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Time-Dependent Toxicities of Quorum
Sensing Inhibitors to Aliivibrio fischeri
and Bacillus subtilis
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Abstract
Quorum sensing inhibitors (QSIs) are being used widely as a promising alternative to antibiotics and drawing attention as potential
pollutants. However, the assessment methods of the toxicities of QSIs, including model organism and affecting time, have not been
established. To investigate how model organism and acting time impact the toxicities of QSIs, the effect of 4 QSIs to Aliivibrio fischeri
and Bacillus subtilis were determined at different exposing time in the present study. The results showed that the toxic effects of QSIs
to gram-negative bacteria (A fischeri) and gram-positive bacteria (B subtilis) were different and time dependent. As for A fischeri, QSI
(furaneol acetate, FA) merely showed inhibition on the bioluminescence from hours 1 to 2. But from hours 3 to 6, low concentration
FA exerted stimulation on the bioluminescence. Then, this stimulation disappeared from hours 7 to 14, and after hour 15 the
stimulation appeared again. That is to say, QSIs showed intermittent hormesis effect on the bioluminescence of A fischeri. By contrast,
only inhibition was observed in the toxicity test process of QSIs to B subtilis. As exposing time goes, the inhibition weakened gradually
when FA was at low concentration regions. What is more, in the present, study toxic mechanisms were also discussed based on
model organisms and exposing time. This study demonstrates appreciable impacts of model organism and exposing time on toxicities
of QSIs and provides a theoretical basis for risk assessments after QSIs being widely used into the environment.
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Introduction

Quorum sensing inhibitors (QSIs) are a new class of antibiotic

drugs that act on the quorum sensing (QS) system of bacteria.

As QSIs are unlikely to make bacteria to generate antibiotic

resistance,1 they are regarded as promising antibiotic agents

instead of antibiotics against the abuse of antibiotics and the

dissemination of resistance genes.2,3 Then, whether the spread

of QSIs will bring about negative impacts on the environment
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and what impact they will cause are important questions

worthy of note.

A considerable number of studies have addressed the biolo-

gical effect of synthetic QSIs to microorganisms4-10 and

revealed the effect of QSIs on bacterial biofilm formation,

bioluminescence, virulence production, and growth. For

instance, Hentzer et al demonstrated that furanone can inhibit

virulence factor expression and increase bacterial susceptibility

to tobramycin.11 However, these studies are far from perfect

due to the fact that they mainly focused on gram-negative

bacteria as a model organism and the toxicity tests were oper-

ated at a certain exposing time. In the natural environment,

there exist gram-positive bacteria as well, and the acting time

of pollutants may cover each stage of bacterial growth. There-

fore, it is worthwhile to investigate how model organism and

exposing time impact the toxicities of QSIs to microorganism.

It is well known that the toxic mechanism of QSIs is to block

QS pathways by competing with the signaling molecules to bind

to receptor proteins, as QSIs are the analogs of signal molecules of

QS.12 Quorum sensing refers to a cell–cell communication that

controls the gene expression involving physiological functions,13

such as bioluminescence,14 biofilm formation,15 and the produc-

tion of toxin factors.16 According to chemical structures of signal

molecules and pathways, QS system can be mainly divided into 3

categories. Figure 1 shows 3 canonical QS systems.

Aliivibrio fischeri is gram-negative bacteria that has a well-

studied QS, namely, LuxI/AI-1 and LuxS/AI-2. LuxI/AI-1

includes 2 signal molecules, C6 and C8, which are regulated by

luxR/luxI genes and ainR/ainS genes, respectively. Both LuxI/AI-

1 and LuxS/AI-2 control the bioluminescence of A fischeri. Bacil-

lus subtilis is gram-positive bacteria that is distributed in soil and

decaying organic matter and is widely used in the detection of

pollutant toxicity. Bacillus subtilis has the LuxS/AI-2 system.

