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ABSTRACT: Quorum quenching (QQ) has become an interesting alternative for solving the prob- lem of bacterial
antibiotic resistance, especially in the aquaculture industry, since many species of fish-pathogenic bacteria
control their virulence factors through quorum sensing (QS) systems mediated by N-acylhomoserine lactones
(AHLSs). In a screening for bacterial strains with QQ activ- ity in different marine environments, Tenacibaculum
sp. strain 20J was identified and selected for its high degradation activity against a wide range of AHLs. In this
study, the QQ activity of live cells and crude cell extracts (CCEs) of strain 20J was characterized and the
possibilities of the use of CCEs of this strain to quench the production of AHLs in cultures of the fish pathogen
Edward- siella tarda ACC35.1 was explored. E. tarda ACC35.1 produces N-hexanoyl-L-homoserine lactone
(C6-HSL) and N-oxohexanoyl-L-homoserine lactone (OC6-HSL). This differs from profiles regis- tered for other
E. tarda strains and indicates an important intra-specific variability in AHL produc- tion in this species. The
CCEs of strain 20J presented a wide-spectrum QQ activity and, unlike Bacillus thuringiensis serovar Berliner
ATCC10792 CCEs, were effective in eliminating the AHLs produced in E. tarda ACC35.1 cultures. The fast and
wide-spectrum AHL-degradation activity shown by this member of the Cytophaga— Flexibacter— Bacteroidetes
group consolidates this strain as a promising candidate for the control of AHL-based QS pathogens, especially in
the marine fish farming industry.
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INTRODUCTION

In recent decades, the intensive farming of marine
fish has registered a strong growth; however, infec-
tious diseases continue to be a threat for this industry
(FAO 2010). Due to the limitations of the use of anti-
biotics in aquaculture, in the search for alternative
disease-control strategies, the efforts of researchers
have been focused especially on the fields of new
vaccines (Adams & Thompson 2006), probiotics (Tinh
et al. 2008a, Wang et al. 2008) and enzybiotics (Her-

moso et al. 2007). Since pathogenic bacteria coordi-
nate the expression of many important genes, includ-
ing their virulence factors, in a cell density-depen-
dent manner through the production, liberation and
sensing of signal molecules called autoinducers, the
interception of this type of bacterial communication
or ‘quorum sensing’ (QS) has also been proposed as a
promising method to control pathogenic bacteria
(Dong & Zhang 2005, Dong et al. 2007), especially in
the field of aquaculture (Defoirdt et al. 2004). When
the bacterial communication system is intercepted,



the virulence is seriously hampered in many of these
pathogens, facilitating the elimination of the patho-
gen by the immune system and/or the action of
antibiotics. This new strategy for the treatment of
pathogens, that has been generally termed as ‘quo-
rum quenching’ (QQ), does not affect pathogen sur-
vival and therefore it is not expected to generate
resistances.

The most studied QS system is the one based on N-
acylhomoserine lactone (AHL) autoinducers em-
ployed by Gram-negative bacteria. AHLs are small
molecules composed of a lactone ring connected
through an amide bond to a lateral chain that usually
contains between 4 and 14 carbons, with or without
saturation or C3 hydroxy or oxo substitutions, and
which is the part of the molecule that confers speci-
ficity to the signal (Whitehead et al. 2001). Approxi-
mately half of the marine Alphaproteobacteria iso-
lated from various marine habitats produce AHL
signal molecules (Wagner-Ddébler et al. 2005) and
important pathogens in aquaculture such as Aero-
monas hydrophila, A. salmonicida, Yersinia ruckerti,
Vibrio anguillarum, V. harveyi, V. salmonicida, V.
vulnificus, Edwardsiella tarda and Tenacibaculum
maritimum produce these autoinducers (Freeman &
Bassler 1999, Swift et al. 1999, Croxatto et al. 2002,
Buch et al. 2003, Kim et al. 2003, Bruhn et al. 2005,
Han et al. 2010, Romero et al. 2010). Several studies
support the feasibility of the application of QQ strate-
gies in the field of aquaculture. The use of the fura-
none C-30 in non-toxic concentrations significantly
reduced the pathogenicity of V. anguillarum in rain-
bow trout (Rasch et al. 2004). Furanones also inhibit
the pathogenicity of V. harveyi, V. campbellii and V.
parahaemolyticus against Artemia sp. (Defoirdt et al.
2006), and neutralize the negative effect of V. harveyi
on rotifers (Tinh et al. 2007a). Unfortunately, fura-
nones are toxic for artemias and rotifers, which limits
the use of these natural compounds. Bacterial consor-
tia with AHL degradation activity have been demon-
strated to be able to protect Artemia sp., rotifers and
turbot and prawn larvae from infection (Tinh et al.
2007b, 2008b, Cam et al. 2009, Nhan et al. 2010).
Degradation of AHLs by the Bacillus QQ enzyme
AiiA also increased the survival of carp when co-
injected with Aeromonas hydrophila (Chen et al.
2010). Moreover, the inclusion of a thermostable AiiA
from Bacillus sp. strain Al96 in fish feed significantly
attenuated Aeromonas hydrophila infection in zebra-
fish (Cao et al. 2012).

