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The role of LuxS in Shewanella oneidensis MR-1 has been examined by transcriptomic profiling, biochemical,
and physiological experiments. The results indicate that a mutation in /uxS alters biofilm development, not by
altering quorum-sensing abilities but by disrupting the activated methyl cycle (AMC). The S. oneidensis wild
type can produce a luminescence response in the AI-2 reporter strain Vibrio harveyi MM32. This luminescence
response is abolished upon the deletion of luxS. The deletion of luxS also alters biofilm formations in static and
flowthrough conditions. Genetic complementation restores the mutant biofilm defect, but the addition of
synthetic AI-2 has no effect. These results suggest that AI-2 is not used as a quorum-sensing signal to regulate
biofilm development in S. oneidensis. Growth on various sulfur sources was examined because of the involve-
ment of LuxS in the AMC. A mutation in /uxS produced a reduced ability to grow with methionine as the sole
sulfur source. Methionine is a key metabolite used in the AMC to produce a methyl source in the cell and to
recycle homocysteine. These data suggest that LuxS is important to metabolizing methionine and the AMC in

S. oneidensis.

The AI-2 family of quorum-sensing signals is unique because
LuxS, the enzyme responsible for catalyzing the formation of
these signals, is conserved in both gram-positive and gram-
negative proteobacteria. This broad genetic conservation has
led to the conclusion that AI-2 is used for interspecies com-
munication (43). In addition to being implicated with quorum
sensing, LuxS is involved in the activated methyl cycle (AMC)
(39, 51). This metabolic role of LuxS has resulted in an active
debate on whether a mutation in the LuxS gene affects certain
phenotypes because of a lack of quorum-sensing abilities or the
disruption of a biosynthetic pathway (11, 22, 47, 52).

The AMC generates homocysteine, methionine, adenosine,
and S-adenosylmethionine (SAM), a major methyl donor
source in the cell (reviewed in reference 47). Homocysteine
enters the cycle and is converted to methionine and then to
SAM. The conversion of SAM to S-adenosylhomocysteine
(SAH) results in the methylation of DNA, RNA, proteins, and
metabolites. To complete the cycle, SAH, a toxic metabolite, is
then converted to S-ribosylhomocysteine (SRH), and then
SRH is converted to homocysteine and 4,5-dihydroxy-2,3-
pentanedione (DPD) by LuxS. DPD can then spontaneously
cyclize into an AI-2 type signal. Two known AI-2 struc-
tures are (2S,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydro-
furan-borate (Vibrio harveyi) (7) and (2R,4S)-2-methyl-
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2,3,3,4-tetrahydroxytetrahydrofuran (Salmonella enterica
serovar Typhimurium) (33). DPD has no known function in
the cell besides producing the quorum-sensing signal AI-2.

Recent work proposed that the dissimilatory metal-reduc-
ing bacterium Shewanella oneidensis MR-1 has the ability to
produce the AI-2 signal (3) and an acyl-homoserine lactone
(AHL) (14), a typical gram-negative quorum-sensing signal.
It has been suggested that S. oneidensis uses an AHL to
enhance hydrogen metabolism, under specific growth con-
ditions (14). Differing from these results, the addition of the
supernatant from an S. oneidensis culture (27) or a mutation
in luxS (5) was not able to affect iron reduction rates under
the experimental conditions of each study.

