b3265 243 Transmembrane protein affects septum formation and cell membrane 385
permeability
flgl b1080 6.5 Homolog of Salmonella P ring of flagellar basal body 365
uhpB b3668 4.6 Sensor histidine protein kinase phosphorylates UhpA 501
fhiA b0229 4.3 Flagellar biosynthesis 579

Continued on following page
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TABLE 2—Continued

Group and gene b no. Exp;r;is(s)lon Description :i’zrgtg:)

sfmD b0532 4 Putative outer membrane protein, export function; sequence similarity 867
suggests that it is a member of the fimbrial usher protein family

hyfC b2483 4 Hydrogenase 4 membrane subunit 322

csgl b1039 4 Curli production assembly/transport component, second curli operon 129

RNA related

ybc] b0528 17.1 OREF, hypothetical protein; putative RNA-binding protein 77

envR b3264 49 Putative transcriptional regulator 220

hycA b2725 4 Transcriptional repression of syc and hyp operons; involved in the formate 153
hydrogenylase system

fimZ b0535 4 Fimbrial Z protein; probable signal transducer; positive DNA-binding 210

transcriptional regulator

Phage related

alpA b2624 6.5 Prophage CP4-57 regulatory protein AlpA 70
intE b1140 4.6 Prophage e14 intergrase 375
cspB b1557 4.6 Cold shock protein; may affect transcription; transcriptional regulator 71
stfE b1157 4 Putative tail fiber protein 179
Cell processes
ampC b4150 43 B-Lactamase; penicillin resistance 377
pphB b2734 4 Protein phosphatase 2 218
ibpB b3686 4 Heat shock protein 144
ORFs with unknown function
yjiP b4338 19.7 OREF, hypothetical protein 103
yghG b2971 18.4 OREF, hypothetical protein 655
YfiR b2634 16 OREF, hypothetical protein; putative transcriptional repressor, probably 233
related to phage
ybfG b0690 12.1 OREF, hypothetical protein 120
yceO b1058 11.3 OREF, hypothetical protein 46
yafX b0248 11.3 OREF, hypothetical protein 152
yIbE b0519 8.6 OREF, hypothetical protein 333
ybE b4026 7.5 OREF, hypothetical protein 80
ves b1742 7.5 OREF, hypothetical protein; cold-induced member of CspA family 212
ybfP b0689 7 Putative pectinase 164
vigl b4249 6.1 Putative oxidoreductase 237
ybfE b0685 6.1 OREF, hypothetical protein; LexA regulated 120
yijl b3948 53 OREF, hypothetical protein 27
yjbL b4047 49 OREF, hypothetical protein 84
yddJ b1470 49 OREF, hypothetical protein 111
ybjI b0844 49 OREF, hypothetical protein; conserved protein with phophatase-like domain 262
yiftM b4185 4.6 OREF, hypothetical protein 212
yecT b1877 4.6 OREF, hypothetical protein 169
ybhM b0787 4.6 OREF, hypothetical protein 237
b0309 b0309 4.6 OREF, hypothetical protein 70
b1500 b1500 43 OREF, hypothetical protein; gene is in an operon associated with acid 65
resistance
b1228 b1228 43 ORF, hypothetical protein 91
ytfA b4205 4 OREF, hypothetical protein 108
yoaG b1796 4 OREF, hypothetical protein 60
yigN b4257 4 OREF, hypothetical protein; putative membrane protein possibly involved in 398
transport
yjcF b4066 4 OREF, hypothetical protein 430
yhaC b3121 4 OREF, hypothetical protein 395
vgfF 52902 4 Putative oxidoreductase 247
yfdU b2373 4 Putative enzyme 564
yfaE b2236 4 OREF, hypothetical protein; conserved hypothetical protein, related to 84
2Fe-2S ferredoxin
yfaA b2230 4 OREF, hypothetical protein 578
yadS b0157 4 OREF, hypothetical protein 207
b0370 b0370 4 OREF, hypothetical protein 89