Edwardsiella tarda is an important fish pathogen
causing the septicaemia edwardsiellosis, which af-
fects a wide variety of fish, including the economi-

cally important species Psetta maxima and Solea
senegalensis (Nougayrede et al. 1994, Castro et al.
2012). The presence of QS systems in this species,
including Luxl and LuxR homologues and AHL pro-
duction, has been reported. AHL detection has been
controversial, however, because while Morohoshi et
al. (2004) described the presence of C6-HSL and C7-
HSL in culture media of E. tarda NUF251, Han et al.
(2010) encountered C4-HSL, C6-HSL, OC6-HSL and
an uncharacterized AHL in E. tarda LTB-4. The E.
tarda QS system also employs LuxS to synthesize Al-
2 molecules. This QS system was found to positively
regulate expression of virulence genes in E. tarda, as
small peptides that interfere with LuxS could alter
biofilm production and the expression of the type Il
secretion system genes esrA and orf26 (Zhang et al.
2009).

In a screening for bacterial strains with QQ activity in
different marine environments (Romero et al. 2011),
Tenacibaculum sp. strain 20J was identified and
selected for its high degradation activity against a
wide range of AHLs. In this study, the QQ activity of
live cells and crude cell extracts (CCEs) of strain 20J
was characterized and the possibilities of the use of
CCEs of this strain to quench the production of AHLs
in cultures of the fish pathogen Edwardsiella tarda
ACC35.1 was explored. The activity of strain 20J was
compared with the activity of Bacillus thuringiensis
cell extracts, for which the QQ activity has been widely
characterized (Dong et al. 2002, Lee et al. 2002).

MATERIALS AND METHODS
Strains and culture conditions

The Tenacibaculum sp. strain 20J CECT7426, iso-
lated in our laboratory from a marine sample (Romero
et al. 2011), was routinely cultured at 22°C on marine
agar/broth pH 7.0 (MA/MB, Difco). Strain 20J has a
99% 16S rRNA gene sequence identity with 7.
discolor DSM18842, but was isolated in tryp- tone
soya agar (TSA) with 1% NaCl (wt/vol), which
excludes its classification within this species. More-
over, the pathogenic activity of strain 20J could not
be demonstrated in an injection challenge with tur-
bot juveniles (12 g, n = 20 fish in 25 | tanks) in which
up to 10° CFUs were injected into fish (data not
shown). The AHL biosensor strain Chromobacterium
violaceum CVV026 CECT5999 (McClean et al. 1997)
was used for the AHL-degradation assays in solid
plates as explained below. This strain was routinely



cultured on Luria-Bertani (LB) medium supple- mented
with kanamycin (50 pg ml') at 30°C. The fish
pathogen Edwardsiella tarda ACC35.1 (Castro et al.
2006) was cultured at 25°C in TSA or tryptone soya
broth (TSB) pH 7.0. Bacillus thuringiensis serovar
Berliner ATCC10792 was cultured in LB at 22°C.

Localization of AHL-degradation activity

To determine the cellular localization of the AHL-
degradation activity, supernatant and CCE were
obtained from a 24 h 15 ml MB culture of Tenacibac-
ulum sp. strain 20J. The culture was centrifuged for
5 min at 2000 x g in order to separate the biomass
from the culture media. The supernatant was filtered
through a 0.22 um filter and stored at 4°C prior to use.
The pellet was washed with 15 ml of phosphate
buffered saline (PBS) pH 6.5, resuspended in another
5 ml of the same buffer, sonicated for 5 min on ice
and centrifuged at 16 000 x g for 30 min at 4°C. The
CCE obtained in this way was filtered through a
0.22 pum filter and stored at 4°C. Total protein concen-
tration in the CCE was estimated by Lowry’s method
(Lowry etal. 1951). Usually, a 15 ml MB culture ren-
dered a CCE equivalent to 2 mg of protein. To deter-
mine if the QQ activity of 20J was associated with the
soluble or particulate fraction of the CCEs, the
extracts were centrifuged at 300 000 x g for 1 h at4°C
and the supernatant was filtered (0.22 um) and stored
at 4°C prior to use. The same methodology was used
to prepare crude cell extracts from Bacillus thuring-
iensis serovar Berliner ATCC10792.

