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The natural furanone (5Z)-4-bromo-5- 
(bromomethylene)-3-butyl-2(5W)-furanone disrupts 
quorum sensing-regulated gene expression in Vibrio 
harveyi by decreasing the DNA-binding activity of the 
transcriptional regulator protein luxR
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Sum m ary

Th is  s tu d y  aimed at ge tting a deeper in s ig h t in the 
m o lecu lar m echanism  by w h ich  the  natural fu ranone 
(5Z)-4-brom o-5-(brom om ethylene)-3-butyl-2(5H)- 
fu ranone d is rup ts  quorum  sensing in Vibrio harveyi. 
B io lum inescence experim ents w ith  s igna l m olecu le 
receptor doub le  m utants revealed tha t the furanone 
b locks  a ll three channels o f the V. ha rvey i quorum  
sensing system . In fu rthe r experim ents us ing 
m utan ts w ith  m utations in the quorum  sensing signa l 
transduc tion  pathway, the  com pound was found  to  
b lock  quorum  sensing-regulated b io lum inescence by 
in te racting  w ith  a com ponent located downstream  of 
the  Hfq prote in . Furtherm ore, reverse transcrip tase  
rea l-tim e polym erase chain reaction w ith  spec ific  
p rim ers  showed tha t there was no e ffect o f the  fu ra 
none on luxRvh mRNA levels in w ild -type  V. ha rvey i 
ce lls. In con trast, m ob ility  s h ift assays showed tha t in 
the presence of the  furanone, s ig n ific a n tly  lower
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levels o f the L u xR Vh response  regu la to r pro te in  were 
able to  bind to  its ta rge t prom oter sequences in w ild - 
type V. harveyi. F ina lly, tests w ith  purified  LuxRvh 
pro te in also showed less  sh ifts  w ith  furanone-treated 
LuxRvh, whereas the LuxRvh concen tra tion  was found 
no t to  be altered by th e  fu ranone (as determ ined by 
SDS-PAGE). Therefore, o u r data ind ica te tha t the  fu ra 
none b locks quorum  sen s in g  in V. ha rvey i by render
ing the quorum  sens ing  m aster regu la to r prote in 
LuxRvh unable to  bind to  the prom oter sequences o f 
quorum  sensing-regulated genes.

In troduction

V ib rio  h a rv e y i is  a  G ra m -n e g a tiv e , lu m in e sce n t m a rine  

b a c te riu m  th a t can  be fo u n d  fre e -liv in g  in th e  w a te r 

co lum n  a s  w e ll as  in a s s o c ia tio n  w ith  m a rin e  a n im a ls  

(T h o m p so n  e ta !.,  2 0 04 ). W ith  th e  ra p id  d e v e lo p m e n t o f 

the  a q u a cu ltu re  industry , th e  sp e c ie s  is b e co m in g  in c re a s 

in g ly  re co g n ize d  as an  im p o rta n t p a th o g e n  of m a rin e  v e r

te b ra te s  and in v e r te b ra te s  (A us tin  and Z h a n g , 2006). 

B e ca u se  o f th e  d e v e lo p m e n t a n d  s p re a d  o f a n tib io tic  

re s is ta n ce  in th e se  b a c te ria , a n tib io tic  tre a tm e n ts  a re  

b e co m in g  in e ffic ie n t (K a ru n a s a g a r e ta !.,  19 94 ; M oriarty , 

1998) a n d  th e re fo re , a lte rn a tiv e  co n tro l s tra te g ie s  a re  

be in g  d e ve lope d . O n e  o f th e s e  s tra te g ie s  is th e  d is ru p tion  

o f ba c te ria l ce ll- to -ce ll c o m m u n ica tio n , ca lle d  qu o rum  
se n s in g  (D e fo ird t e ta !.,  2 0 04 ).

U n like  m a ny  o th e r  G ra m -n e g a tive  ba c te ria , V. h a rv e y i 

has been re p o rte d  to  use a m u ltich a n n e l q u o ru m  sens ing  

sys te m  (F ig . 1). T h e  firs t c h a n n e l o f th is  s ys te m  is  m e d i

a ted  b y  th e  H arve y i A u to in d u c e r 1 (H A I-1 ), an a cy la ted  

h o m o se rin e  lac to ne  (A H L) (C ao  a n d  M e ig hen , 1989). T h e  

se co nd  ch a n n e l is m e d ia ted  b y  the  so -ca lle d  A u to in d u c e r 

2 (A I-2 ), w h ich  is  a fu ra n o sy l b o ra te  d ie s te r (C he n  e t a i ,  

2002). T h e  ch e m ica l s tru c tu re  o f th e  th ird  au to indu ce r, 

ca lled  C h o le ra e  A u to in d u ce r 1 (C A I-1 ) is s till un know n  

(H en ke  an d  B ass le r, 20 04a). A ll th re e  a u to in d u ce rs  are 

d e te c te d  a t th e  ce ll s u r fa ce  an d  a c tiv a te  o r  ina c tiva te  

ta rg e t g e n e  exp re ss io n  b y  a  p h o s p h o ry la tio n / 

d e p h o sp h o ry la tio n  s igna l tra n s d u c tio n  ca sca d e . P h e n o 

typ e s  th a t w e re  fo u n d  to  b e  c o n tro lle d  by th is  qu o rum
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Fig. 1. Quorum sensing in Vibrio harveyi. The LuxM, LuxS and CqsA enzym es synthesize the auto inducers HAI-1, AI-2 and CAI-1 
respectively. These autoinducers are detected at the cell surface by the LuxN, LuxP-LuxQ and CqsS recep tor proteins respectively.
A. A t low signal m olecule concentration, the receptors autophosphorylate and transfer phosphate to LuxO  via LuxU. Phosphorylation activates 
LuxO, which together with a54 activates the production o f small regulatory RNAs (sRNAs). These sR NAs, together with the chaperone Hfq, 
destabilize the mRNA encoding the response regulator LuxRvh. Therefore, in the  absence of autoinducers, the LuxRvh protein is not produced.
B. In the presence of high concentrations of the autoinducers, the  receptor proteins switch from kinases to  phosphatases, which results in 
dephosphorylation of LuxO. Dephosphorylated LuxO is inactive and therefore, the  sRNAs are not form ed and the response regulator LuxRvh is 
produced (adapted from  Henke and Bassler, 2004a).

se n s in g  s y s te m  inc lu d e  b io iu m in e sce n ce  (B a s s le r e t ai., 

1993) and  th e  p ro d u c tio n  o f seve ra l v iru le n ce  fa c to rs  such  

as a  ty p e  III s e c re tio n  sys te m  (H en ke  and  B ass le r, 

20 0 4 b ), e x tra c e llu la r to x in  (M a n e fie ld  e ta l. ,  20 0 0 ) and a 

s id e ro p h o re  (L ille y  an d  B ass le r, 2 0 00 ). R ecen tly , w e 

fo u n d  th a t v iru le n c e  o f th e  b a c te riu m  to w a rd s  th e  b rine  

sh r im p  A rte m ia  fra n c is c a n a  is  a lso  re g u la te d  b y  its 

q u o ru m  se n s in g  s y s te m  (D e fo ird t e ta l. ,  2005).

O ne  o f th e  m e c h a n is m s  to  d is ru p t ba c te ria l q u o ru m  

se n s in g  is the  u se  o f h a lo g e n a te d  fu ra n o n e s , su ch  as the 

na tu ra l fu ra n o n e  (5 Z )-4 -b ro m o -5 -(b ro m o m e th y le n e )-3 - 

b u ty l-2 (5 H )-fu ra n o n e . T h ese  fu ra n o n e s  (n a tu ra l o ccu rrin g  
c o m p o u n d s  as w e ll a s  syn th e tic  de riva tive s ) w e re  fo u n d  

to  d is ru p t the  e x p re s s io n  of d iffe re n t A H L -re g u la te d  p h e 

n o typ e s  in s e v e ra l G ra m -n e g a tive  sp e c ie s , w ith o u t a ffe c t

ing th e ir  g ro w th  (H e n tz e r and G ivskov, 20 03 ; R a sm u sse n  

an d  G ivskov , 2 0 0 6 ). B e ca u se  o f th e  s tru c tu ra l s im ila r ity  

b e tw e e n  A H L  m o le c u le s  and the  fu ra n o n e s , it w a s  o r ig i

n a lly  h yp o th e s iz e d  th a t th e s e  co m p o u n d s  d is ru p t A H L- 

m e d ia te d  q u o ru m  se n s in g  in th e  L u x l/L u xR Vr ty p e  of 

q u o ru m  se n s in g  s y s te m  b y  co m p e titive ly  b ind ing  to  the  

A H L  re c e p to r s ite  o f th e  V ibrio  fis c h e ri Lu xR vl p ro te in  

(G ivsko v  e ta l. ,  1996). L a te r on, it w a s  sho w n  th a t the  

h a lo g e n a te d  fu ra n o n e s  p ro m o te  ra p id  tu rn o ve r o f the  
L u x R v rty p e  A H L  re c e p to r p ro te in , re d u c in g  th e  a m o u n t o f 

LuxR vi a v a ila b le  to  in te ra c t w ith  A H L  and to  a c t as 

tra n s c rip t io n a l re g u la to r (M a n e fie ld  e ta l. ,  2 0 02 ). M ore  

recen tly , K o ch  an d  c o lle a g u e s  (2 005 ) used s ite -d ire c te d  

m u ta g e n e s is  to  s tu d y  in te ra c tio n s  be tw een  LuxR vi and

h a lo g e n a te d  fu ra n o n e s . T h e  a u th o rs  co u ld  no t co n c lu d e  

th a t th e  fu ra n o n e s  b ind  to  the  A H L -b in d in g  c a v ity  and  

su g g e s te d  th a t fu ra n o n e s  do  not co m p e te  in a c la s s ic  w ay  
w ith  th e  s igna l m o le cu le s .