To date, no physiological traits are known to be regulated by
a quorum-sensing signal in S. oneidensis MR-1. In the present
study, we report that a mutation in uxS abolishes the ability of
S. oneidensis to produce an Al-2-induced reporter strain re-
sponse. This mutation also disrupts biofilm formation but the
addition of the quorum-sensing signal AI-2 does not repair the
disruption. The mutation in /uxS does create growth defects
when grown with methionine, a constituent of the AMC, as the
sole sulfur source. This information has thus led to the con-
clusion that JuxS plays a role in the AMC and in that manner
influences biofilm formation.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Agrobacterium tumefaciens strains
NTLA4(pCF218)(pCF372) and KYC6(pCF218) (18), Pseudomonas aeruginosa
PAOL1 (23), Pantoea stewartii subsp. stewartii DC283 (10), S. oneidensis MR-1
(34), and Vibrio fischeri strains ES 114 (4) and MJ1 (37) were grown on Luria-
Bertani (LB) medium (38) at 30°C, unless stated otherwise. Escherichia coli
strains DHS5a (Invitrogen), WM3064 (W. Metcalf, personal communication),
and MG1655(pJWPO01s) (8) were grown on LB medium at 37°C, unless stated
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otherwise. V. harveyi strains BB120 (2) and MM32 (33) were grown on autoin-
ducer bioassay (AB) medium (21) at 30°C. For growth experiments under sulfur-
limiting conditions, M9 medium (38) was prepared and all sulfate salts were
exchanged for comparable chloride salt. The medium was supplemented with 20
mM lactate, 15 wM thiamine, and 50 pM cysteine, 100 puM homocysteine, 100
M methionine, or 200 pM K,SO,. When necessary, supplements or antibiotics
were added at the following concentrations (wg/ml): ampicillin, 100; chloram-
phenicol, 10; diaminopimelic acid (DAP), 100; kanamycin (Km), 50 or 100; and
tetracycline (Tc), 10.

Mutagenesis. All molecular work was performed by standard methods (38).
The construction of a luxS gene deletion in S. oneidensis was completed using a
mutagenesis procedure described elsewhere (13). Briefly, PCR-amplified luxS
fragments 631 bp upstream (primers 5'-GAATTCCCTGTTAATATGGCTGG
CAGAG-3" and 5'-CATATGGTCGCTATCTGTTTATAGGTGC-3") and 702
bp downstream (primers 5-CCGCGGCAACAAACGCCGTACGCTAAC-3’
and 5'-GAGCTCGGTAAATTCCGTTTGCTGCG-3") were inserted into flank-
ing regions of a Km resistance cassette (restriction sites are indicated by the
underlines above) in the suicide vector pJK100 (13). The plasmid pJK100 con-
tains both Km and Tc resistance cassettes. The resulting plasmid p/uxS:UD was
electroporated into a conjugal donor strain, E. coli WM 3064, a strain that
requires DAP for growth. The mating experiments involved concentrating 1.0 ml
of E. coli WM 3064 pluxS:UD and 0.5 ml of S. oneidensis into 100 wl, and the
mixture of cells was spotted onto a LB medium plate with DAP and allowed to
grow at 30°C overnight. The cells were then scraped off the plate, suspended in
liquid LB medium, and spread onto a LB medium plate with Km and no DAP.
Successful double crossover integration of the suicide vector produced S. onei-
densis pluxS:UD strains that were Km resistant and Tc sensitive. The chromo-
somal inserted Km resistance cassette was then removed by conjugating pPCM157
(30), a Cre recombinase vector, into S. oneidensis pluxS:UD via E. coli WM 3064.
The removal of the resistance cassette was possible because of the loxP sites that
flanked the inserted Km resistance gene. The resulting strain S. oneidensis AluxS
pCM157 was then cured of pCM157. The final in-frame deletion mutant had a
72-bp scar sequence, contained no antibiotic markers, and was named S. onei-
densis DL13. The mutant was verified via DNA sequencing. For complementa-
tion, S. oneidensis luxS was PCR amplified (5'-GCTTATGAACAGGGAGTGC
GTGAATACC-3" and 5'-GCGACTTGACATACCAAGCTCCCAAAAC-3'),
cloned into pGEM-T (Promega), and ligated into pPBBR1MCS-3 (26) producing
pluxS. The plasmids pluxS and p519ngfp (green fluorescent protein [GFP] pla
smid for confocal microscopy) (31) were conjugated into S. oneidensis strains as
described above.