The AHL degradation activity in the cell-free cul- ture
medium and the CCEs of 20J was tested by incu- bating
500 pl of supernatant and CCEs with 50 uM AHL for
24 h at 22°C and 200 rpm, and the remaining AHL was
detected using bioassays and high pressure liquid
chromatography-mass spectrometry (HPLC- MS)
methods. In the bioassay, the capacity to degrade 10 uM
N-hexanoyl-L-homoserine lactone (C6-HSL) was
tested. After 24 h of degradation, 100 pl of the mixture
were placed in wells made on an LB plate overlaid with
a 1/100 dilution of an overnight -culture of
Chromobacterium violaceum CV026 in soft LB (8%
agar). The plates were incubated for 24 h at 30°C and
the production of violacein was observed. As controls,
wells were filled with 100 pl sterile MB or PBS plus 10
UM C6-HSL and treated as the samples.

The capacity of CCEs to degrade 50 pM N-
butanoyl-L-homoserine lactone (C4-HSL) or N-dode-
canoyl-L-homoserine lactone (C12-HSL) was also

tested, and the activity was measured by HPLC-MS.
AHLs were incubated for 24 h with 20J CCEs at 22°C
and 200 rpm. Then the reaction mixtures were
extracted with or without acidification to pH 2.0 (24 h
at 22°C, 200 rpm). The remaining AHLs were ex-
tracted 3 times with the same volume of ethyl acetate
and evaporated to dryness under nitrogen flux. Dried
extracts were then resuspended in 200 ul acetonitrile
and AHLs quantified by HPLC-MS. AHL degrada-
tion was compared with that obtained in PBS and with
live 20J cells from a 24 h MB culture, washed and
resuspended in PBS.

Specificity of the QQ activity

In order to determine the specificity of the QQ
activity of Tenacibaculum sp. strain 20J, AHLs with
different side chain lengths were exposed to 20J
CCEs as explained above, and then extracted and
quantified by HPLC-MS. Control samples were
established with PBS plus 50 uM AHL and extracted
the same way. The AHLs used in these assays were
C4-HSL, C6-HSL, N-oxohexanoyl-L-homoserine lac-
tone (OC6-HSL), N-heptanoyl-L-homoserine lactone
(C7-HSL), N-octanoyl-L-homoserine lactone (C8-
HSL), N-decanoyl-L-homoserine lactone (C10-HSL),
C12-HSL, N-oxododecanoyl-L-homoserine lactone
(OC12-HSL) and N-tetradecanoyl-L-homoserine lac-
tone (C14-HSL).

HPLC-MS methodology

The HPLC system used was an Agilent 1100 series
(Agilent Technologies). The column was a Zorbax
Eclipse XDB-C18, 150 x 4.6 mm (5 pm patrticle size).
The mobile phase was 0.1% formic acid in water (A),
and methanol (B) and the flow rate was 0.4 ml min—1.
The gradient profile was as follows: 50% B over O to
10 min, a linear gradient from 50 to 90% B over
15 min, followed by 90% B for 25 min. The column
was re-equilibrated for a total of 4 min. Samples
(20 pl) were diluted in 0.1% formic acid in acetoni-
trile and injected onto the column.

The MS experiments were conducted on an
API14000 triple-quadrupole linear ion trap mass spec-
trometer (Applied Biosystems) used in positive ion
electrospray mode.

Synthetic AHLs with acyl side chain lengths of 4 to
14 carbons were used as standards. The AHLs were
quantified by comparison with a calibration curve
constructed for molecular ion abundance, using each



of the appropriate AHL synthetic standards (Milton
et al. 2001).

Characterization of AHL-degradation activity

To determine the minimal active concentration
(MAC) of the 20J CCEs, signal C10-HSL at 50 puM
was exposed to different dilutions of CCE in auto-
claved marine water (pH 6.5) with protein concentra-
tions ranging from 1000 to 0.1 pg ml~!. The mixture
was incubated for 24 h at 22°C and 200 rpm prior to
organic extraction in order to quantify the remaining
AHLs by HPLC-MS methodology.

To define the AHL-degradation kinetics of CCEs
from Tenacibaculum sp. strain 20J, two 24 h cultures
in 200 ml of MB were used to obtain 2 CCEs in auto-
claved marine water pH 6.5 or PBS as described
before, and the protein concentrations of the CCEs
were adjusted to the MAC established in the previ-
ous experiment (10 pg ml1). Both CCEs were then
inoculated with 50 pM C12-HSL and incubated at
22°C and 200 rpm for 2 h. Aliquots (500 pul) were
extracted from the reaction mixtures at different times
from time O h to quantify remaining C12-HSL by
HPLC-MS. The AHL-degradation kinetics of CCEs
was compared to that of marine water, PBS and live
20J cells resuspended in PBS.

The activity of 20J CCEs on different sized AHLs
was also analysed. CCEs (10x MAC) obtained in PBS
were exposed to 50 uM C6-HSL and C12-HSL for 12
h and the remaining signal was measured at dif- ferent
time points by HPLC-MS and compared to that of
controls in PBS. Cultures were carried out in tripli-
cate. AHL-degradation units were defined as the
amount of protein in the CCE (ug ml™!) that degrades
1 nM of AHL per minute.