M e a n w h ile , seve ra l re se a rch  g ro u p s  p ro v id e d  e v id e n ce  

th a t h a lo g e n a te d  fu ra n o n e s  a lso  d is ru p t q u o ru m  se n s in g - 

re g u la te d  g e n e  e xp re ss io n  in V. h a rv e y i (M a n e fie ld  e ta l. ,  

2 0 0 0 ; R en e ta l. ,  2001 ; M c D o u g a ld  e ta l. ,  2003 ; D e fo ird t 

e ta l. ,  2 0 06 ). H ow eve r, b e ca u se  th e  q u o ru m  se n s in g  

sys te m  o f V. h a rv e y i is q u ite  d iffe re n t fro m  the  L u x l/L u x R V(- 

ty p e  of q u o ru m  sen s in g  sys te m  an d  d o es  no t co n ta in  a 

LuxR vi h o m o lo g u e  (M ilto n , 2 0 06 ), th e  m o le cu la r m e c h a 

n ism  of q u o ru m  sen s in g  d is ru p tio n  in th is  spe c ie s  m u s t be 
d iffe re n t fro m  th a t in the  L u x l/L u x R Vr ty p e  o f s ys te m . C o n 

se q u e n tly , in th is  study, w e  a im e d  a t d e fin in g  the  m o le cu la r 

m e ch a n ism  by w h ich  the  n a tu ra l fu ra n o n e  [5 7 )-4 -b ro m o - 

5 -(b ro m o m e th y le n e )-3 -b u ty l-2 (5 H )- fu ra n o n e  (F ig . 2 ) d is 

ru p ts  q u o ru m  se n s in g -re g u la te d  g e n e  exp re ss io n  in  th is  

d iffe re n t typ e  o f qu o rum  se n s in g  sys tem .

Fig. 2. Structure o f the natural furanone used in this study.
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F ig. 3. B iolum inescence per unit cell density in w ild-type Vibrio 
harveyi BB120 as a function o f time, w ithout (open symbols) and 
with (filled symbols) the natural furanone (5Z)-4-bromo-5- 
(brom om ethylene)-3-butyl-2(5H)-furanone (50 mg I"1). The error 
bars represent the standard deviation of three replicates. Note that 
RLU is the relative unit o f lum inescence reported by the Lumac 
Biocounter M2500 luminometer.

Results

Im p a c t o f  th e  fu ra n o n e  on  q u o ru m  s e n s in g -re g u la te d  

b io lu m in e s c e n c e  o f  w ild -typ e  V. ha rvey i

B io lu m in e sce n ce  is o n e  o f th e  p h e n o typ e s  th a t is 

re gu la te d  b y  th e  V. h a rv e y i q u o ru m  se n s in g  sys te m  and 

the re fo re , in a firs t e xp e rim e n t, the  im p a c t o f the  

na tu ra l fu ra n o n e  (5 Z )-4 -b ro m o -5 -(b ro m o m e th y le n e )-3 - 

b u ty l-2 (5 H )-fu ra n o n e  on  th e  b io lu m in e sce n ce  o f w ild -typ e  

V. h a rv e y i w a s  d e te rm in e d . S tra in  B B 1 20  w a s  g row n  in 

LB 20 m e d iu m  to  h igh  ce ll d e n s ity  in o rd e r to  ac tiva te  

qu o ru m  s e n s in g -re g u la te d  b io lu m in e sce n ce , a fte r w h ich  

the  fu ra n o n e  w a s  a d ded  to  the  m e d iu m  a t 50  m g I"1. The 

co m p o u n d  b lo cke d  b io lu m in e s c e n c e  o f B B 1 20, w ith  o ve r 3 

log un its  d iffe re n ce  b e tw e e n  th e  fu ra n o n e -tre a te d  and  the  

un tre a te d  c u ltu re s  a lre a d y  0 .5  h a fte r th e  ad d ition  o f the  

fu ra n o n e  (F ig . 3). C o n s is te n t w ith  th is , lu c ife ra se  ac tiv ity  in 

p ro te in  ly sa te s  o f fu ra n o n e -tre a te d  B B 1 20  ce lls  w a s  fou nd  

to  have d e c re a se d  w ith  a p p ro x im a te ly  1 log un it 0 .5  h a fte r 

th e  a d d itio n  o f 50 m g I” 1 fu ra n o n e  (F ig . 4). T h e  ba c te ria l 

a lka lin e  p h o sp h a ta se  a c tiv itie s  of th e  p ro te in  lysa te s  w ere  

a lso  m e a su re d  in o rd e r to  v e r ify  th a t th e  fu ra n o n e  had  no 

e ffec t on  p h e n o ty p e s  th a t a re  n o t re g u la te d  b y  th e  qu o ru m  

sen s in g  sy s te m . A s  e x p e c te d , th e re  w a s  no s ig n ifica n t 

d iffe re n ce  in b a c te ria l a lka lin e  p h o s p h a ta s e  ac tiv ities  

be tw een  fu ra n o n e -tre a te d  a n d  u n tre a te d  ce lls  (F ig. 4).

Im p a c t o f  th e  fu ra n o n e  o n  b io lu m in e s c e n c e  o f  V. ha rvey i 

a u to in d u c e r re c e p to r  d o u b le  m u ta n ts

T h e  V. h a rv e y i q u o ru m  se n s in g  sys te m  co n s is ts  o f th ree  

ch a n n e ls , w ith  e a ch  c h a n n e l b e in g  a c tiv a te d  by a d iffe ren t 

typ e  o f s igna l m o le cu le  (F ig . 1). In o rd e r to  de te rm in e

Journa l com pila tion  ©  2007  S oc ie ty  fo r A pp lied  M icrob io logy  and

th e  im p a c t o f th e  fu ra n o n e  on th e  d iffe re n t ch a n n e ls , the 

s ig n a l m o le cu le  re c e p to r  d o u b le  m u ta n ts  J A F 3 7 5  (se n so r 
H AI-1 ” , s e n s o r A I-2 ” , s e n s o r  C A I-1 +), J M H 5 9 7  (se n so r 

H A M " ,  s e n s o r A I-2 +, s e n s o r C A I-1 ” ) and  JM H 6 1 2  

(se n so r H A I-1 +, se n so r A I-2 ” , s e n s o r C A I-1 ”) w e re  used. 

B e ca u se  o f th e  m u ta te d  recep to rs , b io lu m in e sce n ce  in 

th e s e  m u ta n ts  is o n ly  re s p o n s iv e  to  o n e  o f the  th re e  s igna l 

m o le cu le s  (H e n ke  and B a s s le r, 2 0 0 4 a ). T h e  m u ta n ts  w e re  

g ro w n  to  h igh  ce ll d e n s it ie s , and  a fte r fu ra n o n e  ad d ition , 

b io lu m in e s c e n c e  w as  fo u n d  to  be  b locke d  in all th ree  

d o u b le  m u ta n ts  in a  c o n c e n tra tio n -d e p e n d e n t w a y  s im ila r 
to th e  o n e  o b ta in e d  fo r  th e  w ild  ty p e  (F ig . 5). T h is  ind i

ca te s  th a t a ll th re e  c h a n n e ls  o f th e  q u o ru m  se n s in g  

sys te m  w e re  b locke d .

Im p a c t o f  the  fu ra n o n e  o n  b io lu m in e s c e n c e  o f  

c o n s titu tiv e ly  lu m in e s c e n t  V. h a rvey i m u ta n ts  w ith  

m u ta tio n s  in  the  q u o ru m  s e n s in g  s ig n a l tra n sd u c tio n  

ca sca d e

B e ca u se  th e  th re e  s ig n a l m o le cu le s  h a ve  q u ite  d iffe re n t 

ch e m ica l s tru c tu re s  (H e n ke  a n d  B ass le r, 20 0 4 a ), w e s u s 

p e c ted  th a t th e  fu ra n o n e  d id  no t b lo ck  q u o ru m  se n s in g - 

re g u la te d  b io lu m in e s c e n c e  by  co m p e tin g  w ith  the 

a u to in d u c e rs  fo r  re ce p to r s ite s  b u t ra th e r b y  in te rfe rin g  w ith  

th e  q u o ru m  se n s in g  s ig n a l tra n sd u c tio n . In o rd e r to  te s t th is  

h yp o th e s is , th e  e ffe c ts  o f th e  fu ra n o n e  on b io lu m in e sce n ce  

o f m u ta n ts  th a t w e re  fix e d  in the  h igh  c e ll-d e n s ity  c o n fig u 

ra tion  a t d iffe re n t s ta g e s  in the  qu o ru m  se n s in g  s igna l 

tra n s d u c tio n  c a sca d e  w e re  in ve s tig a te d . T h e  m u tan ts  

J A F 5 5 3  a n d  J A F 4 8 3  c o n ta in  a  p o in t m u ta tion  in the  lu xU  

a n d  lu x O  g e nes , re spec tive ly , th a t re n d e r th e  LuxU  and 

L u xO  p ro te in s  in cap ab le  o f p h o sp h o re la y  (F ree m an  and

1000

c
0)
o
Q.