Autoinducer assays. V. harveyi MM32 was used as the qualitative reporter
strain to identify the presence of AI-2 (33). The reporter strain was grown in AB
medium for 16 h and then diluted 1:5,000. A total of 90 pl of the diluted reporter
was then added to a 96-well plate. Cultures of V. harveyi BB120 (AI-2™) and E.
coli DH5a (AI-27) were grown to an optical density at 600 nm (ODg) of 1.5 in
AB and LB media, respectively. S. oneidensis cultures were grown on either LB
medium to an ODgy, of 0.5, 1.5, and 3.0 or overnight on a minimal medium
(MM) (20) supplemented with 20 mM lactate (approximate ODy, of 0.5). Then
1 ml of the experimental culture was centrifuged and filter sterilized and 10 pl of
the filtered supernatant was added to the reporter stain. The plates were incu-
bated at 30°C and the luminescence of the reporter strain was monitored using
a luminometer (LD400; Beckman Coulter) for 18 h.

Two broad-range AHL reporter strains were used to test if S. oneidensis could
produce an AHL. The first reporter strain, A. tumefaciens NTLA(pCF218)(pCF372),
utilizes the lacZ gene to visualize the presence of an AHL (18, 53). A. tumefaciens
NTLA(pCF218)(pCF372) was grown in liquid LB medium overnight and then cross-
streaked with LB overnight cultures of a positive control, A. tumefaciens
KYC6(pCF218), and S. oneidensis on LB agar supplemented with X-Gal (5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside). The second broad-range AHL reporter
strain was the GFP reporter strain E. coli MG1655(pJWP01s) (8). E. coli
MG1655(pJWP01s) was grown overnight and then diluted and grown to an approx-
imate ODgq of 0.4. Then 1 ml of the filter-sterilized supernatant of the LB overnight
experimental cultures (S. oneidensis wild type [WT)], V. fischeri ES 114 and MJ1, P.
aeruginosa PAO1, and P. stewartii DC283) were added to 4 ml of E. coli
MG1655(pJWPO1s). Additional experimental cultures of S. oneidensis were grown in
LB medium to an ODy, of 1.0 and grown anaerobically in standard M9 medium
(supplemented with 50 mg/liter sodium acetate and 20 mg/liter sodium nitrate) to an
ODy of 0.2. The reporter and supernate mix was then incubated at 30°C. Fluo-
rescence was monitored over a period of 4 to 6 h by adding 200 pl of each sample
mix to a well in a 96-well plate, and the analysis was done with a fluorometer
(Spectrafluor Plus; Tecan).

In vitro AI-2 synthesis. 5'-Methylthioadenosine—-S-adenosylhomocysteine nu-
cleosidase (MTA-SAHase) and LuxS were purified and used in a two-step re-
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action to enzymatically convert SAH (Sigma) to AI-2 (50). Briefly, IPTG (iso-
propyl-B-p-thiogalactopyranoside) was used to induce the expression of pProEX
HT-mtan and pProEX-LuxS (50) in E. coli DH5« for the His-tag purification of
MTA-SAHase and LuxS, respectively. The cells were lysed using BugBuster
protein extraction solution (Novagen EMD Biosciences), and the desired pro-
teins were retained with Ni-NTA His-Bind resin (Novagen EMD Biosciences).
Purified MTA-SAHase (100 pg/ml) was incubated with 2 mM SAH at 37°C for
1 h in an anaerobic chamber. MTA-SAHase was removed by a 10-kDa centrif-
ugal filter (Centricon, Millipore) and the remaining solution was then incubated
with LuxS (500 wg/ml) for an additional 2 h. Since homocysteine and AI-2 have
a 1:1 stoichiometry in the reaction, the resulting solution was analyzed for
homocysteine concentration by adding Ellman’s reagent (Sigma) and measuring
the absorbance at 412 nm. Additional verification of AI-2 activity came from
adding various concentrations of synthetic AI-2 to the reporter strain V. harveyi
MM32 (procedure described above).