Production and degradation of AHLs in cultures of
the fish pathogen Edwardsiella tarda ACC35.1

The AHL production of Edwardsiella tarda
ACC35.1 was studied in 100 ml cultures with or with-
out CCEs from Tenacibaculum sp. strain 20J at a con-
centration of 10x MAC. A previous experiment was
carried out to establish that this dose was sufficient to
completely eliminate the AHLs in 24 h. Cultures
were inoculated 1/100 with an overnight culture of
the pathogen and incubated at 25°C and 200 rpm for 48
h. At different times from time 0 h, 15 ml samples were
taken and centrifuged (2000 x g, 5 min) to obtain
the supernatants. Remaining AHLSs in super-

natants were extracted twice with 15 ml of
dichloromethane, and solvent was evaporated to dry-
ness in a rotavapor system at 40°C. AHLs produced
by E. tarda ACC35.1 were reconstituted in 1 ml ace-
tonitrile and quantified by HPLC-MS methodology.
To compare the activity of 20J CCEs with that of a
known AHL-QQ bacteria, E. tarda ACC35.1 cultures
were also supplemented with CCEs from Bacillus
thuringiensis serovar Berliner ATCC10792 obtained
the same way. Cultures were carried out in triplicate.

RESULTS

Characterization of QQ activity in Tenacibaculum
Sp. strain 20]

Among the marine bacterial strains isolated and
identified in a previous study (Romero et al. 2011),
Tenacibaculum sp. strain 20J was selected for a more
detailed study of its AHL-QQ activity due to its ability
to degrade long and short chain signals. Bioassays re-
vealed that QQ activity against C6-HSL was present
in the CCEs but not in cell-free culture medium of 20J
(Fig. 1A, as revealed by biosensor C\VV026). Moreover,
the QQ activity of the CCEs was present in the soluble
fraction of the extracts obtained after ultracentrifuga-
tion, which indicates that the QQ activity should be
derived from a soluble enzyme (data not shown). The
HPLC-MS analysis confirmed that C4-HSL and C12-
HSL were degraded by live cells and CCEs of
Tenactbaculum sp. strain 20J. In the case of C4-HSL,
acidification produced a recovery of the molecule, es-
pecially in CCE-treated samples, indicating the pres-
ence of a possible lactonase enzyme (Yates et al.
2002). This was also supported by detection of open
lactone rings in the products of C6-HSL degradation
by live cells and CCEs from 20J (data not shown). For
C12-HSL, a long chain AHL, there was only a faint re-
covery of AHL after acidification, indicating that these
AHLs could be degraded by a non-lactonase enzyme
or be further degraded by a different enzyme after the
action of lactonase, precluding its detection (Fig. 1B).
CCEs from Tenactbaculum sp. strain 20J were also as-
sayed for their AHL degradation specificity and
showed 100% degradation activity against all the
AHLs tested within 24 h (data not shown).

As all AHLs tested were degraded, the middle-
sized signal C10-HSL was chosen to determine the
MAC of 20J CCEs. C10-HSL at 50 uM was exposed
to different dilutions of CCE in marine water for 24 h
and remaining AHL was measured by HPLC-MS.
The MAC was 10 ug CCE protein ml™1.
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Fig. 1. Tenacibaculum sp. (A) Bioassay with Chromobacte-
rium violaceum CV026 to detect degradation of N-hexanoyl-
L-homoserine lactone (C6-HSL) by Tenacibaculum sp. strain
20J spent culture media (CM) and crude cell extract (CCE)
in relation to controls of marine broth (MB) and phosphate
buffered saline (PBS). (B) Percentage of N-acylhomoserine
lactone (AHL) degradation activities, as measured by HPLC-
MS, shown by the whole culture (20J) and CCEs after 24 h,
with or without further acidification to pH 2.0 (20JA and
CCEA), in relation to controls of 50 uM AHL in PBS. N-
butanoyl-L-homoserine lactone (C4-HSL) (black bars) and
N-dodecanoyl-L-homoserine lactone (C12-HSL) (white bars).
Data are means of 2 independent experiments