100I

ill

0.0 0.5 1.0 1.5 2.0

Time (h)

F ig. 4. Luciferase (circles) and bacteria l alkaline phosphatase 
(triangles) activities in protein lysates of w ild-type Vibrio harveyi 
BB120 as a function o f time, w ithout (open symbols) and with (filled 
symbols) the natural furanone (5Z)-4-bromo-5-(bromomethylene)- 
3-butyl-2(5/-/)-furanone (50 mg I 1). The error bars represent the 
standard deviation of four independent experiments.
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Fig. 5. B ioluminescence of the Vibrio harveyi wild type (BB120) 
and the double mutants JAF375 (sensor HAI-1 ", sensor AI-2", 
sensor CAI-14), JMH597 (sensor HAI-1", sensor A I-21', sensor 
CAI-1") and JMH612 (sensor HAI-14, sensor AI-2", sensor CAI-1") 
as a function of the concentration of the natural furanone 
(5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone. 
Lum inescence measurements were performed 0.5 h after the 
addition of the furanone. For each strain, the bioluminescence 
w ithout the addition of furanone was set at 100% and the other 
sam ples were normalized accordingly. The error bars represent the 
standard deviation of three replicates.

re ve rse  tra n s c rip ta s e  re a l- t im e  p o ly m e ra s e  cha in  re ac tion  

(P C R ) w ith  s p e c if ic  p r im e rs  and the  R N A  p o ly m e ra s e  A 

su b u n it ( rp o A ) m R N A  w a s  a n a lyse d  as a con tro l o f a 

n o n -q u o ru m  s e n s in g -re g u la te d  ge ne . F o r bo th  ge nes , the 

m R N A  leve ls  fo llo w e d  a  s im ila r tre n d , w ith  no s ig n ifica n t 

d iffe re n ce  be tw e e n  fu ra n o n e -tre a te d  and u n tre a te d  ce lls  

(F ig. 7). F rom  th e se  re s u lts , w e  co n c lu d e  th a t th e  fu ra 

none has no e ffe c t on  lu xR v i, m R N A  leve ls .

B ass le r, 19 9 9a ,b ). S tra in  B N L258  has a T n 5  in se rtio n  in the  

h fq  ge ne , re su lting  in  a no n -fu n c tio n a l H fq  p ro te in  (L enz  

e t al., 2 0 04 ). H ence , b e ca u se  o f th e  n a tu re  o f th e se  m u ta 

tio n s , the  th re e  m u ta n ts  a re  c o n s titu tiv e ly  lu m in e s c e n t and 

th e re fo re , b lock in g  lu m in e sce n ce  in o n e  o f th e m  w ou ld  

in d ic a te  th a t th e  fu ra n o n e  a c ts  d o w n s tre a m  o f th e  m u ta te d  

c o m p o n e n t. T h e  fu ra n o n e , a t 50 m g I-1, b lo cke d  lu m in e s 

ce n c e  in all th re e  m u ta n ts  (F ig. 6). In w ild -ty p e  V. h a rvey i, 

th e  H fq p ro te in  a c ts  to g e th e r w ith  sm a ll re g u la to ry  R N A s to  

d e s ta b iliz e  th e  m R N A  of the  m a s te r re g u la to r LuxRvh (see 

F ig . 1). In th e  m u ta n t B N L258 , a  tra n s p o s o n  in se rtio n  has 

re n d e re d  th e  H fq  p ro te in  n o n -fu n c tio n a l and  th e re fo re , in 

th is  m u ta n t, th e  luxRvh m R N A  c a n n o t be  d e s ta b iliz e d  b y  the  

q u o ru m  se n s in g  s igna l tra n s d u c tio n  sy s te m , re su ltin g  in a 

c o n s titu tiv e ly  e xp re sse d  b io lu m in e s c e n c e  (L e n z  e ta l. ,  

20 04 ). T h e  fa c t th a t th e  fu ra n o n e  b lo cke d  b io lu m in e sce n ce  

in th is  m u ta n t in d ica te s  th a t it ac ts  d o w n s tre a m  o f H fq, i.e. 

a t th e  leve l o f th e  luxRvi, m R N A  a n d /o r th e  LuxRvh p ro te in .

Im p a c t o f  the  fu ra n o n e  on  luxRvi, m R N A  leve ls

In o rd e r to ve r ify  w h e th e r the  fu ra n o n e  in de ed  a ffe c ts  the 

q u o ru m  se n s in g  m a s te r regu la to r, an e x p e rim e n t w a s  se t 

up  in w h ich  th e  im pa c t o f th e  a d d itio n  o f th e  c o m p o u n d  on 

luxRvh m R N A  w a s  s tu d ie d . W ild -ty p e  V. h a rv e y i B B 1 20  
w a s  g ro w n  to  h igh ce ll dens ity , a fte r w h ich  th e  n a tu ra l 

fu ra n o n e  w a s  a d ded  a t 5 0  m g I-1. T h e  a d d ition  o f the  

fu ra n o n e  re su lted  in a rap id  d e c re a s e  in lu m in e sce n ce  

(F ig . 3 ). luxRvh m R N A  le ve ls  w e re  q u a n tifie d  re la tiv e ly  by

Fig. 6. B ioluminescence of w ild-type Vibrio harveyi BB120 and the 
mutants JAF553 (luxU  H58A), JAF483 (luxO  D47A) and BNL258 
(hfq::Jr\5lacZ) w ithout (white bars) and with (striped bars) the 
natural furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5/-/)- 
furanone (50 mg h1). M easurem ents were performed 0.5 h after the 
addition of the furanone. The error bars represent the standard 
deviation of three replicates. Note that RLU is the  relative unit of 
luminescence reported by the Lumac Biocounter M2500 
luminometer.

T im e  (h )

Fig. 7. Difference in luxRvh (filled symbols) and rpoA  (open 
symbols) mRNA levels between w ild-type Vibrio harveyi BB120 
cells treated with the natural furanone (5Z)-4-bromo-5- 
(bromomethylene)-3-butyl-2(5H)-furanone (50 mg b1) and untreated 
cells, as determined by reverse transcriptase real-time PCR with 
specific primers. The error bars represent the standard deviation of 
two independent experiments.
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A
- Furanone + Furanone

Oh 0.5h 1h 2h Oh 0.5h 1h 2h Blank 
1 2 3 4 5 6 7 8 9

i  %  < ■» m %

B

A ^  A ^<T ^  ^  <c°

L uxR

Fig. 8. LuxRvh DNA binding as determined by mobility shifts.
A. Autoradiograph after 5%  polyacrylam ide gel electrophoresis of 5 ' ’•'P-labelled luxRvn promoter DNA conta in ing the LuxRVh binding sites, 
mixed with 0.5 pg of protein lysates from wild-type Vibrio harveyi BB120: lanes 1 -4 , addition of lysates taken at d ifferent time points from  an 
untreated culture; lanes 5 -8 , addition of lysates taken at d ifferent time points from a culture treated with 50 mg I”1 o f the natural furanone 
(5Z)-4-brom o-5-(brom omethylene)-3-butyl-2(5H)-furanone; last lane . b lank (addition of lysate from the /uxf?-negative strain MR1130).
B. Autoradiograph after 5% polyacrylamide gel e lectrophoresis of 5 ' ??P-labelled luxR .i, prom oter DNA conta in ing  the LuxRvh binding sites, 
mixed with purified LuxRvh, which was incubated in vitro for 1 h with or w ithout the furanone (50 mg I*1).
C. SDS-PAGE of the same samples as in panel B.