In the present study, close attention is paid to the toxicities

of QSIs to A fischeri and B subtilis with exposing time going

using luminous intensity and mass growth as the bioassay end

point, respectively. In addition, the toxic mechanisms on

gram-negative bacteria and gram-positive bacteria are also dis-

cussed. This study provides theoretical support for environ-

mental risk assessment on QSIs.

Methods and Materials

All the compounds were purchased in the highest commercially

available purity (99%) from Sigma-Aldrich (St. Louis, MO,

USA). The information of the compounds is listed in Table

1. Dimethyl sulfoxide at a concentration below 0.1% was used

to increase the solubility of the compounds. Aliivibrio fischeri

(No. ATCC 7744) was obtained from the Institute of Microbiol-

ogy, Chinese Academy of Sciences (Beijing, China). Bacillus

subtilis (No. 168) was supplied by Biovector Science Lab, Inc

(Beijing, China).

To validate the stability of QSIs, 1 mM QSIs solution were

prepared and treated at 37�C for 24 hours. The concentrations

were measured by high-performance liquid chromatography

(Waters 2695 high-performance liquid chromatograph with a

C18 column [Sunfire, 5 mm, 4.6 mm �150 mm] and ultraviolet/

visible detector [Waters 2489], Waters Corporation, Taunton,

MA, USA). Methanol and water were used as mobile phase. The

concentration ratio was 7:3 and the flow rate was 0.5 mL/min. The

solute loss is shown in Table 1.

Prior to the toxicity test, B subtilis strains and A fischeri

strains were separately inoculated in 5-mL Lysogeny broth

(LB) and cultivated at 37�C till log growth phase. Then, the

2 bacterial solutions were diluted by 1% (B subtilis) and 2%
(A fischeri) NaCl solution, respectively, to ensure bacterial

density about 103 CFU/mL.

As for A fischeri, the test compounds were dissolved and

diluted into gradient concentrations using 2% NaCl. Then,

80 mL of diluted chemical solution, 80 mL of 2.5-fold LB, and

40 mL of diluted bacterial solution were added into a 96-well

plate orderly. The bioluminescence values were measured per

hour during a 24-hour culturing using microplate reader

(Berthold Technologies Ltd, Bad Wildbad, Germany).

The toxicity test method of B subtilis is similar to that of

A fischeri. The difference is that the concentration of NaCl

solution was adjusted from 2% to 1% in the diluting process.

Then, the OD600 values of B subtilis solutions were measured

per hour during a 24-hour exposing time using Bioscreen auto-

matic growth curve analyzer (Bioscreen, Helsinki, Finland).

In each experiment, we set wells with no test compound in

them as the control group. All the toxicity tests were operated

Figure 1. Three canonical quorum sensing systems. (A) LuxI system is in charge of intraspecific communications of gram-negative bacteria.
N-acyl homoserine lactones (AHLs) are the signal molecules, which is called AI-1; (B) LuxS system is for interspecific communications among
both gram-negative and gram-positive bacteria, using derivatives of 4,5-dihydroxy-2,3-pentanedione (DPD) as the signal molecules, also known
as AI-2; (C) the system that is regulated by oligopeptide compounds for intraspecific communication in gram-positive bacteria (data from17).
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in triplicates. The results are obtained using the following

equation:

Inhibitionð100%Þ ¼ RU0 � RUi

RU0
� 100;

where RU0 is the bioluminescence value (A fischeri) or OD600

(B subtilis) of the control groups. RUi is the bioluminescence

value or OD600 of the groups treated by compounds at concen-

tration i. Statistical analyses were performed using ORIGIN 8.1

software (OriginLab Inc, Northampton, MA, USA).

Results and Discussion

Assay of Bioluminescence Curve and Bacterial
Growth Curve

The bioluminescence value of A fischeri and biomass (OD600) of

B subtilis over 24 hours were determined in the present study.