The C12-HSL degradation kinetics of 20J CCEs
obtained in PBS or marine water were investigated
by taking samples at different times: 0, 30, 60 and
120 min. The activity was higher when the CCE was
prepared in marine water, since after 2 h of assay,
95% of the C12-HSL was degraded by 10 ug CCE
protein mI~!, but a CCE of the same concentration in
PBS could only degrade 60% of the signal (Fig. 2).
Living Tenacibaculum sp. strain 20J cells showed a
strong degradation activity towards C12-HSL, since
100% of the AHL was degraded after 30 min
(Fig. 2). C6-HSL and C12-HSL degradation kinetics of
20J CCEs obtained in PBS were investigated by
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Fig. 2. Tenacibaculum sp. Kinetics of 50 uM N-dodecanoyl-
L-homoserine lactone (C12-HSL) degradation by crude cell
extracts (CCEs) from Tenacibaculum sp. strain 20J obtained
in marine water or PBS, compared with that of living 20J
cells. Controls were set with marine water and PBS
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Fig. 3. Tenacibaculum sp. Kinetics of 50 uM N-hexanoyl-
L-homoserine lactone (C6-HSL) and N-dodecanoyl-L-
homoserine lactone (C12-HSL) degradation by crude cell
extracts (CCEs) from Tenacibaculum sp. strain 20J obtained
in PBS. Controls were set with the signals in PBS. Data
are means = SD of 3 independent degradation reactions

taking samples at different times: 0, 2, 4, 8 and 12 h.
Results showed that AHL-degradation activity was
higher for the longer signal (C12-HSL), since after 12
h of assay, 85% of the C12-HSL was degraded
compared to only 60% of the C6-HSL (Fig. 3). C6-
HSL and C12-HSL degradation units, defined as the
amount of protein in CCEs (ug ml™') that degrade
1 nM of AHL per minute, were 0.48 and 0.57 U ml!,
respectively.



Production and degradation of AHLs in cultures of
the fish pathogen Edwardsiella tarda ACC35.1

The AHLs produced by Edwardsiella tarda strain
ACC35.1, studied in this work, were C6-HSL and
OC6-HSL. The maximum concentrations of these
signals in the media were detected after 24 h of cul-
ture and approximately 2 times more OC6-HSL was
produced than C6-HSL (Fig. 4A).

In order to study the feasibility of the application of
QQ enzymes to tackle the AHL-QS system of a fish
pathogen, we added 20J CCEs to cultures of Ed-
wardsiella tarda strain ACC35.1 at a concentration of
10x MAC (100 pg CCE protein per ml of culture), as
well as CCEs from Bacillus thuringiensis serovar
Berliner ATCC10792 at the same protein concentra-
tion. In the case of cultures supplemented with 20J
CCEs, the accumulation of AHL was scarce after 24 h
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Fig. 4. Edwardsiella tarda ACC35.1. (A) Production of N-
hexanoyl-L-homoserine lactone (C6-HSL) and IN-oxohexa-
noyl-L-homoserine lactone (OC6-HSL) by cultures with or
without addition of crude cell extracts (CCEs, 100 pug ml™")

from Tenacibaculum sp. strain 20J or Bacillus thuringiensis

serovar Berliner ATCC10792. (B) Growth curves with or
without addition of CCEs. Data are means + SD of 3 in-
dependent cultures

but surprisingly, Bacillus CCEs at the same concen-
tration and obtained in the same way were unable to
degrade the signals at any sampling point, indicating
that a significantly higher concentration was needed
to reduce the amount of AHLs produced by the
pathogen (Fig. 4A).

Interestingly, the cultures of Edwardsiella tarda
ACC35.1 supplemented with 20J CCEs registered
higher growth than control cultures or cultures sup-
plemented with Bacillus CCEs (Fig. 4B), which could
be related to a blockage of the expression of genes
controlled by QS.

DISCUSSION

QQ activity in Tenacibaculum sp. strain 20J is cell-
bound (Fig. 1) as are most of the known lactonases
and acylases that have been described; exceptions are
the acylases AhIM of Streptomyces sp., which is
active in the spent culture media of the bacteria (Park
et al. 2005), and AiiC of Anabaena sp. PCC7120,
probably located in the periplasm of the cyanobacter-
ium (Romero et al. 2008).

Tenacibaculum sp. strain 20J showed a highly
unspecific degradation activity as 100% of the AHLs
tested, ranging from C4-HSL to C14-HSL with or
without oxo-substitutions, were degraded by 20J

CCEs (data not shown). In the case of C12-HSL,
degradation kinetics were also studied for live cells

and CCEs of 20J (Fig. 2). The activity of 20J CCEs

was significantly higher when prepared in marine
water, which shows that the enzymatic activity of
Tenacibaculum sp. strain 20J against AHL signals is
improved by oligoelements present in marine water.
A number of metal ions, including Na*, K*, Ca?*, Fe®*,
Mg?*, Zn?* and Mn?*, exhibited positive effects on the
enzyme activity of the AHL-lactonase AiiA (Chen et
al. 2010). These elements are present in sea water
(Turekian 1968) which could explain the enhanced
QQ activity of the CCEs. Although not directly com-
parable, enzymatic activity of live 20J cells against
AHLs was significantly higher than the activity of
bacterial consortia with AHL degradation activity,

which needed 24 h to degrade C6-HSL and have been
demonstrated to be able to protect Artemia sp. and
rotifers from infection (Tinh et al. 2007b, Cam et al.
2009). This reinforces the potential of 20J as a QS
blocker.