Microarray analysis. Overnight LB cultures of the WT and DL13 strains were
subcultured into fresh medium and grown to an ODg, of 1.5 in duplicate. The
cells were rapidly centrifuged and the cell pellets snap-frozen in liquid nitrogen
and stored at —20°C. RNA isolation, microarray construction, hybridization,
scanning, image quantification, and data analysis were performed as previously
described (6, 19, 48). The experiment had two biological and technical replicates.
Statistical analysis was done with JMP Genomics 3.0 software (SAS Institute,
Cary, NC). The raw data were log, transformed and imported into the software
for analysis. A distribution analysis and data correlation analysis were done as a
quality control step. The overlaid kernel density estimates derived from the
distribution analysis allowed the visualization of sources of variation based on the
strain, as well as variation attributed to technical factors such as array and dye.
The data were subsequently normalized using a standard normalization tech-
nique. A mixed model analysis of variance was done to determine the differential
expression levels between the WT and DL13 bacterial strains. To control the
false discovery rate a testing correction was applied at an « level of 0.05.

Biofilm plate assay. Ninety-six-well microtiter plate assays were conducted to
quantify biofilm growth under static conditions (35, 36). Briefly, cells were grown
overnight in MM. Then the cells were diluted to an ODg, of 0.01 and 175 pl was
added to each well. If desired, concentrations of AI-2 (0.1, 1, 5, 10 uM) or
homocysteine (10 M) were also added. AI-2 concentration ranges were chosen
by comparing the V. harveyi MM32 luminescence response of the S. oneidensis
supernatant to known concentrations of AI-2 as described above. The S. onei-
densis WT cell-free supernatant and an AI-2 concentration of 10 pM produced
a similar luminescence response in the reporter strain V. harveyi MM32. The
plates were then incubated at 30°C and monitored over a 3-day period. To
process the plates, 10 wl of 0.5% crystal violet was used to stain the cells which
adhered to the wells for 10 min. The wells were then washed, and the dye was
extracted with methanol. The extract absorbance was quantified at 570 nm.

Flowthrough biofilm assay. Aerobic biofilms were grown using a standard
flowthrough system (9, 45, 46). The system consisted of a MasterFlex L/S pump,
MasterFlex silicone tubing, bubble trap, and a three-channel flow chamber (di-
mensions, 40-mm length by 4-mm width by 1-mm depth; BioCentrum-DTU).
The flow chamber was covered with a glass slide (Fisher Brand #1.5, 24 by 50
mm) and sealed with silicon glue. All components were autoclaved except the
flow chamber, which was sterilized with 10% H,O,. The system was equilibrated
with LB growth medium for at least 5 h before inoculation. WT and DL13 cells
were grown in LB medium to an ODyg, of 1.0 and then diluted to an ODy, of
0.03. To inoculate the system, medium flow through the system was stopped and
1 to 2 ml of culture was injected into the flow chamber. The chamber was placed
glass-side down to increase cell attachment to the glass slide. After 1 h, the
chamber was inverted and flow was restored to an approximate flow rate of 112
pl/min. For chemical AI-2 complementation, 5 pM synthetic AI-2 was added to
the medium. Images were collected with a Zeiss LSM510 confocal microscope
with 40X water immersion and 10X planar objective. Image analysis was per-
formed by the Zeiss image browser.

RESULTS AND DISCUSSION

luxS mutagenesis depletes AI-2 activity. A BLAST search
identified a LuxS homologue (SO 1101) in the genome of S.
oneidensis with 78% (132/169) amino acid identity and 89%
(152/169) similarity to LuxS in V. harveyi. A SO 1101 gene
replacement was constructed to produce S. oneidensis DL13 so
that the physiological role of the S. oneidensis LuxS could be
examined. Supernatants from S. oneidensis WT and DL13 cul-
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FIG. 1. Luminescence response of V. harveyi MM32 to AI-2 from
the filtered supernatant from V. harveyi BB120 (BB120), E. coli DH5«
(DH5a), the S. oneidensis WT at an ODg, of 0.5 (WT 0.5), the S.
oneidensis WT at an ODg, of 1.5 (WT 1.5), the S. oneidensis WT at an
ODg of 3.5 (WT 3.5), S. oneidensis AluxS (DL13), and DL13 pluxS
(plasmid-borne [uxS). Data are normalized to the average raw lumine-
scence value (9,535) for V. harveyi BB120. The experiment was done in
triplicate with eight replicates. Error bars represent the standard errors
of the means (n = 8).