Im p a c t o f  th e  fu ra n o n e  on  LuxRvh p ro te in  le ve ls  a n d  

LuxRvh b in d in g  to  its  ta rg e t p ro m o te r  se q u e n ce s

M o b ility  s h ifts  us ing  ra d io la b e lle d  lu xR Vh p ro m o te r D N A  

c o n ta in in g  th e  LuxRvh b ind ing  s ite s  sh o w e d  less  sh ifts  
w ith  c e ll ly sa te s  fro m  fu ra n o n e -tre a te d  ce lls  w h e n  c o m 

pa re d  w ith  u n tre a te d  ce lls  (F ig . 8A ), ind ica tin g  th a t th e re  

w e re  s ig n if ic a n tly  lo w e r leve ls  o f th e  p ro te in  a b le  to  b ind  
th e  p ro m o te r D N A . In o rd e r to q u a n tify  th e  d iffe re n c e  in 

bo u n d  LuxRvh leve ls  be tw e e n  fu ra n o n e -tre a te d  and 

u n tre a te d  ce lls , a titra tio n  fo r m o b ility  s h ifts  o f luxRvt, p ro 

m o te r D N A  u s ing  the  2 -h  s a m p le s  w a s  p e rfo rm e d . T h is  

t itra tio n  re v e a le d  th a t 0 .0 2 5  pg  lysa te  o f u n tre a te d  ce lls  

g a ve  th e  s a m e  sh ift as  0 .5  g g  lysa te  o f fu ra n o n e -tre a te d  

ce lls  (d a ta  n o t sh o w n ), w h ich  in d ica te s  th a t th e re  w a s  a 

2 0 -fo ld  d iffe re n c e  in LuxRvn leve ls  b o und  to  th e  p ro m o te r 
D N A. T h e  lu x C D A B E G H  p ro m o te r D N A  w as  a lso  u se d  

to  c h e c k  fo r  LuxRvn sh ifts , w ith  s im ila r fin d in g s  (F ig . 9). 

T h e se  o b s e rv a tio n s  co u ld  be e xp la in e d  by the  fu ra n o n e  

e ith e r d e c re a s in g  tra n s la tio n  o r in c re a s in g  tu rn o v e r o f 

LuxRvn, o r  a lte rin g  th e  p ro te in  in such  a w a y  th a t it is 

re n d e re d  u n a b le  to  b in d  to  its  ta rg e t p rom ote r. S om e  

a d d itio n a l te s ts  w e re  p e rfo rm e d  to  c le a r th is  up . F irs t, 

50  m g I 1 c h lo ra m p h e n ic o l w a s  ad d e d  to V. h a rv e y i

B B 1 20  cu ltu re s  in o rd e r to  s to p  tra n s la tio n  o f LuxRvh- In 

th e se  cu ltu re s , th e re  w a s  no e ffe c t on LuxRvh m o b ility  

s h ifts  in th e  a b se n ce  o f fu ra n o n e  th ro u g h o u t th e  1 h o f 

incu b a tio n , w h e re a s  in th e  p re se n ce  o f fu ra n o n e , ag a in  

less  s h ifts  o c cu rre d  (d a ta  n o t sh o w n ). T h is  su g g e s ts  th a t 

LuxRvh has q u ite  a s lo w  tu rn o v e r and th a t th e  fu ra n o n e  

ac ts  on  p re -e x is tin g  L u x R Vh. F ina lly, th e  fu ra n o n e  w a s  

ad d e d  to  pu rifie d  LuxR v„, a n d  a fte r su b s e q u e n t in c u b a 

tio n  o f the  m ix tu re , a g a in  s ig n ific a n tly  lo w e r leve ls  o f 

LuxRvh w e re  fo u n d  to  b in d  to  th e  p ro m o te r D N A  w hen  

c o m p a re d  w ith  un trea ted  LuxRvt, (F ig. 8B ). In te res tin g ly , 

S D S -P A G E  sh o w e d  th a t th e  co n ce n tra tio n  o f LuxRvh in 
th e  m ix tu re s  w a s  no t a ffe c te d  b y  th e  fu ra n o n e  (F ig . 8C ). 

Toge the r, th e s e  d a ta  lead to  th e  c o n c lu s io n  th a t th e  fu ra 

n o n e  c o m p o u n d  renders  L u xR Vh u n ab le  to  b ind  to  its  

ta rg e t p ro m o te r se q u e n ce s , w ith o u t d e g ra d in g  th e  

p ro te in .

Discussion

D ise a se  ca u s e d  b y  a n tib io tic  re s is ta n t lu m in e s c e n t v ib rio s  

is  a  se r io u s  p ro b le m  in th e  a q u a cu ltu re  in d u s try  (A us tin  

a n d  Z h a n g , 20 06 ). R ecent in v e s tig a tio n s  h a ve  p o in te d  o u t
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Fig. 9. LuxRvt, DNA binding as determ ined by mobility shifts. 
Autoradiograph after 5% polyacrylam ide gel electrophoresis of 5 ' 
32P-labelled luxCDABEGH  prom oter DNA containing the LuxRvh 
binding sites, mixed with 0.5 pg of protein lysates from wild-type 
Vibrio harveyi BB120: lanes 1 -4 , addition of lysates taken at 
different time points from an untreated culture; lanes 5 -8 , addition 
o f lysates taken a t different tim e points from  a culture treated with 
50 mg I"1 of the natural furanone (5Z)-4-bromo-5-(bromomethylene)- 
3-butyl-2(5H)-furanone; last lane, blank (addition o f lysate from the 
/ux/?-negative strain MR1130).

th a t d is ru p tio n  o f th e  q u o ru m  se n s in g  sys te m  o f the se  

b a c te ria  b y  us ing  h a lo g e n a te d  fu ra n o n e s  cou ld  be a 

p ro m is in g  a lte rn a tiv e  b io c o n tro l s tra te g y  (M a n e fie ld  e t al., 

20 00 ; D e fo ird t e t a l., 2 0 0 6 ). In v ie w  o f th e  p o te n tia l p ra c 

tica l a p p lic a tio n s  o f th is  ty p e  o f c o m p o u n d s , it is  o f s ig n ifi

can t in te re s t to  d e fin e  th e  m o d e  o f a c tio n  o f the  fu ra n o n e s  

in th e se  b a c te ria . H e n ce , in th is  s tudy, w e  a im e d  at 

e lu c id a tin g  th e  m o le c u la r m e ch a n ism  o f qu o ru m  sens ing  

d is ru p tio n  b y  the  n a tu ra l fu ra n o n e  (5 Z )-4 -b ro m o -5 - 

(b ro m o m e th y le n e )-3 -b u ty l-2 (5 H )-fu ra n o n e  in V. ha rvey i.

In a  f irs t se r ie s  o f e xp e rim e n ts , th e  im p a c t of th e  na tu ra l 
fu ra n o n e  (5 Z )-4 -b ro m o -5 -(b ro m o m e th y le n e )-3 -b u ty l- 

2 (5F /)-fu rano ne  on q u o ru m  s e n s in g -re g u la te d  b io lu m in e s 

c e n ce  o f V. h a rv e y i w ild  ty p e  and q u o ru m  se n s in g  m u tan ts  

w as  d e te rm in e d . Im p o rta n tly , h a lo g e n a te d  fu ra n o n e s  

w e re  sh o w n  b e fo re  no t to  b lo ck  b io lu m in e s c e n c e  w hen  

e xp re sse d  fro m  an e x te rn a l p ro m o te r  (G ivsko v  e ta l. ,  

1996), in d ica tin g  th a t th e  b io ch e m ica l fu n c tio n  o f th e  Lux 

p ro te in s  is no t a ffe c te d . C o n s is te n t w ith  th e  w o rk  o f M a n 

e fie ld  a n d  c o lle a g u e s  (2 0 0 0 ), th e  c o m p o u n d  w a s  fo u n d  to

b lo ck  b io lu m in e sce n ce  in  w ild -typ e  V. h a rv e y i B B 1 20  in a 

c o n c e n tra tio n -d e p e n d e n t w ay . M o reove r, lu c ife rase  a c t iv 

ity  w a s  s ig n ific a n tly  d e c re a s e d  in p ro te in  lysa te s  o f 

fu ra n o n e -tre a te d  B B 1 20  c e lls . In o rd e r to  d e te rm in e  the  

e ffe c t o f th e  fu ra n o n e  o n  the  th re e  d iffe re n t ch a n n e ls  o f 

th e  I/, h a rv e y i q u o ru m  s e n s in g  sys tem , its im p a c t on  b io lu 

m in e sce n ce  o f the  s ig n a l m o le cu le  re ce p to r doub le  

m u ta n ts  J A F 3 7 5 , J M H 5 9 7  an d  J M H 6 1 2  (H enke  and  

B ass le r, 2 0 0 4 a ) w a s  s tu d ie d . T h e  co m p o u n d  w as  sho w n  

to  b lo ck  b io iu m in e s c e n c e  in  all th re e  d o u b le  m u ta n ts  in a  

p a tte rn  s im ila r to  th e  o n e  o b ta in e d  fo r th e  w ild  type . 

B e ca u se  o f th e  m u ta te d  re ce p to rs , b io lu m in e sce n ce  in 

th e se  m u ta n ts  is o n ly  re s p o n s iv e  to  on e  o f th e  th re e  s igna l 

m o le cu le s , w h ich  im p lie s  th a t a ll th ree  ch a n n e ls  o f the  

q u o ru m  se n s in g  s y s te m  w e re  b locked . T h e se  d a ta  

co n firm  th e  repo rts  b y  R e n  a n d  c o lle a g u e s  (2001) and  

M cD o u g a ld  and  c o lle a g u e s  (2003), w h o  d e te rm in e d  the  

im p a c t o f th e  fu ra n o n e  on the  A I-2 - a n d /o r H A I-1 - 

m e d ia te d  ch a n n e ls  o f th e  s y s te m  b y  us ing  th e  A I-2  a n d /o r 

HAI-1 re c e p to r m u ta n ts  B B 8 8 6  an d  B B 1 70  (w h ich  th u s  

w e re  s till re sp o n s ive  to  b o th  H A I-1 and CAI-1 and A I-2  

a n d  CAI-1 re sp e c tive ly ). M o reove r, o u r re su lts  ind ica te  

th a t th e  fu ra n o n e  a lso b lo c k s  the  C A I-1 -m e d ia te d  cha nne l 
o f th e  V. h a rv e y i qu o rum  s e n s in g  sys tem .