In this study, we also show that 20J CCEs can tackle
the AHL-QS system of Edwardsiella tarda strain
ACC35.1. E. tarda is an important fish patho- gen
causing the septicaemia edwardsiellosis, which



affects a wide variety of fish, including the econom-
ically important species Psetta maxima and Solea
senegalensis (Nougayrede et al. 1994, Castro et al.
2012). The presence of QS systems in this species,
including Luxl and LuxR homologues and AHL
production, has been shown. However, AHL detec- tion
has been controversial because while Moro- hoshi et
al. (2004) described the presence of C6- HSL and C7-
HSL in culture media of E. tarda NUF251, Han et al.
(2010) found C4-HSL, C6-HSL,

OC6-HSL and an uncharacterized AHL in NUF251
and other strains of E. tarda. AHL identification in
both studies was carried out by thin-layer chroma-
tography combined with biosensors, which does not
allow a definite identification of the molecules. The
AHLs produced by E. tarda strain ACC35.1 studied
in this work were C6-HSL and OC6-HSL, as de-
tected by HPLC-MS methodology. Differences in
AHL profiles among strains has been previously
observed for other marine pathogens, such as Aero-
monas salmonicida, where some strains have been
described as AHL producers, while no signal could be
detected in others strains of the same species (Bruhn
et al. 2005). No accumulation of either of the2 AHLs
produced by E. tarda strain ACC35.1 could be
detected after 24 h when 20J CCEs were added at a
concentration of 100 pg CCE protein ml! (10x
MAC) (Fig. 4A). It is worth noting that the culture
media of E. tarda ACC35.1 (TSB) did not include
marine salts and therefore lacked oli- goelements that
would enhance the activity of the CCEs. In contrast,
the addition of the equivalent amount of Bacillus
thuringiensis CCEs could not prevent the
accumulation of either C6-HSL or OC6-HSL in the
culture media (Fig. 4A). The lack of effectiveness of
the Bacillus extract is probably derived from the
lower activity of the Bacillus lac- tonase against
short-chain AHLs (Momb et al. 2008, Liu et al.
2013). Although Wang et al. (2004) reported only
small differences in AHL specificity for the Bacillus
lactonase AiiA, our previous experi- ments
demonstrated that at least 10 times more B.
thuringiensis cell extract is necessary to degrade
C6-HSL than the same molar amount of C10-HSL
(data not shown). The low activity of the Bacillus
lactonases towards the short-chain AHLs that are
common in aquaculture pathogens (Bruhn et al. 2005)
indicates that a much higher concentration of
Bacillus extracts would be needed in comparison to
those of 20J to counteract the QS systems of signifi-
cant aquatic pathogens. Interestingly, the cultures
of E. tarda ACC35.1 supplemented with CCEs reg-
istered higher growth (Fig. 4B), which could be

related to a blockage of the expression of genes
controlled by QS in rich media (Diggle et al. 2007).
This hypothesis is supported by the lack of growth
promotion in cultures to which CCEs from Bacillus
were added.

Present results demonstrate the potential of live
cells and CCEs from Tenacibaculum sp. strain 20J for
use as quorum quenchers, with clear advantages in
comparison with Bacillus species, mainly due to a
higher activity against short-chain AHLs. The use of
this strain as an antipathogenic could be an interest-
ing, environmentally friendly solution for treating or
preventing infections such as edwardsiellosis and
other aquatic bacterial diseases, due to the wide
spectrum of AHL-degradation activity presented.
Certainly, the proximity of strain 20J to the patho-
genic strain 7. discolor limits its use as live cells, but
the high activity found in the cell extracts, both in sea
water and PBS, indicates that it could have a wide
application as a quorum quencher.

Acknowledgements. This work was supported by the Fun-
dacion Barrié de la Maza and Fundacion Ramoén Areces.
Partial support was also provided by Project AGL2012-
31049 from the Spanish Government (Ministerio de Econo-
mia y Competitividad).

LITERATURE CITED

Adams A, Thompson KD (2006) Biotechnology offers revolu-
5'8? tzooflsh health management. Trends Biotechnol 24:
—205

Bruhn JB, Dalsgaard I, Nielsen KF, Buchholtz C, Larsen JL,
Gram L (2005) Quorum sensing signal molecules
(acylated homoserine lactones) in Gram-negative fish
patho- genic bacteria. Dis Aquat Org 65:43—52

Buch C, Sigh J, Nielsen J, Larsen JL, Gram L (2003) Produc-
tion of acylated homoserine lactones by different serotypes
of Vibrio anguillarum both in culture and dur-"ing
|3n3f§c'%|28 of rainbow trout. Syst Appl Microbiol 26:

Cam DTV, Nhan DT, Ceulppens S, Hao NV and others (2009)
Effect of N-acyl homoserine lactone-degrading
enrichment culturés on Macrobrachium rosenbergii
larvicul- ture. Aquaculture 294:5—13

Cao Y, He S, Zhou Z, Zhang M, Mao W, Zhang H, Yao B (2012)
Orally administered thermostable N-acyl homoserine
lactonase from Bacillus sp. strain Al96 attenuates
Aeromonas hydrophila infection in zebrafish. Appl Envi-
ron Microbiol 78:1899—1908

Castro N, Toranzo AE, Barja JL, Nufiez S, Magarifios B (2006)
Characterization of Edwardsiella tarda strains isolated
from turbot, Psetta maxima (L.). J Fish Dis 29: 541-547

Castro N, Toranzo AE, Devesa S, Gonzalez A, Nufez S,
Magarifios B f2012) First description of Edwardsiella
}g_r %gn789en8ezga ese sole, Solea senegalensis (Kaup). J Fish

is 35:79—


http://dx.doi.org/10.1016/j.tibtech.2006.03.004
http://dx.doi.org/10.3354/dao065043
http://dx.doi.org/10.1078/072320203322497365
http://dx.doi.org/10.1016/j.aquaculture.2009.05.015
http://dx.doi.org/10.1128/AEM.06139-11
http://dx.doi.org/10.1111/j.1365-2761.2006.00750.x
http://dx.doi.org/10.1111/j.1365-2761.2011.01325.x

Chen R, Zhou Z, Cao Y, Bai Y, Yao B 2019? High yield
expression of an AHL-lactonase from Bacillus sp. B546

in Pichia pastoris and its application to reduce Aero-
monas hydrophila mortality in aquaculture. Microb Cell
Fact 9:39

Croxatto A, Chalker VJ, Lauritz J, Jass J and others SZOOZ) VanT,
a homologue of Vibrio harveyi LuxR, regulates

serine, metalloprotease, pigment, and biofilm production in
Vibrio anguillarum. J Bacteriol 184:1617—1629

Defoirdt T, Boon N, Bossier P, VVertraete W (2004) Disruption of
bacterial quorum sensing: an unexplored ‘strategy to

fight infections in aquaculture. Aquaculture 240:69—88

Defoirdt T, Crab R, Wood TK, Sorgeloos P, Verstraete W, Bossier
P (2006) Quorum sensing-disrupting brominated

furanones protect the gnotobiotic brine shrimp Artemia
franciscana from pathogenic Vibrio harveyi, Vibrio
campbellii and Vibrio parahaemolyticus isolates. Appl
Environ Microbiol 72:6419—6423

Diggle SP, Griffin AS, Campbell GS, West SA (2007) Coop-
eration and conflict in quorum-sensing bacterial popula-
tions. Nature 450:411-414

Dong YH, Zhang LH (2005) Quorum sensin% and quorum-
quenching enzymes. J Microbiol 43:101-109

Dong YH, Gusti AR, Zhang Q, Xu JL, Zhang LH (2002) Iden-
tification of quorum-quenching N-acyl homoserine lac-

tonases from Bacillus species. Appl Environ Microbiol
68:1754—1759

Dong YH, Wang_ LH, Zhang LH (2007) Quorum-quenching
microbial ~infections: “mechanisms and implications.
Philos Trans R Soc Lond B Biol Sci 362:1201-1211

FAO (Food and Agriculture Organization of the United Nation8
I(__2_010)_ The state of world fisheries and aquacul- ture. FA
isheries and Aquaculture Department, Rome

Freeman JA, Bassler BL (1999) A genetic analysis of the function
of LuxO, a two-component response regulator involved in
glljo()rggn 67sgnsmg in Vibrio harveyi. Mol Microbiol

Han Y, Li X, Qi Z, Zhang XH, Bossier P (2010) Detection of
different quorum-sensing signal molecules in a virulent

Edwarsiella tarda strain LTB-4. J Appl Microbiol 108:
139—-147

Hermoso JA, Garcia JL, Garcia P (2007) Taking aim on bac- _
terial pathogens: from phage therapy to enzybiotics.

Curr Opin Microbiol 10:461—472

Kim SY, Lee SE, Kim YR, Kim CM and others (2003) Regula-
tion of Vibrio vulnificus virulence by the LuxS quorum-

sensing system. Mol Microbiol 48:1647—1664

Lee SJ, Park SY, Lee JJ, Yum DY, Koo BY, Lee JK (2002) Genes
encoding the N-acyl homoserine lactone-degrad-

ing enzyme are widespread in many subspecies of Bacil-
lus thuringiensis. Appl Environ Microbiol 68:3919-3924

Liu CF, Liu D, Momb J, Thomas PW and others (2013) A
phenylalanine clamp controls substrate specificity in the

guorum-quenching metallo-y-lactonase from Bacillus
thuringiensis. Biochemistry 52:1603—1610