tures were examined for AI-2 production via the V. harveyi
MM32 reporter strain method (Fig. 1). After 15 h, the assays
revealed that the supernate from the WT produced an AI-2-
induced luminescence response in the reporter strain at levels
similar to those of the positive control V. harveyi BB120. The S.
oneidensis supernatant from the late exponential to early sta-
tionary phases (ODg, of 1.5) had the largest AI-2 lumines-
cence response. DL13 generated near-background levels of
luminescence regardless of cell density, similarly to E. coli
DH5a (luxS™). DL13 also produced background levels of AI-2
luminescence when grown on MM (data not shown). AI-2
production was restored to WT levels in the mutant strain
upon complementation via a plasmid-borne S. oneidensis na-
tive luxS, DL13 pluxS (Fig. 1).

AHL quorum sensing in S. oneidensis. Two broad-range
AHL reporter strains were used to identify the physical presence
of AHL autoinducer molecules in S. oneidensis supernatant. Both
reporter strains A. tumefaciens NTLA(pCF218)(pCF372) (data
not shown) and E. coli MG1655(pJWPO01s) (Table 1) produced
no evidence for the presence of an AHL signal in S. oneidensis
supernatant grown aerobically in LB medium or anaerobically in
M9 medium. The levels of E. coli MG1655(pJWP01s) GFP pro-
duction from S. oneidensis supernatant are approximately three
orders of magnitude less than those of known AHL producers
like V. fischeri MJ1, P. stewartii DC283, and P. aeruginosa PAO1
(Table 1). In addition, an in silico analysis was performed to
identify whether S. oneidensis had any LuxR-type AHL-depen-
dent transcription regulatory proteins. S. oneidensis has seven
putative transcription regulatory genes that have been labeled as
being in the LuxR family of proteins: TIGR loci SO 0351, SO
0864, SO 1860, SO 2648, SO 2725, SO 3305, and SO 4624. A
sequence comparison to known LuxR-type homologues (P.
aeruginosa LasR and RhIR, P. stewartii EsaR, Aeromonas salmo-
nicida AsaR, and Yersinia enterocolitica YenR) showed only three
conserved amino acid residues in the C-terminal region; these
residues are also conserved in the helix-turn-helix motif of the
broader NarL-FixJ superfamily (18, 20). However, seven amino
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acid residues spread throughout the N- and C-terminal regions
are conserved in LuxR homologues (42). Therefore, the seven
putative LuxR family proteins in S. oneidensis are not similar to
LuxR-type proteins that are AHL-dependent transcription regu-
lators but are rather members of the NarL-FixJ family of DNA
binding proteins.

Microarray analysis of the luxS mutation. Gene expression
of the WT and DLI13 cells were analyzed via microarrays to
determine what global affects a /uxS mutation may have on
transcriptome expression. WT and DL13 cells were harvested
at an ODy, of 1.5 because this was when the WT had peak
production of AI-2 (Fig. 1). Gene expression profiles with
differences of more than a twofold increase can be found in
Table 2 and are presented as arithmetic means. A complete list
of the microarray data can be found in the supplemental ma-
terial. Overall, large expression differences were not seen, but
the P values show that some differences are statistically signif-
icant. The biggest expression difference was only a sixfold in-
crease (SO 3483, small hypothetical protein) in the WT. A luxS
mutation did not cause a large difference in global gene ex-
pression in S. oneidensis. Depending on the bacterial species, a
[luxS mutation has been known to cause large (12, 44) or small
(17) differences in global gene regulation. The array data pro-
duced in this study could suggest that a [uxS mutation may be
more important for posttranslation modification. This may be
a reasonable hypothesis because of the involvement of LuxS in
the AMC, which produces a major methyl donor source in the
cell.