P rev iou s ly , th e  h yp o th e s is  th a t p re va ile d  in lite ra tu re  

w as  th a t th e  fu ra n o n e s  d is ru p t q u o ru m  se n s in g  in 

V. h a rv e y i by d isp la c in g  th e  s ig n a l m o le cu le s  fro m  th e ir 

re c e p to rs  (M a n e fie ld  e ta l. ,  2 0 0 0 ; Ren e ta l. ,  20 01 ). 

H ow eve r, b e ca u se  th e  th re e  s igna l m o le cu les  have q u ite  

d iffe re n t ch e m ica l s tru c tu re s  (a lthoug h  the  e xa c t s tru c tu re  
o f CA I-1 is s till un kn o w n ; H e n ke  and B ass le r, 2 0 04a ), w e 

su sp e c te d  th a t th e  fu ra n o n e  d id  no t b lo ck  qu o rum  

s e n s in g -re g u la te d  b io lu m in e s c e n c e  b y  co m p e tin g  w ith  

th e  a u to in d u c e rs  fo r  re ce p to r s ites  bu t ra th e r b y  in te rfe rin g  

w ith  th e  q u o ru m  se n s in g  s ig n a l tra n sd u c tio n . In o rd e r to  

te s t th is  h yp o th e s is , th e  e ffe c ts  o f the  fu ra n o n e  on b io lu 

m in e s c e n c e  o f m u tan ts  th a t w e re  fixe d  in th e  h igh  ce ll-  

d e n s ity  co n fig u ra tio n  a t d iffe re n t s ta g e s  in th e  qu o rum  

se n s in g  s ig n a l tra n sd u c tio n  c a sca d e  w e re  in ves tig a ted  

(i.e . LuxU , L u xO  a n d  Hfq). W e  fou nd  th a t the  fu ra n o n e  

b lo cke d  b io lu m in e sce n ce  in th e  h fq  m u ta n t B N L258 . H fq 

is  a c h a p e ro n e  p ro te in  th a t a c ts  to g e th e r w ith  sm a ll re g u 

la to ry  R N A s to  d e s tab ilize  th e  m R N A  o f the  m a s te r re g u 

la to r LuxRvh- T h e  H fq p ro te in  is  no n -fu n c tio n a l in s tra in  

B N L 2 5 8 , re su ltin g  in c o n s titu tiv e ly  e xp re sse d  b io lu m in e s 

ce n c e  (L e n z  e ta l. ,  2004). T h e  fa c t th a t th e  fu ra n o n e  

b lo cke d  b io lu m in e sce n ce  in th is  m u tan t in d ica te s  th a t it 

a c ts  d o w n s tre a m  o f H fq, i.e . a t th e  leve l o f the  luxRvi, 

m R N A  a n d /o r th e  LuxRvt, p ro te in  and  no t by  d isp la c in g  the 

s igna l m o le cu le s  fro m  the ir re ce p to rs .

T h e  q u o ru m  se n s in g  m a s te r re g u la to r p ro te in  L u xR Vh 

has be en  sh o w n  b e fo re  to  b e  a  tra n sc rip tio n a l a c tiva to r 

th a t is re q u ire d  fo r e xp ress ion  o f th e  lu x  o p e ro n  (S w artz - 

m an e ta l. ,  1992; S w a rtzm a n  a n d  M e ig hen , 1993).
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C o nse que n tly , in a  fina l se r ie s  o f e xp e rim e n ts , th e  e ffec t 

o f the  fu ra n o n e  on th is  re sp o n se  re g u la to r p ro te in  w as  

in ve s tig a te d . R everse  tra n s c rip ta s e  re a l-tim e  P C R  w ith  

p r im e rs  s p e c if ic  fo r f/. h a rv e y i luxRvh  re ve a le d  th a t the  

fu ra n o n e  has no e ffe c t on the  c o n c e n tra tio n  o f th e  lu x R Vh 

m R N A . In con tras t, m o b ility  sh ift a ssa ys  sh o w e d  th a t the  

co n c e n tra tio n  o f the  LuxRvh re sp o n se  re g u la to r p ro te in  

a b le  to  b in d  to  its  ta rg e t p ro m o te r s e q u e n c e s  s ig n ifica n tly  

d e c re a se d  a fte r fu ra n o n e  ad d itio n , b o th  in in ta c t ce lls  and  

In pu rifie d  LuxRvh ex trac ts . In te re s tin g ly , th e  co n ce n tra tio n  

o f the  LuxRvh p ro te in  w a s  sh o w n  no t to  be a ffe c te d  by  the  
fu ra n o n e  (as  d e te rm in e d  by S D S -P A G E  an a lys is ). LuxRvi, 

is a m e m b e r o f the  Te tR  fa m ily  o f tra n s c rip t io n a l re g u la to rs  

co n ta in in g  a h e lix - tu rn -h e lix  D N A  b in d in g  dom a in  

(R a m o s  e ta l. ,  2005). M e m b e rs  o f th e  TetR  fa m ily  tha t 

h a ve  be en  s tud ied  In de p th , h a ve  b e e n  sh o w n  to  b ind 

D N A  as d im e rs , bu t th is  has no t y e t be en  p roven  fo r 

LuxRvh- B e ca u se  h a lo g e n a te d  fu ra n o n e s  a re  kn o w n  to  be 

ve ry  re a c tive  co m p o u n d s  (H e n tz e r a n d  G ivskov , 2003), 

w e  h yp o th e s ize  th a t th e  fu ra n o n e  re a c ts  w ith  th e  LuxRvi, 

p ro te in , th e re b y  a lte ring  It in su ch  a w a y  th a t it c a n n o t b ind 

the  D N A  an ym ore , e ith e r by c h a n g in g  th e  s tru c tu re  o f the 

D N A  b in d in g  dom a in  o r the  re g io n s  in vo lve d  in d im e r 

fo rm a tio n  (th a t is, If LuxRvi, a lso  n e e d s  to  d im e rize  in o rd e r 
to  b ind  D N A). H ow eve r, the  e lu c id a tio n  o f the  e xa c t b io 

c h e m ic a l re ac tion  m e ch a n ism  b e tw e e n  h a lo g e n a te d  fu ra 

no n e s  an d  LuxRvh (w ith  th e  a id  o f m a ss  s p e c tro m e try ) w ill 

be pa rt o f fu tu re  w o rk  a t o u r la b o ra to rie s .

T h e  fa c t th a t th e  fu ra n o n e  a ffe c ts  th e  m a s te r re g u la to r 

ra th e r tha n  se le c tive ly  b lo ck in g  on e  o f th e  c h a n n e ls  of 

th e  V. h a rv e y i q u o ru m  se n s in g  s ys te m  is q u ite  im p o rta n t 

w ith  re sp e c t to  p o ss ib le  p ra c tica l a p p lic a tio n s  be ca u se  

th e re  s e e m s  to  be a  d iffe re n c e  in th e  re la tive  im p o rta n ce  

o f th e  th re e  cha n n e ls  fo r  a s u cce ss fu l In fec tion  o f d iffe r

e n t hosts . Indeed , d is ru p tin g  o n ly  the  A I-2 -m e d ia te d  

c h a n n e l o f th e  V. h a rv e y i q u o ru m  se n s in g  sys te m  has 

be en  sh o w n  to  s ig n ific a n tly  in c re a se  su rv iva l o f th e  b rin e  

sh r im p  A . fra n c isca n a , w h e re a s  th e  H A I-1 -m e d ia te d  

ch a n n e l had  no  e ffe c t on in fe c tio n  o f th e  s h r im p  (D e f

o ird t e ta l. ,  2 0 05 ). In co n tra s t, bo th  th e  H A I-1 - and  A I-2 - 

m e d la te d  ch a n n e l n e e d e d  to  be d is ru p te d  in o rd e r to 

d e c re a se  m o rta lity  o f g n o to b io tic  ro tife rs  (B ra c h io n u s  p l i

ca tilis ) ca u se d  by  V. h a rv e y i (T inh  e t  a i ,  2007). B ecau se  

the  fu ra n o n e  b locks  a ll th re e  ch a n n e ls  o f the  s ys te m  at 

o n ce  b y  ac tin g  a t the  end o f th e  q u o ru m  se n s in g  s igna l 

tra n sd u c tio n  ca sca d e , it w ill n o t be  n e c e s s a ry  to  d e ve lo p  

d iffe re n t fu ra n o n e  co m p o u n d s  to  p ro te c t d iffe re n t hosts . 