“ CoA, coenzyme A.
? FNT, formate and nitrate transporter family.
¢ APC, amino acid-polyamine-organocation.
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TABLE 3. Genes repressed more than fourfold in LB glu medium biofilms upon deleting ydgG
Group and gene b no. Ex;;l;ists)lon Description Sfi’;:t(?;l)
Synthesis and metabolism
gadA b3517 -13 Glutamate decarboxylase isozyme 466
gadB b1493 —10.6  Glutamate decarboxylase isozyme 466
aceA b4015 —5.7  Isocitrate lyase 434
fadB b3846 —4.9  Four-enzyme protein: 3-hydroxyacyl-CoA“ dehydrogenase, 3-hydroxybutyryl-CoA 729
epimerase, delta(3)-cis-delta(2)-trans-enoyl-CoA isomerase, enoyl-CoA hydratase
nrdH b2673 —4.6  Glutaredoxin-like protein; hydrogen donor 81
thrL b0001 —4.3  thr operon leader peptide 21
Metabolism and transport
fadL b2344 —6.1  Transport of long-chain fatty acids; sensitivity to phage T2 448
Transport
gadC (xasA) b1492 —11.3  Acid sensitivity protein, putative transporter 512
dppA b3544 =7 Dipeptide transport protein 535
DNA related
priB b4201 —4.9  Primosomal replication protein N 104
tsf b0170 —4 Protein chain clongation factor EF-Ts 283
RNA related
rpoE b2573 —4.9  RNA polymerase, sigma-E factor; heat shock and oxidative stress 191
leuT b3798 —4.6  Leucine tRNA1, duplicate with leul’PO 87
leuV b4368 —4.6  Leucine tRNAI, tandemly triplicate leul’PQ, duplicate with leuT 88
thrT b3979 —4.6  Threonine tRNA3 76
leuP b4369 —4 Leucine tRNA1, tandemly triplicate lew})’PO, duplicate with leuT 87
leuQ b4370 —4 Leucine tRNAI, tandemly triplicate, duplicate with leuT 87
Ribosome components
plC b3320 —8.6  50S ribosomal subunit protein L3 209
plB b3317 -8 50S ribosomal subunit protein L2 273
plW b3318 —7.5 508 ribosomal subunit protein L.23 100
pst b3321 —7.5  30S ribosomal subunit protein S10 103
rpsS b3316 —7.5 308 ribosomal subunit protein S19 92
plD b3319 —6.1 508 ribosomal subunit protein L4; regulates expression of S10 operon 201
plV b3315 —6.1 508 ribosomal subunit protein 1.22 110
psC b3314 —6.1  30S ribosomal subunit protein S3 233
rpmB b3637 —5.3 508 ribosomal subunit protein L.28 78
psB b0169 =53  30S ribosomal subunit protein S2 241
rpsF b4200 —5.3  30S ribosomal subunit protein S6 131
lU b3186 —4.9 508 ribosomal subunit protein L21 103
rpsR b4202 —4.9  30S ribosomal subunit protein S18 75
pmG b3636 —4.6 508 ribosomal subunit protein L33 55
plK b3983 —4.3 508 ribosomal subunit protein L11 142
plP b3313 —4 50S ribosomal subunit protein L16 136
rpmC b3312 —4 50S ribosomal subunit protein L29 63
Cell processes
gadE (yhiE) b3512 —12.1  ORF, hypothetical protein; related to resistance at low pH 175
hdeA b3510 —9.8  OREF, hypothetical protein; acid resistance protein, possible chaperone, subunit 110
of HdeA dimer, inactive form of acid resistance protein
ORFs with unknown function
hdeB b3509 —9.2  OREF, hypothetical protein; 10K-L protein, related to acid resistance protein of 112
Shigella flexneri
hdeD b3511 —9.8  ORF, hypothetical protein; protein involved in acid resistance 190
ybaW b0443 —5.3  OREF, hypothetical protein 132
yciE b1257 —4 OREF, hypothetical protein 168
ymgB b1166 —4.3  OREF, hypothetical protein 88
ymgC b1167 —4.3  ORF, hypothetical protein 82
yodC b1957 —4 OREF, hypothetical protein 60
“ CoA, coenzyme A.
DISCUSSION AI-2 export or inhibits AI-2 uptake, it is expected that deletion

In this study, the following lines of evidence show that YdgG
is a putative transport protein that either enhances AI-2 secre-
tion or inhibits AI-2 uptake in E. coli. (i) Since external Al-2
addition increases biofilm formation (19), if YdgG promotes