The luxS mutation influences biofilm development. S. onei-
densis biofilm assays were conducted under static conditions
using a 96-well microtiter plate. After one day of growth, DL13
has a slightly (10%) decreased ability to form a biofilm com-
pared to the WT as measured by crystal violet plate staining
(Fig. 2). Upon 3 days of growth, the WT biofilm increased its
biomass by about 40%, while the DL13 biofilm remained con-
stant. The DL13 day 3 biofilm had only 66% of the biomass
compared to that of the WT. This biofilm defect was absent in
DL13 when it was complemented by a plasmid-borne luxS

TABLE 1. GFP fluorescence production of E. coli MG1655(pJWPO0ls),
an AHL reporter strain, with the addition of filtered
culture supernatant”

Species? Fluorescence/ODg
V. fischeri ES 114 13,712 = 217
V. fischeri MJ1 16,018 = 307
P. aeruginosa PAO1 12,149 = 343
P. stewartii DC283 13,917 = 233
S. oneidensis 757 = 15

grown anaerobically to an ODg, of 0.2
grown aerobically to an ODg, of 1.0....

o 770 £15
grown aerobically to an ODg, of 3.5 ccccvviciniininene

798 = 14

LB blank ......ccoiiieiiiiniicicicc s 754 = 14

“ GFP fluorescence/ODg, collected after 4 h of growth. Data are represen-
tative of experiments done in triplicate, and one standard deviation is shown.

b Each species was grown aerobically on LB medium except one S. oneidensis
strain, which was grown anaerobically on M9 salts to an ODy, of 0.2.
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TABLE 2. S. oneidensis MR-1 genes showing gene expression compared to DL13 during exponential growth

Gene category and

Induction ratio

TIGR locus Gene name General role (fold)” —log,, P value?

Metabolism

SO3286 cydA Cytochrome d ubiquinol oxidase 3.7 8.3
Transport and binding

S0O2766 Degradation of proteins 4.6 5.8

502233 ATPase transmembrane activity 2.1 3.1

S0O2373 Ber/CflA family, resistance transporter 2.0 4.0
Stress response

SO2780 pF Ribosomal protein .32 2.6 2.8

S0O2756 Antioxidant activity 23 4.8
Hypothetical

SO3482 Hypothetical protein 6.6 7.2

SO1657 Hypothetical protein 2.6 4.4

SO4067 Hypothetical protein 2.4 33

S03656 Hypothetical protein 2.3 7.2

SO4137 Hypothetical protein 22 4.5

“ Relative gene expression is presented as the mean ratio of the fluorescence intensity of MR-1 cells to that of DL13 cells.
® Each gene showed significant differential expression as described in Materials and Methods. P values are represented as —log;, numbers.

(pluxS). Aerobic planktonic growth curves on MM and LB
medium were produced to examine if this /uxS mutation spe-
cifically alters biofilm formation or causes an overall growth
defect. Planktonic growth on either MM or LB medium was
not affected by a luxS mutation (Fig. 3). These experiments
suggest that a mutation in luxS decreases the ability of S.
oneidensis to sustain a biofilm under static conditions in a
manner independent of planktonic growth rate.

Various concentrations of synthetic AI-2 (0.1 to 10 pum)
were added to the biofilm plate assay to test whether the AI-2
signal regulates biofilm formation in S. oneidensis. The con-
centration ranges of AI-2 were taken from comparing the
relative luminescence response of V. harveyi MM32 to the
addition of the WT supernatant and known concentrations of
AI-2. AI-2 did not restore DL13 biofilm-forming abilities to
WT levels after 1 or 3 days of growth (Fig. 2). The affect of
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FIG. 2. Biofilm microtiter plate assay showing 1 (black bars) and 3
(gray bars) days of S. oneidensis WT, DL13, and DL13 pluxS biofilm
growth. Various concentrations of synthetic AI-2 (0, 0.1, 5, and 10 pwm)
and 10 pM homocysteine (HCY) were added to DL13. The data are
normalized to the WT day 3 absorbance at 570 nm. The average raw
absorbance value of the WT on day 3 was 0.609. The experiment was
completed in duplicate with six replicates. Error bars represent the
standard errors of the means (n = 6).