C o n s is te n t w ith  th is , th e  n a tu ra l fu ra n o n e  w as  sh o w n  to 

p ro te c t bo th  b rin e  sh r im p  a n d  ro tife rs  fro m  lu m in e s c e n t 

v ib rio s  (D e fo ird t e ta l. ,  2 0 0 6 ; T in h  e ta l. ,  2 0 07 ). In a d d i

tio n  to  th is , se ve ra l h u m a n  p a th o g e n s , Inc lu d ing  V ibrio  

ch o le ra e , V ibrio  p a ra h a e m o ly tic u s  a n d  V ibrio  vu ln ificus , 

ha ve  be en  fo u n d  to c o n ta in  a LuxRVh h o m o lo g u e  

(Jo b ling  a n d  H o lm es, 1997; M cC a rte r, 19 98 ; M cD o u g a ld

e ta l. ,  2 0 00 ). M o re o v e r, the  L u xR Vh h o m o lo g u e s  have 

be en  sh o w n  b e fo re  to re g u la te  v iru le n c e  fa c to r p ro d u c 

tion  in th e se  sp e c ie s  a s  w e ll (H e n ke  and  B ass le r, 2004b ; 

M ilton , 2006) an d  c o n s e q u e n tly , th e  fu ra n o n e s  m ig h t be 

use fu l to  con tro l in fe c t io n s  ca u s e d  b y  th e s e  hu m an  
pa thog ens .

In a d d itio n  to  a f fe c t in g  bo th  V. f is c h e r i LuxR vi (M a n 

e fie ld  e ta l. ,  20 0 2 ) a n d  V. h a rv e y i LuxRvh (th is  s tud y ), 

co va le n t b in d in g  o f th is  n a tu ra l fu ra n o n e  to  th e  E s c h e r i

ch ia  c o li LuxS  p ro te in  h a s  be en  re po rted  (R en e ta l. ,  

2 0 04 ). H ence , it can  b e  h y p o th e s ize d  th a t th e s e  fu ra 

no n e s  re a c t w ith  c e r ta in  re a c tive  g ro u p s  w h ich  are 

p re se n t in d iffe re n t re g u la to ry  p ro te in s . It th e re fo re  

se e m s  th a t th e  m a c ro -a lg a  D e lise a  p u lc h ra  has e vo lve d  
a s o p h is tica te d  q u o ru m  se n s in g  d is ru p tio n -b a se d  

d e fe n ce  sys tem , p ro d u c in g  c o m p o u n d s  th a t a ffe c t d iffe r

e n t typ e s  o f s ig n a l re g u la to rs  in a  n o n -g ro w th  in h ib ito ry  

w ay. In v ie w  o f th e  b ro a d  ra n g e  o f b a c te ria  th a t can  

p o te n tia lly  c o lo n iz e  m a r in e  o rg a n ism s , th e  p ro d u c tio n  of 

b road  s p e c tru m  q u o ru m  s e n s in g -d is ru p tin g  co m p o u n d s  

by  the  a lga  p ro b a b ly  c o n fe rs  a s tro n g  e v o lu tio n a ry  
a d van ta ge .

In c o n c lu s io n , th e  re s u lts  p re s e n te d  in th is  a rtic le  

sh o w  th a t the  n a tu ra l fu ra n o n e  (5 Z )-4 -b ro m o -5 - 

(b ro m o m e th y le n e )-3 -b u ty l-2 (5 H )-fu ra n o n e  d is ru p ts  

q u o ru m  s e n s in g -re g u la te d  ge ne  e x p re ss io n  in V. h a rv e y i 

by d e c re a s in g  th e  D N A -b in d in g  a c tiv ity  o f th e  qu o rum  

se n s in g  m a s te r re g u la to r p ro te in  L u xR Vh. T h e se  re su lts  

are  o f s ig n ifica n t p ra c tic a l in te re s t b e ca u se  th e y  su g g e s t 

th a t th e  fu ra n o n e  co u ld  be  use d  a s  a  b ro a d  sp e c tru m  

b io co n tro l a g e n t to  p ro te c t a va r ie ty  of h o s ts  fro m  d iffe re n t 
p a th o g e n ic  v ib rio s  in w h ich  v iru le n c e  fa c to r p ro d u c tio n  is 

re g u la te d  b y  a  LuxRvh h o m o lo g u e .

Experim ental p rocedures

F u ra n o n e  p re p a ra tio n

The natural fu ranone (5Z)-4-brom o-5-(b rom om ethylene)-3- 
butyl-2(5 /-/)-furanone was syn thes ized  as described prev i
ously  (Ren e ta l.,  2001). The fu ranone w as dissolved and 
d ilu ted in pu re  e thanol and sto red  at -2 0 °C .

B a c te r ia l s tra in s  a n d  g ro w th  c o n d itio n s

The stra ins tha t w ere used in th is  s tudy a re  shown in Table 1. 
All stra ins were grown in L u ria -B e rta n i m edium  conta in ing 
20 g I '1 NaCI (LBH0) a t 2 8 ’C under constan t agitation. S pec
tropho tom etry a t O D got was used to  m easure grow th. Lum i
nescence was m easured w ith  a Lum ac B iocounter M 2500 
lum inom eter (Lum ac b.v., Landgraaf, the Netherlands).

For all experim ents, V. ha rvey i s tra ins w ere grown to an 
OD600 of approx im ate ly  0.75, a fte r w hich the furanone was 
added to  the cu ltu res in the approp ria te  concentra tion and the 
cu ltu res w ere fu rthe r incubated at 28°C  w ith  shaking. Unless 
otherw ise Ind icated, sam ples w ere taken in trip lica te  0 .5 h 
a fte r fu ranone addition.
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Table 1. Strains used in this study.

M o d e  o f  a c tio n  o f b ro m in a te d  fu ra n o n e  in  V ib rio  h a rve y i 24 93

Strain Phenotype Reference

Vibrio harveyi BB120 Wild type from  which stra ins BNL258, JAF375, JAF483, 
JAF553, JM H597 and JM H612 are derived

Bassler e ta l. (1997)

Vibrio harveyi BNL258 hfq::Tr\5lacZ Lenz e t al. (2004)
Vibrio harveyi JAF375 luxN::CmR luxQ ::KanR Freeman and Bassler (1999a)
Vibrio harveyi JAF483 luxO  D47A linked to KanR Freeman and Bassler (1999a)
Vibrio harveyi JAF553 luxU  H58A linked to Kan11 Freeman and Bassler (1999b)
Vibrio harveyi JMH597 luxN::Tn5 cgsS::CmR Henke and Bassler (2004a)
Vibrio harveyi JMH612 luxPQ::Tn5 cqsS::Crr\" Henke and Bassler (2004a)
Vibrio harveyi M R 1130 Isogenic LuxR  m utant Martin e ta l. (1989)

P ro te in  a ssa ys

W ild -type  V. ha rvey i B B120 w as used in the  luc ife rase  and 
bacterial a lka line phosphatase assays. Im m ediate ly  before 
and 0.5, 1 and 2 h a fte r the  addition o f the furanone, 2 units 
[O D SOo X vo l (m l)] were pe lle ted, son ica ted in 0 .5 ml o f 0.25 M 
Tris, pH 8 and the ce llu la r debris rem oved (as described by 
M iyam oto e t a i ,  1990). A  m odified Low ry assay w as used to 
de term ine  the prote in con ten t (M arkwell et a i ,  1981). In  vitro  
luciferase and bacteria l a lka line phosphatase ac tiv ities  w ere 
de term ined as described by G unsalus-M igue l and co lleagues 
(1972) and  G aren and Levin thal (1960).

P rim e r d e s ig n

Specific  p rim ers fo r the am plifica tion o f lu xR Vh and R N A  po ly
m erase A subun it ( rpoA ) m R N A  were designed using the 
P rim er Express 2 .0 software (Applied B iosystem s, Foster 
City, USA). The prim ers were designed based on the con
sensus of the sequences tha t have been deposited be fore in 
G enBank. The com binations of the two prim er sequences 
w ere b lasted  aga inst G enBank. The prim er sequences are 
shown in Table 2.

R N A  e x tra c tio n  a n d  re ve rse  tra n sc rip ta se  re a l-tim e  P C R

The e ffec t o f the fu ranone on luxR^h m R N A  concentra tions 
w as stud ied  in w ild-type V. ha rveyi BB120. Im m ediate ly  
before and  0.5 , 1 and 2 h a fte r fu ranone addition, lum ines
cence and cell density (OD600) of the cu ltu res w ere  m easured 
and 0 .5 m l o f sam ples for RNA extraction w ere  taken, which 
w ere im m edia te ly  frozen in cold ethanol (-8 0 °C ). R N A  w as 
isolated using the  Q iagen R N easy M ini Kit (Q iagen, H ilden, 
G erm any) acco rd ing to the m anufacture r’s instructions. RNA 
extracts w ere  treated w ith R N Ase-free D N Ase I (Ferm entas, 
St. Leon-R ot, G erm any), a fte r which the RNA quan tity  w as 
checked spectrophotom etrica lly. RNA concentra tions 
ob ta ined w ere  all a round 300 ng p i“1. RNA quality w as  con 
firm ed by e lectrophoresis . cD N A  w as ob ta ined by reverse

Table 2. Primers used in this study.