Figure 2 shows the growth curves of A fischeri (A) and B subtilis

(B). The bioluminescence values of A fischeri were low at the

lag phase between 0 and 8 hours, and rapidly increased to a peak

at 14 hours at the log phase (9-14 hours). Then, the biolumines-

cence values showed a decline after 15 hours (Figure 2A). The

changes of bioluminescence were mainly regulated by QS sys-

tem.18 As for B subtilis, the bacteria were in the lag phase

between 0 and 6 hours and entered into log growth phase at 6

hours, after which the OD600 values sharply increases to a peak

at 14 hours and kept stable till 24 hours (Figure 2B).

Toxicity Tests for A Fischeri over 24 hours

To investigate how exposing time impacts the toxicity of QSIs

to bacteria, the toxicities of 4 QSIs to A fischeri were deter-

mined from 0 to 24 hours. The results revealed the toxic effect

of the 4 compounds were similar, and furaneol acetate (FA) is

taken, for example, to analyze the rules. Other results are given

in Supplementary Figures 1 to 3.

Table 1. Name, Abbreviation, CAS, and Structural Formula of the Tested Chemicals.

Category Name Abbreviation CAS Structure SL (%)

Furanone Furaneol acetate FA 4166-20-5 7.3

Pyrrolone DL-Pyroglutamic acid 2P5CA 149-87-1 5.6

Pyrrole L-(þ)-Prolinol S2P 23356-96-9 3.0

Pyrrole D-Prolinol R2P 68832-13-3 3.2

Abbreviations: CAS, Chemical Abstracts Service; SL, solute loss.

Figure 2. Bioluminescence (HV) of Aliivibrio fischeri (A) and biomass (OD) of Bacillus subtilis (B) over 24 hours.
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The dose–response relationship between FA and biolumi-

nescence of A fischeri from hours 0 to 24 is shown in Figure 3.

The toxic effect can be divided into 4 stages according to

whether or not there is hormesis phenomenon. A detailed anal-

ysis of the dose–response relationship is given.

From hours 1 to 2, FA shows merely inhibition on the bio-

luminescence of A fischeri, and the inhibition is enhanced with

concentration increasing (Figure 3). Since FA is similar with

N-acyl homoserine lactones (AI-1) on molecular structure,

water solubility, and lipid solubility,19,20 The FAs can quickly

enter the cells and competitively bind to the LuxR protein. This

process reduces LuxR-C6 complex, leading to an inhibition on

bioluminescence by disrupting the expression of luxICDABEG

genes (Figure 4A-III).

From hours 3 to 6, FA exerts hormesis effect on A fischeri

(Figure 3). Hormesis refers to a phenomenon that is charac-

terized by low-dose stimulation and high-dose inhibition.

Numerous studies have demonstrated that hormesis is a com-

mon phenomenon in the laboratory and natural environ-

ment.21-24 As shown in Figure 4 B-I, with the concentration

(�lgC (M)) of FA increases from �4.82 to �4.35, the

inhibiting rate declines to negative. That is to say, FA

enhances the bioluminescence. The maximum stimulating

rate reaches to 34.69% with FA at the concentration (�lgC

(M)) of �4.55. Since bacteria are in lag phase (Figure 4B-II),

AinR protein and C8 begin to be expressed abundantly, while

the amount of LuxR protein and C6 are relatively low.25 Fur-

aneol acetate can more easily bind to AinR protein than C8,

leading to an increase in dissociative form of C8.23 Next, C6

and C8 bind to LuxR protein, which induces a promotion on

bioluminescence of A fischeri (Figure 4B-III). This is why FA

can stimulate the bioluminescence. However, with the con-

centration of FA goes up, FA can also bind to LuxR protein.

This binding makes bioluminescence weakened, thus the inhi-

bition recovers.