of ydgG should increase biofilms since more AI-2 is internal-
ized, and this was indeed the case (570-fold, Fig. 1). (ii) De-
letion of ydgG led to both a decrease in external AI-2 (13-fold)
and an increase (10-fold) in internal AI-2 (Fig. 3); both results
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FIG. 5. Effects of selected deletions on E. coli biofilm formation in
96-well plates after 24 h in LB glu. The experiment was done in
duplicate, and 1 standard deviation is shown.
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indicate that YdgG influences the export of AI-2 or inhibits
AI-2 uptake. A higher intracellular AI-2 concentration may
lead to more AI-2 species being phosphorylated by LsrK, lead-
ing to Isr operon induction. (iii) The gene expression pattern in
the biofilm observed here upon deletion of ydgG resembles the
gene expression pattern observed for restoring /uxS (net effect
of AI-2 addition to suspended cultures) (49, 58); hence, YdgG
influences a large number of genes, which is expected for the
transporter of Al-2. (iv) The quorum-sensing regulator gseB is
clearly observed to be induced upon deletion of ydgG under
exponential growth conditions (Fig. 2), and gseB has been
shown in our lab to be induced by enzymatically synthesized
AI-2 (19); hence, if YdgG is inactive, either less AI-2 leaves the
cell or more AI-2 is internalized, and one would expect AI-2-
controlled genes like gseB to be up-regulated. (v) AI-2 controls
motility and chemotaxis genes (49, 58); hence, if YdgG influ-
ences Al-2 secretion, upon deletion of ydgG, larger intracel-
lular AI-2 concentrations should lead to higher motility, and
sixfold more motility was found with the ydgG mutant here. (vi)
The predicted secondary protein structure shows that YdgG is
most likely to be a transport membrane protein. (vii) YdgG is
highly conserved in other bacteria (72 genera have homologs),
and 9 of the 11 genera that have the most-closely related YdgG
homologs have LuxS homologs (e.g., Shigella, Salmonella, Yer-
sinia, Shewanella, Pasteurella, Haemophilus, Mannheimia, Acti-
nobacillus, and Chromohalobacter). (viii) Corroborating the
prediction of YdgG as a transport protein, an increase in drug
resistance was observed upon deletion of ydgG. (ix) The prox-
imity of ydgG to both ydgEF, which encodes a multidrug resis-
tance efflux protein (this locus is adjacent to ydgG) (40), and
ydgl, which encodes an AcrD protein similar to an arginine-
ornithine transporter in Pseudomonas aeruginosa (6) (four
genes downstream from ydgG), supports the notion that YdgG
is involved in transport. These results suggest that YdgG con-
trols the efflux of AI-2 and fit well with the suggestion that
AcrAB of E. coli effluxes quorum signals (45) and with the
evidence that the MexAB-OprM multidrug efflux system of P.
aeruginosa effluxes the quorum signal N-(3-oxododecanoyl)-L-
homoserine lactone (17, 42).

The increase in biofilm formation by the ydgG mutant only
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when glucose was added to the medium may be attributed to
greater differences in intracellular AI-2 production between
the ydgG mutant and the wild-type strain (Fig. 3) than when
glucose was absent. This result agrees with the increase in Al-2
synthesis upon addition of glucose to the growth medium due
to catabolic repression by decreasing the levels of cAMP-
cAMP receptor protein (65). Previous reports (60, 65) have
shown that adding glucose increases extracellular AI-2 concen-
trations in mid- to late-exponential phase. Further study of
differential gene expression of ydgG mutant biofilm cells in the
absence of glucose may reveal the reason for the increase in
biofilm formation only when glucose was added to the medium.

The greater biofilm formation of the ydgG mutant may also
be due to induction of the indole secretion system acrEF, since
similar genes have been related to biofilms previously; for
example, Maira-Litran et al. (36) showed that constitutive ex-
pression of acrAB protected E. coli biofilms from ciprofloxacin
at 4 pg/liter. Additionally, it has been shown that genes related
to the cell envelope and secretion are induced in biofilm cells
compared to suspended cultures (5). The induction of acrEF,
stationary-phase indole efflux-related genes, upon ydgG dele-
tion and alteration of AI-2 secretion, fits well with our hypoth-
esis that different signals control gene expression at different
growth stages in E. coli: AI-2 for exponential-phase growth and
an indole-related molecule for stationary-phase growth (50).
Indeed, it appears that intracellular indole represses biofilms.

It should be pointed out that ydgG was found to be induced
in E. coli JM109 biofilms containing the F’ conjugative plasmid
(48) whereas the strains used in this study are F~. Also, it has
been reported that AI-2 is not necessary for biofilm formation
in strains carrying conjugative plasmids (47). However, in this
study, since AI-2 is necessary for biofilm formation (19), dele-
tion of ydgG is shown to alter AI-2 transport and consequently
to increase biofilm formation.

Gene expression in the biofilm of the ydgG mutant is con-
sistent with the effect of adding AI-2 on the global gene ex-
pression in E. coli for suspension cells during exponential
growth (49, 58) in that both conditions induce flagellum, mo-
tility, and chemotaxis genes. In addition, AI-2-repressible
genes involved in growth and cell division (58) were also re-
pressed in the ydgG mutant biofilms; for example, ribosomal
genes such as rplX, mpIN, rplP, rplS, rplR, rpsK, and rpsT. Also,
growth-related genes such as ftsA4, ftsQ, fmt (methionyl-tRNA
formyltransferase), and miaA [tRNA delta(2)-isopentenylpyro-
phosphate] were repressed in both studies.