Target Primer Sequence

rpoA rpOAlorv.:ird
rpoA!e.0..a

5'-CGTAGCTGAAGGCAAAGATGA-3'
5'-AAGCTGGAACATAACCACGA-3'

luxRvn LuxRi0,„„d
LUXRre,srsG

5'-TCAATTGCAAAGAGACCTCG-3'
5 '-AGCAAACACTTCAAG AGCGA-3'

transcription using the Q ia g e n  One S tep RT-PCR kit 
(Q iagen), according to  the m a nu fa c tu re r’s  instructions.

Real-tim e PCR w as p e rfo rm e d  w ith the specific  lu xR Vh and 
rpoA  prim ers. A m plicon le n g th s  are 84 bp and 197 bp for 
luxRvt, and rpoA  respective ly . A m plifica tion  w as perform ed in 
25 p i reaction m ixtures u s in g  the SYBR Green PCR M aster 
M ix kit (Applied B iosystem s, N ieuw erke rk  a /d Ijssel, the Neth
erlands), according to th e  m anufactu re r's  instructions, in 
optica l 96-well reaction p la te s  w ith optical caps (Applied 
B iosystem s). The therm al p ro file  w as as fo llow s: 50°C  for 
2 min and 95°C  fo r 10 m in fo llow e d  by 40 cyc les of 95°C  fo r 
30 s, 54°C fo r 1 min, and 6 0 °C  fo r 1 min. A m plicon d issoc ia 
tion curves w ere de te rm in ed  by constant fluo rescen t m ea
surem ent during a final h e a ting  step at 60°C  to  95°C  at 0.1°C  
s~’ ram ping speed. The m e ltin g  tem peratures fo r the am pli- 
cons were 7 7 'C  and 82°C  fo r  luxRvh and rpoA  respectively. 
The tem plate DNA in the re a c tio n  m ixtu res w as am plified  and 
m onitored with an ABI Prism  S D S  7000 instrum en t (Applied 
B iosystem s). The d iffe rence  in m R N A  levels betw een 
fu ranone-trea ted and un trea ted  extracts w as ca lcu la ted as 
fo llow s:

log (d ifference in concen tra tion ) =  AC,/regression coe ffic ien t

w ith  AC, the d iffe rence in C, va lu e  betw een furanone-trea ted 
and untreated extracts. The regress ion coe ffic ien ts betw een 
log(concentra tion) and C, va lu e  were de term ined by ana lys
ing a  10-fold d ilu tion series o f a  V. ha rveyi BB120 DNA extract 
and were -3 .3 8 0  {R 2 = 0 .998) and -3 .5 9 7  (R 2 =  0.993) fo r 
luxR Vh and rpoA  respectively.

M o b ility  s h if t  a ssa ys

The effect of the furanone on LuxRvn protein concentra tions 
w as stud ied in w ild-type V. ha rvey i BB120. Im m ediate ly 
before and 0.5, 1 and 2 h a fte r the  addition o f the  furanone, 2 
un its [OD600 x  vol (m l)] were pe lle ted, son ica ted  in 0 .5 m l o f 
0.25 M Tris, pH 8 and the ce llu la r debris  rem oved (as 
described by M iyam oto e ta l., 1990). In the experim ent that 
a im ed at testing w hether the fu ranone  affected transla tion or 
acted on pre-ex is ting transla tes, cu ltu res w ere treated w ith 
50 mg I“1 ch loram phen ico l S igm a-A ldrich  (Bornem , Belgium ) 
before furanone addition. M ob ility  sh ift assays w ere  con
ducted  as described previously (Swartzm an and  M eighen, 
1993) using radio labe lled lu xR Vh p rom oter D N A  (C hatterjee 
e ta l.,  1996) or luxC D A B E G H  p rom oter DNA (M iyam oto 
e t al., 1996) con ta in ing  the LuxR Vh bind ing sites. The am ount 
o f re tarded DNA was quantified as described in M iyam oto 
and colleagues (1996) using a Fu ji b ioim age.
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2 4 9 4  T. D e fo ird t  e t al.

E xp e r im e n ts  w ith  p u r if ie d  LuxRvh

LuxRvh purifica tion w as carried out as described previously 
(S w artzm an and M eighen, 1993). The purified LuxRvh w as 
stored in 50 mM N a P 0 4, 300 mM NaCI, pH 8.0. The protein 
concentra tion (as de term ined by B io-Rad protein assays) 
w as 0 .2 m g m l 1. To g lass tubes conta in ing 40 pi of the 
protein preparation , 0 .2 pi o f abso lu te  e thanol o r 0 .2 p i of 
fu ranone (10 m g m l 1 in e thanol) w ere d irectly added. The 
tubes w ere  incubated in a 37 '’C w ate r bath fo r 1 h and then 
stored at 4°C. For m ob ility  sh ift ana lyses, the sam ples were 
d iluted 10-fold in s torage bu ffer and 1 p i (0.02 pg) w as 
assayed. For S D S-PAG E, 1 pg of protein was app lied and 
10%  S D S-PAG E w as perfo rm ed accord ing to M aniatis and 
co lleagues (1982).

A cknow ledgem ents

W e thank B onn ie  B assler fo r generously  provid ing us w ith  the 
V. h a rvey i m utants. Th is  w ork  w as supported by the ‘ Instituut 
voo r de aanm oed ig ing  van Innovatie  door W etenschap en 
Technologie in V laand e re n ’ (IW T G rant no. 33205), the 
‘Fonds voo r W etenschappe lijk  O nderzoek ' (pro ject no. 
G 0230.02N ), the National Institu tes of Health (EB003872- 
01A1) and the C anad ian  Institu tes of Health Research 
(M T7672).

References

Austin, B., and Zhang, X .-H . (2006) Vibrio ha rveyi: a  s ign ifi
can t pa thogen of m arine vertebra tes and invertebrates. 
Lett A p p l M icrob io l 4 3: 119-124.

Bassler, B .L., W right, M ., S how alter, R.E., and S ilverm an, 
M.R. (1993) In te rce llu la r s igna ling in Vibrio harveyi- 
sequence and function  o f genes regulating expression of 
lum inescence. M o! M ic ro b io l 9: 7 7 3 -7 8 6 .

Bassler, B .L., G reenberg , E.P., and Stevens, A.M. (1997) 
C ross-species induction  of lum inescence in the quorum - 
sensinq bacterium  Vibrio harveyi. J  B acterio l 179: 4 0 4 3 - 
4045.

Cao, J.G ., and M eighen, E.A. (1989) Purification and struc
tura l iden tifica tion  o f an au to inducer fo r the lum inescence 
system  of Vibrio harveyi. J  B io l Chem  2 64 : 2 1 670-21676 .

C hatterjee , J., M iyam oto, C .M., and M eighen, E.A. (1996) 
A utoregu la tion o f luxR: the Vibrio ha rvey i lux -operon ac ti
va to r functions as a repressor. M ol M icrob io l 20: 4 1 5 -4 2 5 .

Chen, X., Schauder, S ., Potier, N., Van Dorsselaer, A., 
Pelczer, I., Bassler, B .L., and Hughson, F.M. (2002) S truc
tura l iden tifica tion  o f a bacterial quorum -sensing signa l 
con ta in ing  boron. N atu re  4 15 : 5 4 5 -5 4 9 .

Defoirdt, T., Boon, N., Bossier, P., and Verstraete , W. (2004) 
D isruption of bacteria l quorum  sensing: an unexplored 
stra tegy to figh t in fections in aquaculture. A quacu ltu re  2 40 :  
6 9 -88 .

D efo irdt, T., Bossier, P., Sorge loos, P., and Verstraete , W. 
(2005) The im pact of m utations in the  quorum  sensing 
system s of A ero m ona s  hyd roph ila , V ibrio anguilla rum  and 
Vibrio ha rvey i on the ir v iru lence  tow ards gnotob io tica lly 
cultu red Artem ia franciscana. E nviron M icrob io l 7: 1 2 3 9 - 
1247.

D efo ird t, T., C rab, R., W o o d , T.K., Sorgeloos, P., Verstraete , 
W ., and Bossier, P. (2 006 ) Q uorum  sensing-d isrupting bro- 
m ina ted furanones p ro te c t the gnotob io tic brine shrim p 
A rtem ia  franciscana  fro m  pathogenic Vibrio harveyi, Vibrio  
cam pbellii, and Vibrio pa rahaem o lyticus  isolates. A pp l 
E nviron  M icrob io l 7 2: 6 4 1 9 -6 4 2 3 .

Freem an, J.A ., and B ass le r, B.L. (1999a) A genetic ana lys is  
of the  function  of LuxO , a tw o-com ponen t response regu
la to r invo lved in qu o ru m  sensing in Vibrio harveyi. M o l 
M icrob io l 3 1: 66 5 -67 7 .

Freem an, J.A ., and B ass le r, B.L. (1999b) Sequence and 
function  o f LuxU: a tw o-com ponen t phosphore lay protein 
tha t regulates quorum  se n s in g  in Vibrio harveyi. J  B acterio l 
1 81 : 8 9 9 -9 0 6 .