From hours 7 to 14, hormesis effect disappears and only

inhibition can be observed. Take the hour 13, for example, as

the bacteria enter into log phase (Figure 4C-II), LuxR protein,

AinR protein, and signal molecules are synthesized greatly.26

When exposing to low concentration of FA, LuxR protein is not

consumed completely by FA. Therefore, the binding of LuxR

protein with C6 results in considerable bioluminescence and

Figure 3. Dose–response relationship between FA and Aliivibrio fischeri over 24 hours. Hormesis effect arises from hours 3 to 6 and 15 to 24
(within 24 hours). FA indicates furanone acetate.
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the inhibition is limited. However, with FA concentration

increase, more FA binds to LuxR protein instead of C6,

thereby making the bioluminescence inhibited gradually

(Figure 4C-III). With time goes by, low concentration of FA

is consumed by the binding with LuxR protein, so C6 can rebind

to LuxR and a certain degree of bioluminescence recovers. This

is why inhibition is gradually weakened when FA is at low

concentration with time increasing from hours 8 to 14.

From hours 15 to 24, hormesis effect occurs again. The

maximum promotion reaches to 58.13% at FA concentration

(�lgC (M)) of hours 4.21 at hour 23 (Figure 4D-I). As the

bacteria enter into the later stage of the stationary phase (Figure

4D-II), there is a strong possibility that C8 production and the

expression of AinR remain at a high level. As described pre-

viously, FA can readily bind to AinR protein rather than LuxR

protein, enabling LuxR protein to form LuxR-C8 complex with

C8 (Figure 4D-III). As a result, low concentration of FA sti-

mulates bioluminescence. That is to say, excessive binding of

AI-1 and LuxR protein derived from the presence of FA is the

cause of bioluminescence facilitation. Nevertheless, with the

concentration of FA increases, there remains extra FA to bind

to LuxR protein, which depresses the formation of LuxR-C8

Figure 4. Dose–response relationship at particular points of growth and corresponding mechanisms of toxicity of FA to Aliivibrio fischeri.
(A), (B), (C), and (D) show the dose–response relationship (I), the growth phase (II), and toxic mechanism (III) of FA to A fischeri at hours 1, 3, 13,
and 23, respectively. FA indicates furanone acetate.
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complex and subsequent expressions of genes involving biolu-

minescence. Thus, high concentration of FA exerts inhibition

on bioluminescence.

Toxicity Tests for B subtilis Over 24 hours

The toxicities of 4 QSIs to B subtilis were determined. The

experimental results suggest that 4 QSIs assume similar effect

to B subtilis with time. Furaneol acetate is taken, for example,

to analyze the rules; other results are given in Supplementary

Figures 4 to 6.

The toxicity of FA to B subtilis (0-24 hours) is shown in

Figure 5. Toxic effect can be divided into 3 stages: (1) from

hours 0 to 5, only slight inhibition is observed (up to 20.0%);

(2) from hours 6 to 12, inhibition reaches over 41.2% on each

occasion (hours 6-9), then weakens when FA is at low con-

centration (hours 9-12); and (3) the toxic effect tends to be

stable S shape (from hours 13 to 24). Apparently, time-

dependent toxicities of FA to B subtilis are different from

those to A fischeri; this is reasonably derived from diverse

QS systems.

Previous studies have examined the inhibitory effect of

furanone on B subtilis27,28 and indicated that furanone pro-

duced toxicity by acting on Al-2 QS system of B subtilis.29

In Al-2 QS system, LuxS protein produces AI-2 signal

molecule to regulate the QS system. However, exogenous

FA could covalently bind to LuxS protein, deactivating

LuxS and decreasing the production of AI-2 signal mole-

cule; this process yields a block to normal bacterial activi-

ties. We combine growth phase and the toxic mechanism to

analyze the dose–response relationship between FA and B

subtilis over 24 hours.

From hours 1 to 5, only marginal inhibitions are observed

(Figure 6A-I). Since the bacteria are in the lag growth phase

(Figure 6A-II), the bacterial density and the expression of LuxS

protein are relatively low, as well as the combination between

FA and LuxS protein. Therefore, the inhibition of FA on B

subtilis is limited.