homocysteine on static biofilm formation was also examined
because homocysteine is a by-product of the reaction that
produced synthetic AI-2. Homocysteine had no negative effect
on biofilm growth for DL13 or the WT. The addition of ho-
mocysteine even seemed to complement the biofilm defect of
DL13 after 3 days of growth. The planktonic growth curves of
the WT and DL13 with the addition of AI-2 were also pro-
duced to rule out the notion that AI-2 was causing an overall
growth defect. No aerobic growth differences were seen be-
tween DL13 and the WT with the addition of 0.1 to 10 pm AI-2
(data not shown).

These experiments provide evidence that a mutation in /uxS
can inhibit the ability of S. oneidensis to sustain biofilm growth
in a static environment. This biofilm defect could be restored
to WT levels by genetic complementation, but the addition of
AI-2 had no effect. The inability of AI-2 to restore the biofilm
defect suggests that LuxS in S. oneidensis may be involved in
the AMC and not quorum sensing. A mutation in /uxS would
stop the final step in the AMC where LuxS converts SRH into
homocysteine and DPD. Adding homocysteine may override

10

20 40

Time (h)

FIG. 3. Growth curves of the S. oneidensis WT (filled symbols) and
DL13 (open symbols) strains on LB medium (squares) and MM (cir-

cles). At time zero, the ODg, was 0.02. Data are representative of
experiments done in triplicate.
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FIG. 4. (A) Two-dimensional confocal images after 16 h of biofilm growth. Panel 1, S. oneidensis WT; panel 2, DL13; panel 3, DL13
supplemented with 5 uM AI-2; panel 4, DL13 pluxS. The scale bars represent 100 wm. (B) Three-dimensional projections of confocal images after
48 h of growth. Left, the S. oneidensis WT; right, DL13. Both three-dimensional projections have the dimensions of 900 wm by 900 wm by 60 pum.

All images were taken with a 10X objective lens.

the uxS mutation and restore the ability of DL13 to recycle
homocysteine within the AMC. Additionally, LuxS is used
within the AMC to remove the toxic metabolite SAH. Since
these experiments were performed in a static environment, it is
possible that this mutation causes a buildup of a toxic metab-
olite that inhibited biofilm growth.

The influence of LuxS on §. oneidensis biofilm development
was also evaluated under flow conditions. After 16 h of growth,
the WT biofilm covered the majority of the glass slide and had
a high density of three-dimensional tower-like structures (Fig.
4A1). Similar structures have also been seen by other studies
examining S. oneidensis biofilm formation (45, 46). In compar-
ison, DL13 showed a low density of small microcolonies form-
ing on the surface (Fig. 4A2). The addition of 5 uM AI-2 had
no affect on the biofilm of DL13 (Fig. 4A3) but genetic
complementation did produce a biofilm similar to that of the
WT (Fig. 4A4). The differences in biofilm density only oc-
curred in the early stages of biofilm development, since the
DL13 and WT biofilms were similar upon 48 h of growth (Fig.
4B). The addition of homocysteine did not have any affect on
WT or DL13 biofilm formation (data not shown). Continuous
flow biofilm experiments show that a mutation in /uxS inhibited
the early stages of S. oneidensis biofilm development. The
observation that a /uxS mutation can alter initial biofilm de-
velopment has also been seen in Streptococcus mutans and
Klebsiella pneumoniae (1, 32).

Even though the static and continuous flow biofilm experi-
ments are hard to compare because of the different experimen-
tal conditions, one constant finding was that a mutation in uxS
seemed to alter biofilm formation for each specific condition.
The defect could be restored by genetic complementation but
not by the addition of AI-2. This supports the conclusion that

the quorum-sensing signal AI-2 is not used to regulate biofilm
development in S. oneidensis.