Typical related regulatory genes that were differentially ex-
pressed in the biofilm of the ydgG mutant are rpoS (repressed
2.8-fold, encodes the sigma factor ¢°®) and barA (induced
3.24-fold, encodes a sensor kinase) (4). The RpoS regulon
controls gene expression required for survival during starva-
tion periods, transition between the exponential and stationary
phases, heat shock, and cold shock (34); more than 100 genes
are positively regulated by RpoS (41). We found 75% of the
genes induced by RpoS in a stationary-phase suspended cul-
ture were repressed in the ydgG biofilm by more than 1.5-fold,
and 72% of the genes repressed by RpoS were induced more
than 1.5-fold in the ydgG biofilm.

In addition to the known biofilm-related genes induced in
this study and the good agreement of the regulatory circuits
involved in their expression, some uncharacterized genes re-
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lated to biofilm formation in E. coli were identified in biofilms
of the ydgG mutant. One highly induced operon in the ydgG
mutant biofilm is the gut operon, which is related to the pro-
duction of polysialic acid. gutM and gutQ were induced roughly
10-fold in the biofilm upon deletion of ydgG. gutM encodes the
glucitol operon activator (70), and GutQ is similar to KpsF in
E. coli K1, which plays a role in assembling the polysialic acid
capsule virulence factor (9). Greiner et al. (20) found that
5-N-glycolylneuraminic acid (NeuSAc), one of the building
blocks of polysialic acid, is a constituent of Haemophilus influ-
enzae biofilms. Also, Swords et al. (61) showed that sialylation
promotes biofilm formation by H. influenzae. Further study
may reveal that polysialic acid as an important component in E.
coli and other species biofilms.

Genes related to anaerobic respiration were also highly in-
duced upon deletion of ydgG and include those that are for-
mate transport related (focB and hyfACDR). The significantly
higher biomass in the ydgG mutant biofilm is likely to cause
anaerobic conditions. Other genes related to anaerobic metab-
olism that are induced include pfiD, encoding pyruvate for-
mate-lyase (13.9-fold); #dA, encoding L-tartrate dehydratase
(13.9-fold); and fumB encoding fumarase B (9.2-fold). TtdA
and FumB are enzymes for converting tartrate to oxaloacetate
and malate to fumarate, respectively. There are three fumarase
isozymes in E. coli, fumarases A, B, and C (products of fumA,
fumB, and fumC, respectively). The cell adapts to changing
environmental oxygen conditions by utilizing the different
isozymes; hence, in the ydgG mutant biofilm, more biofilm may
cause anaerobic conditions and fumB is relatively activated.
TtdA is a stereospecific enzyme that is known to be induced
during anaerobic growth with glycerol (46).

Among the induced genes (Table 2), more than 20 regula-
tory proteins were identified. The most induced was yjiP (103
aa, 20-fold). alpA was induced 6.5-fold and encodes a tran-
scriptional activator related to phage functions (28). Differen-
tial gene expression of phage-related genes in biofilms has
been reported for Xylella fastidiosa by de Souza et al. (15) on
the basis of DNA microarrays. Also, Webb et al. (67) related
phage functions and biofilms of P. aeruginosa. Further study
needs to be done to establish the relationship of phage-related
functions and biofilm formation in E. coli.

Also, 80% of the genes differentially expressed in a contin-
uous reactor after 6 days of operation at a growth rate of 0.03/h
(48) were also differentially expressed in the 24-h biofilm upon
deletion of ydgG. This indicates the ydgG mutation causes the
genes that are required for steady-state biofilm formation to be
expressed, which results in greater biofilm formation.

We found 31% of the E. coli genome was differentially
induced more than twofold in the ydgG mutant biofilm com-
pared to the wild-type biofilm culture, and 8% of the genes
were differentially repressed more than twofold. YdgG was
found to repress cell surface determinants (genes related to
flagellum, type 1 fimbria, Ag43, curli, and polysaccharide pro-
duction), and it appears it controls these genes through AI-2
transport. Additionally, 10 genes previously not linked to bio-
films were found here to influence biofilm formation in E. coli,
and polysialic acid appears to have a role in the biofilm matrix.
The results presented in this paper show that YdgG either
enhances secretion of AI-2 or inhibits AI-2 uptake and that
altering AI-2 intracellular concentrations affects global gene

YdgG CONTROLS EXPORT OF AI-2 597

expression in the biofilms. Hence, we propose a new name for
this locus: transport of quorum-sensing signal or tgsA. These
results corroborate previous results that AI-2 is directly in-
volved in biofilm formation (19) and imply that AI-2 must be
actively transported from cells for cell signaling.
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