From hours 6 to 12, FA exerts considerable inhibition on

B subtilis. With time increasing, the inhibiting rate descends

when FA is in low concentration region (Figure 5).

As B subtilis enters into log growth phase at hour 7

(Figure 6B-II), high level of LuxS protein is expressed and

Figure 5. Dose–response relationship between FA and Bacillus subtilis over 24 hours. Only inhibitory effect can be observed within 24 hours,
toward which the dose–response relationship tends to be an S-shaped curve. FA indicates furanone acetate.
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FA begins to bind to LuxS protein. It can be inferred

that this process decreases the production of AI-2. Since

AI-2-mediated LuxR relates to biofilm formation and mor-

phogenetic genes expressions,30,31 FA exhibits considerable

inhibition (>40%) on growth from hours 6 to 8. However, with

time goes by, especially after hour 10, low concentration of

FA is consumed away by binding with LuxS protein. The

reminding LuxS protein generates AI-2, and the normal phy-

siological activity is maintained. This is why low concentra-

tion of FA exerts low toxicity over time.

From hours 13 to 24, the dose–response relationship tends to

be S-shaped (Figure 5). As bacteria enter into stagnation phase

from hour 14 (Figure 6C-II), the concentration of LuxS protein

and AI-2 tends to be stable. When exposing to low-level FA,

the generation of AI-2 is slightly impacted, so low level of FA

shows low toxicity. However, when exposed to high-level FA,

there is sufficient FA to bind to LuxS protein and AI-2 synth-

esis is blocked. Summing up, the dose–response relationship

tends to be S shape from hours 13 to 24.

Comparison of the Toxic Effect to A fischeri
and B subtilis

Quorum sensing inhibitors generate different toxic effects on

A fischeri and B subtilis. Firstly, dose–response relationships

exhibit disparate changing trends. The toxicity of QSIs to

A fischeri shows 4 stages with exposing time increasing: (I)

only inhibitory effect exists, (II) hormesis effect occurs, (III)

hormesis effect disappears and overall inhibition emerges, and

(IV) hormesis phenomenon occurs again and the stimulation is

enhanced with time. The stimulation on bioluminescence

described in stages II and IV is ascribed to excessive binding

of AI-1 and LuxR protein derived from the presence of QSIs.

As for B subtilis, the toxic effect of QSIs shows a relatively

simple process with 3 stages: (1) no obvious toxic effect exists,

(2) an overall inhibition arises but the inhibitions of low-level

of QSIs are weakened as time goes, and (3) a stable S-shaped

curve forms. The differences in toxic effect result from dispa-

rate QS systems. The LuxR/LuxI-type QS system of A fischeri

is complex with 2 signal molecules C6 and C8, which play

Figure 6. Dose–response relationship at particular points of growth and corresponding mechanisms of toxicity of FA to Bacillus subtilis. (A), (B),
and (C) show the dose–response relationship (I), the growth phase (II), and toxic mechanism (III) of FA to B subtilis at hours 1, 7, and 14,
respectively. FA indicates furanone acetate.
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roles differently at each bacterial growth phases. However, the

QS system regulated by AI-2 signal molecule in B subtilis is

relatively simple, as well as the toxic dose–response

relationship.

Secondly, the toxic level of FA to A fischeri and B subtilis

differs. As for A fischeri, no observed effect concentration

(NOEC, �lgC (M)) is 4.56, and EC90 (lgC (M)) is 4.10 at hour

24. In comparison, NOEC (lgC (M)) and EC90 (lgC (M)) of FA

to B subtilis are 1.91 and 1.58, respectively. It is clear that FA

exerts stronger toxicity on A fischeri than on B subtilis.

Conclusions

The experimental results show that the toxic level of QSIs to

gram-negative bacteria (A fischeri) is greater than that to gram-

positive bacteria (B subtilis). Therefore, in the risk assessment

process, these differences should be taken into consideration.