G aren, A ., and Levin thal, C. (1960) A  fine-structure genetic 
and chem ica l s tudy of th e  enzym e a lka line phosphatase o f 
E. coli. I. Purification and characte rization of alkaline 
phosphatases. B ioch im  B iophys A cta  38: 47 0 -48 3 .

G ivskov, M., de Nys, R., M anefie ld , M., G ram , L., M axim ilien, 
R., Eberl, L., e ta l. (1996) Eukaryotic in te rference w ith 
hom oserine  lactone-m ed ia ted  prokaryo tic s igna lling. 
J  B ac te rio l 178: 6 6 1 8 -6 6 2 2 .

G unsa lus-M igue l, A ., M e ighen, E .A., N icoli, M.Z., Nealson, 
K .H ., and Hastings, J.W . (1972) Purification and properties 
of bacteria l luciferases. J  B io l Chem  2 47 : 398-404 .

H enke, J .M ., and B assler, B.L. (2004a) Three paralle l 
quorum  sensing system s regulate gene expression in 
Vibrio harveyi. J  B ac te rio l 186 : 6902-6914 .

H enke, J .M ., and Bassler, B.L. (2004b) Q uorum  sensing 
regu la tes  type III secre tion  in Vibrio ha rveyi and Vibrio 
pa rahaem o lyticus. J  B a c te rio l 186: 3794-3805 .

H entzer, M., and G ivskov, M. (2003) Pharm acological inh ib i
tion of quorum  sensing fo r the treatm ent of chron ic ba c te 
rial in fections. J  Clin Inve s t 112: 1300-1307 .

Job ling, M .G ., and Holm es, R.K. (1997) C haracteriza tion 
o f hapR, a positive regu la to r of the Vibrio cho le rae  
H A /pro tease gene hap, and  its identification as a functiona l 
hom ologue of the Vibrio ha rvey i luxR  gene. M ol M icrob io l 
2 6 : 1023-1034 .

K arunasagar, I., Pai, R., M alahti, G .R ., and K arunasagar, I. 
(1994) M ass m orta lity o f P enaeus m onodon  larvae due to  
an tib io tic -res is tan t Vibrio ha rvey i infection. A quaculture  
128 : 2 0 3 -2 0 9 .

Koch, B., L ilje fors, T., Persson, T., N ielsen, J., K je lleberg, S., 
and G ivskov, M. (2005) The LuxR receptor: the s ites of 
in te raction w ith quorum -sensing signa ls and inhib itors. 
M icro b io log y  151: 3589-3602 .

Lenz, D .H., Mok, K .C ., Lilley, B.N., Kulkarni, R.V., W ingreen, 
N .S ., and Bassler, B.L. (2004) The small RNA chaperone 
H fq and m ultip le  small R N As contro l quorum  sensing in 
Vibrio ha rvey i and Vibrio cho lerae. C e ll 118: 6 9 -82 .

Lilley, B .N., and Bassler, B.L. (2000) R egulation of quorum  
sensing in Vibrio harveyi by LuxO  and 854. M ol M icrob io l 
3 6: 9 4 0 -9 5 4 .

M cC arter, L.L. (1998) OpaR, a hom olog of Vibrio ha rveyi 
LuxR, con tro ls opacity of Vibrio parahaem olyticus. 
J  B ac te rio l 180: 3 166-3173 .

M cD ougald , D., R ice, S.A., and K jelleberg, S. (2000) The 
m arine  pathogen Vibrio vuln ificus  encodes a pu tative hom o
logue of the Vibrio harveyi regu la to ry gene luxR: a  genetic 
and  phy logenetic  com parison. G ene 2 48 : 21 3 -22 1 .

©  2007 The Authors
Journal compilation ©  2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 9, 2486-2495



M o d e  o f  a c tio n  o f  b ro m in a te d  fu ra n o n e  in  V ib rio  h a rvey i 24 95

M cDougald, D., S rinivasan, S., R ice, S .A ., and K je lleberg, S.
(2003) S igna l-m ed ia ted cross-ta lk  regulates stress adapta
tion in Vibrio  species. M icrob io logy  149: 1923-1933 .

Manefie ld , M., Harris, L., Rice, S .A., de Nys, R., and K je lle
berg, S. (2000) Inhibition o f lum inescence and viru lence in 
the b lack tige r prawn (P enaeus m onodon) pathogen Vibrio 
harveyi by in te rce llu lar signa l an tagonis ts . A p p l Environ  
M icrob io l 66: 2079-2084 .

Manefie ld , M., R asm ussen, T.B., Hentzer, M., Andersen, 
J.B., S te inberg, P., K jelleberg, S., and  G ivskov, S. (2002) 
H alogenated furanones inh ib it quorum  sensing through 
acce le rated LuxR turnover. M icro b io log y  148: 1119— 
1127.

Maniatis, T., Fritsch, E.F., and S am brook, J . (1982) M olecu
lar C lon ing: A Labora tory M anual. C old S pring Harbor, NY, 
USA: C old Spring H arbor Laboratory.

Markwell, M .A .K ., Haas, S .M., Tolbert, N .E., and B ieber, L.L. 
(1981) P rote in determ ination in m em brane and lipoprote in 
sam ples: m anual and au tom ated  procedures. M ethods  
E nzym o l 72: 29 6 -30 3 .

M artin, M.O., Showalter, R.E., and S ilverm an, M. (1989) 
Identification of a locus con tro lling  exp ress ion of lum ines
cence genes in Vibrio harveyi. J  B ac te rio l 171: 24 06 -2 414 .

M ilton, D.L. (2006) Quorum  sensing  in v ib rios : com plexity  for 
diversification. In t J  M ed M ic ro b io l 2 96 : 61 -71 .

M iyam oto, C .M., Meighen, E.A., and G raham , A .F. (1990) 
T ranscrip tiona l regulation of lu x  genes transferred into 
Vibrio harveyi. J  B acterio l 1 72 : 20 46 -2 054 .

M iyam oto, C .M., C hatterjee , J ., S w artzm an, E., Szittner, R., 
and M eighen, E.A. (1996) The role o f the  lu x  au to inducer in 
regulating lum inescence in Vibrio harveyi', con tro l o f luxR  
expression. M o l M icrob io l 19: 7 6 7 -7 7 5 .

M oriarty, D .J.W . (1998) D isease contro l in shrim p aquacu l
ture w ith  prob io tic bacteria. In M icro b ia l B iosystem s: N ew

Frontiers. P roceed ings o f  the E ighth  In te rna tiona l S ym po
sium  on M ic ro b ia l E co lo g y . Bell. C .R., Brylinsky, M. and 
Johnson-G reen, P. (e d s ). Halifax, NS, C anada: A tlantic 
C anada S ocie ty  fo r M ic ro b ia l Ecology.

Ram os, J .L., M a rtinez-B u eno , M., M olina-H enares, A.J., 
Terán, W ., W atanabe, K ., Zhang, X ., e ta l. (2005) The TetR 
fam ily  of transcrip tiona l rep resso rs . M icrob io l M o l B io l R ev  
6 9: 32 6 -35 6 .

R asm ussen, T .B ., and G ivsko v , M. (2006) Q uorum -sensing 
inhib itors as a n ti-p a th o g e n ic  drugs. In t J  M e d  M icrob io l 
2 96: 149-161 .

Ren, D., S im s, J., and W ood, T.K. (2001) Inhib ition of 
b iofilm  fo rm ation  and sw arm ing  o f E scherich ia co li by 
(5Z)-4 -brom o-5-(b rom om ethylene)-3 -bu ty l-2  (5H)-furanone. 
Environ M ic ro b io l 3: 7 3 1 -7 3 6 .

Ren, D., Bedzyk, L., Ye, R .W ., Thom as, S .M., and W ood, T.K.
(2004) D ifferentia l gene exp ression show s natural brom i
nated fu ranones in te rfe re  w ith the  auto inducer-2  bacterial 
s igna ling system  of E scherich ia  coli. B io techno l B ioeng  88: 
6 3 0 -64 2 .

S w artzm an, E., and M e ighen , E.A. (1993) P urification and 
characte rization of a  po ly -(dA -dT ) /ux-specific D N A  binding 
protein from  Vibrio h a rv e y i and iden tifica tion as LuxR. 
J  B io l C hem  268 : 16706 -167 16 .

S w artzm an, E., S ilverm an, M ., and M eighen, E.A. (1992) The 
luxR  gene p roduct of V ibrio  ha rvey i is a transcrip tiona l 
activa tor o f the lu x  p rom ote r. J  B acterio l 174: 7490-7493 .

Thom pson, F.L., lida, T., an d  Sw ings, J. (2004) B iodiversity 
o f v ibrios. M icro b io l M o l B io l R ev  68: 403-431 .

Tinh, N .T.N., L inh , N .D ., W ood, T.K., D ierckens, K., 
Sorgeloos, P., and B ossier, P. (2007) Interference w ith the 
quorum  sensing  sys tem s in a Vibrio ha rvey i stra in alters 
the grow th ra te o f gno tob io tica lly  cultu red ro tife r B rach io
nus p lica tilis . J  A p p l M ic ro b io l (in press).

©  2007 The Authors
Journal compilation ©  2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 9, 2486-2495