LuxS impacts the activated methyl cycle. Growth under sul-
fur-limited conditions was examined to determine if a mutation
in luxS disrupts the AMC and homocysteine recycling. Cells
were grown in M9 medium with a variety of sole sulfur species:
K,SO,, cysteine, homocysteine, or methionine. Growth on
K,SO,, cysteine, or homocysteine produced no growth differ-
ences between the WT and DL13 (Fig. 5). DL13 showed con-
sistent growth reduction compared to that of the WT when
grown with methionine as the sole sulfur source.

The growth difference seen between the S. oneidensis WT
and DL13 strains with methionine as the sole sulfur source is
likely to be related to the disruption of the AMC and the
mutant’s inability to recycle homocysteine and potentially par-
ticipate in methylation reactions. Similar growth deficiencies in
luxS mutants of Bacillus subtilis and Staphylococcus aureus un-
der sulfur-limiting conditions have been linked to the disrup-
tion of the AMC (16, 24). The growth difference seen between
the WT and DL13 on methionine is an additional link of the
role of LuxS in metabolism.

Since a luxS mutation in S. oneidensis can cause problems
with methionine metabolism within the AMC, there is a po-
tential for this mutation to also affect the SAM methyltrans-
ferase reaction. Altering the cell’s ability to participate in
methyltransferase reactions could have broad cellular reper-
cussions and could be the reason LuxS plays a role in biofilm
development. SAM, the major methyl donor in the cell, has
been called the second most-used (the first being ATP) enzyme
substrate (28). DNA methylation can alter the cell cycle, gene
regulation, virulence, and DNA repair (25, 29). Posttransla-
tional methylation can be used to alter or broaden the function



1306 LEARMAN ET AL.

0.D. 600

Time (h)

FIG. 5. Growth curves of the S. oneidensis WT (filled symbols) and
DL13 (open symbols) on various sources of sulfur. Triangles, cysteine;
diamonds, K,SO,; circles, homocysteine; squares, methionine. The
data from 0 to 7 h are not shown, because under these conditions,
there was long lag phase and little growth was seen. At time zero, the
ODy, was 0.03. Data are representative of experiments done in trip-
licate.

of proteins. One such example is CheR, a chemotaxis methyl-
transferase that utilizes SAM to transfer methyl residues to
methyl-accepting chemotaxis proteins (15, 40, 41).

AI-2 metabolism debate. More than 60 different bacterial
species possess luxS. To date, the seeming ubiquitousness of
luxS could be explained because it is an interspecies signal
producer and/or a necessary gene in a biosynthetic pathway.
The toxic AMC intermediate SAH can be detoxified from the
cell by a one-step reaction catalyzed by SAH hydrolase or a
two-step process that involves Pfs (MTA-SAHase), LuxS, and
the production of AI-2. One could argue that the benefit of
utilizing the two-step reaction is that the AI-2 signal is pro-
duced. Also, one SAM methyl donation event produces one
molecule of AI-2, which makes it a good candidate for a cell
density signal and metabolic activity (51, 52). Together this
makes a case for AI-2 being a potential signal. Within the
Vibrio species, the link between quorum sensing and /uxS is
well defined. Outside this genus, the debate between the role
of LuxS in AI-2 quorum sensing and metabolism still endures.
Direct evidence that links the AI-2 signal to /uxS-related phe-
notypes would help resolve this issue (47, 49).

Our findings show that LuxS can alter S. oneidensis biofilm
development, but it does not use the AI-2 quorum-sensing
signal to regulate biofilm development or act as a global gene
regulator. We have also produced evidence that LuxS is im-
portant in S. oneidensis for methionine metabolism, most likely
through the AMC. This supports the argument that having /uxS
or even the ability to create a positive Al-2 reporter strain
response does not necessarily mean the bacteria have the abil-
ity to utilize quorum sensing. We also could not produce any
evidence that S. oneidensis can produce an AHL quorum-
sensing signal. A question that still remains is why a uxS
mutation can alter biofilm development. A metabolic defect
could directly influence biofilm growth or in the case of the

APPL. ENVIRON. MICROBIOL.

AMC, it could also disrupt other chemical reactions like post-
translational methylation events.
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