Furthermore, the toxic effect of QSIs to gram-negative bacteria

shows an intermittent hormesis phenomenon, so the low-dose

stimulation should receive more attention when the assessment

is conducted.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to

the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for

the research, authorship, and/or publication of this article: This work

was funded by the Foundation of the State Key Laboratory of Pollu-

tion Control and Resource Reuse, China (PCRRK16007), the National

Natural Science Foundation of China (21577105, 21777123), the

National Water Pollution Control and Treatment Science and Tech-

nology Major Project of China (2018ZX07109-1), the Science &

Technology Commission of Shanghai Municipality (14DZ2261100,

17DZ1200103), the State Key Laboratory of Environmental Chemis-

try and Ecotoxicology (KF2016-11), and the 111 Project.

Supplemental Material

Supplemental material for this article is available online.

References

1. Defoirdt T, Crab R, Wood TK, Sorgeloos P, Verstraete W, Bos-

sier P. Quorum sensing-disrupting brominated furanones protect

the gnotobiotic brine shrimp Artemia franciscana from patho-

genic Vibrio harveyi, Vibrio campbellii, and Vibrio parahaemo-

lyticus isolates. Appl Environ Microbiol. 2006;72(9):6419-6423.

2. Rasmussen TB, Givskov M. Quorum-sensing inhibitors as anti-

pathogenic drugs. Int J Med Microbiol. 2006;296(2-3):149-161.

3. Kalia VC. Quorum sensing inhibitors: an overview. Biotechnol

Adv. 2013;31(2):224-245.

4. Ryu E, Sim J, Sim J, Lee J, Choi B. D-Galactose as an autoinducer

2 inhibitor to control the biofilm formation of periodontopatho-

gens. J Microbiol. 2016;54(9):632-637.

5. Gökalsın B, Sesal NC. Lichen secondary metabolite evernic acid

as potential quorum sensing inhibitor against Pseudomonas aer-

uginosa. World J Microbiol Biotechnol. 2016;32(9):150.

6. Wang T, Liu Y, Wang D, et al. The joint effects of sulfonamides

and quorum sensing inhibitors on Vibrio fischeri: differences

between the acute and chronic mixed toxicity mechanisms.

J Hazard Mater. 2016;310:56-67.

7. Liu H, Lee J, Kim JS, Park S. Inhibitors of the Pseudomonas

aeruginosa quorum-sensing regulator, QscR. Biotechnol Bioeng.

2010;106(1):119-126.

8. Tateda K. Regulatory effects of macrolides on bacterial biofilm

and virulence: potential role as quorum-sensing inhibitors. Int J

Antimicrob Agents. 2005;261:S20-S20.

9. Tateda K, Standiford TJ, Pechere JC, Yamaguchi K. Regulatory

effects of macrolides on bacterial virulence: potential role as

quorum-sensing inhibitors. Curr Pharm Design. 2004;10(25):

3055-3065.

10. Hentzer M, Riedel K, Rasmussen TB, et al. Inhibition of quorum

sensing in Pseudomonas aeruginosa biofilm bacteria by a halo-

genated furanone compound. Microbiology. 2002;148(pt 1):

87-102.

11. Hentzer M. Attenuation of Pseudomonas aeruginosa virulence by

quorum sensing inhibitors. EMBO J. 2003;22(15):3803-3815.

12. Kalia VC. Quorum sensing inhibitors: an overview. Biotechnol

Adv. 2013;31(2):224-245.

13. Waters CM, Bassler BL. Quorum sensing: cell-to-cell communi-

cation in bacteria. Annu Rev Cell Dev Biol. 2005;21:319-346.

14. Steindler L, Venturi V. Detection of quorum-sensing N-acyl

homoserine lactone signal molecules by bacterial biosensors.

FEMS Microbiol Lett. 2007;266(1):1-9.

15. Brackman G, Coenye T. Quorum sensing inhibitors as anti-

biofilm agents. Curr Pharm Design. 2015;21(1):5-11.

16. Rasmussen TB, Givskov M. Quorum-sensing inhibitors as

anti-pathogenic drugs. Int J Med Microbiol. 2006;296(2-3):

149-161.

17. Henke JM, Bassler BL. Bacterial social engagements. Trends Cell

Biol. 2004;14(11):648-656.

18. Lupp C, Urbanowski M, Greenberg EP, Ruby EG. The Vibrio

fischeri quorum-sensing systems ain and lux sequentially

induce luminescence gene expression and are important for

persistence in the squid host. Mol Microbiol. 2003;50(1):

319-331.

19. Lee KH, Ruby EG. Effect of the squid host on the abundance and

distribution of symbiotic Vibrio fischeri in nature. Appl Environ

Microbiol. 1994;60(5):1565-1571.

20. Hankamer B, Morris E, Nield J, Carne A, Barber J. Subunit posi-

tioning and transmembrane helix organisation in the core dimer of

photosystem II. FEBS Lett. 2001;504(3):142-151.

21. Calabrese EJ. Overcompensation stimulation: a mechanism for

hormetic effects. Crit Rev Toxicol. 2001;31(4-5):425-470.

22. Liu Y, Chen X, Zhang J, Gao B. Hormesis effects of amox-

icillin on growth and cellular biosynthesis of microcystis aer-

uginosa at different nitrogen levels. Microb Ecol. 2015;69(3):

608-617.

23. You R, Sun H, Yu Y, Lin Z, Qin M, Liu Y. Time-dependent

hormesis of chemical mixtures: a case study on sulfa antibiotics

and a quorum-sensing inhibitor of Vibrio fischeri. Environ

Toxicol Phar. 2016;41:45-53.

8 Dose-Response: An International Journal



24. Liu Y, Chen X, Zhang J, Gao B. Hormesis effects of amoxicillin

on growth and cellular biosynthesis of microcystis aeruginosa at

different nitrogen levels. Microb Ecol. 2015;69(3):608-617.

25. Miyamoto CM, Lin YH, Meighen EA. Control of biolumines-

cence in Vibrio fischeri by the LuxO signal response regulator.

Mol Microbiol. 2000;36(3):594-607.

26. Stevens AM, Dolan KM, Greenberg EP. Synergistic binding of

the Vibrio fischeri LuxR transcriptional activator domain and

RNA polymerase to the lux promoter region. Proc Natl Acad Sci

U S A. 1994;91(26):12619-12623.

27. Ren D, Sims JJ, Wood TK. Inhibition of biofilm formation and

swarming of Bacillus subtilis by (5Z)-4-bromo-5-(bromomethy-

lene)-3-butyl-2(5H)-furanone. Lett Appl Microbiol. 2002;34(4):

293-299.

28. Ren D, Bedzyk LA, Setlow P, et al. Differential gene expression

to investigate the effect of (5Z)-4-bromo-5-(bromomethylene)-3-

butyl-2(5H)-furanone on Bacillus subtilis. Appl Environ Micro-

biol. 2004;70(8):4941-4949.

29. Zang TZ, Lee BWK, Cannon LM, et al. A naturally occurring

brominated furanone covalently modifies and inactivates LuxS.

Bioorg Med Chem Lett. 2009;19(21):6200-6204.

30. Lombardia E, Rovetto AJ, Arabolaza AL, Grau RR. A LuxS-

dependent cell-to-cell language regulates social behavior and devel-

opment in Bacillus subtilis. J Bacteriol. 2006;188(12):4442-4452.

31. Jones MB, Jani R, Ren D, Wood TK, Blaser MJ. Inhibition of

Bacillus anthracis growth and virulence-gene expression by

inhibitors of quorum-sensing. J Infect Dis. 2005;191(11):

1881-1888.

Zhang et al 9



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