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Pro- tein
measurement with the Folin phenol reagent. J'Biol

Chem 193:265-275

McClean KH, Winson MK, Fish L, Taylor A and others (1997)
Quorum sensing and Chromobacterium viola-

ceum: exploitation of violacein production and inhibition
for the detection of N-acyl homoserine lactones. Micro-
biology 143:3703—3711

Milton DL, Chalker V], Kirke D, Hardman A, Camara M,
Williams P (2001) The LuxM homologue VVanM from Vib-

rio anguillarum directs the synthesis of N-(3-hydroxy-
hexanoyl)homoserine lactone and N-hexanoylhomoser-
ine lactone. J Bacteriol 183:3537—3547

Momb J, Wang C, Liu D, Thomas PW and others (2008) .
Mechanism of the quorum-quenching lactonase (AiiA)

from Bacillus thuringiensis. 2. Substrate modeling and
active site mutations. Biochemistry 47:7715—7725
Morohoshi T, Inaba T, Kato N, Kanai K, Ikeda T (2004)
Identification of guorum-sensing signal molecules and
the LuxRI homologs in fish pathogen Edwardsiella tarda.
J Biosci Bioeng 98:274—281
DT, Cam DTV, Wille M, Defoirdt T, Bossier P,
Sorgeloos P (2010) Quorum quenching bacteria protect
Macrobrachium rosenbergii larvae from Vibrio harveyi
infection. J Appl Microbiol 109:1007—-1016
Nougayrede P, Vuillaume A, Vigneulle M, Faivre B, Luengo
S, Delprat J (1994) First isolation of Edwardsiella tarda
from diseased turbot (Scophthalmus maximus) reared in
a sea farm in the Bay of Biscay. Bull Eur Assoc Fish Pathol
14:128—129
Park SY, Kang HO, Jang HS, Lee JK, Koo BT, Yum DY (2005)
Identification of extracellular N-acylhomoserine
lactone acylase from a Streptomyces sp. and its applica-
tion to quorum quenching. Appl Environ Microbiol 71:
26322641

Rasch M, Buch C, Austin B, Slierendrecht WJ and others (2004)
An inhibitor of bacterial quorum sensing reduces

mortalities caused by vibriosis in rainbow trout (Onco-
rhynchus mykiss Walbaum). Syst Appl Microbiol 27:
350359

Romero M, Diggle SP, Heeb S, Camara M, Otero A (2008)
Quorum quenching activity in Anabaena sp. PCC 7120:

identification of AiiC, a novel AHL-acylase. FEMS
Microbiol Lett 280:73—80

Romero M, Avendafio-Herrera R, Magarifios B, Camara M, Otero
A (2010) Acyl homoserine  lactone production and
degradation by the fish pathogen Tenacibaculum mari-
timum, a member of the (IZZ%t'(\)j)hagqula\_/obacterlumf
I133ai:telrg|9des (CFB) division. S Microbiol Lett 304:

Romero M, Martin-Cuadrado AB, Roca-Rivada A, Cabello AM,
Otero A (2011) Quorum quenching in cultivable bacteria
from dense marine coastal microbial communi- ties. FEMS
Microbiol Ecol 75:205-217

Swift S, Williams P, Stewart GSAB (1999) N-acylhomoserine
lactones_and quorum sensmP in proteobacteria. In: Dunny
GM, Winans SC (eds) Cell—cell signalling in bac- teria.
,2A9n?eg<]:z§n Society for Microbiology, Washington, DC, p

Tinh NTN, Linh ND, Wood TK, Dierckens K, Sorgeloos P,
Bossier P (2007a) Interference with the quorum sensing
systems in a Vibrio harveyi strain alters the growth rate of
gnotobiotically cultured rotifer Brachionus plicatilis. J
Appl Microbiol 103:194—-203

Tinh NTN, Asanka Gunasekara RAYS, Boon N, Dierckens K,
Sorgeloos P, Bossier P (2007b) N-acyl homoserine lac-
tone-degrading microbial enrichment cultures isolated from
Penaeus vannamei shrimp gut and their probiotic
properties in Brachionus plicatilis cultures. FEMS Micro-
biol Ecol 62:45-53

Tinh NTN, Dierckens K, Sorgeloos P, Bossier P (2008a) A
review of the functionality of problotlcs in the larvicul-

ture food chain. Mar Biotechnol 10:1-12

Tinh NTN, Yen VHN, Dierckens K, Sorgeloos P, Bossier P
(2008b) An acyl homoserine lactone-degrading microbial

Nhan


http://dx.doi.org/10.1186/1475-2859-9-39
http://dx.doi.org/10.1128/JB.184.6.1617-1629.2002
http://dx.doi.org/10.1016/j.aquaculture.2004.06.031
http://dx.doi.org/10.1128/AEM.00753-06
http://dx.doi.org/10.1038/nature06279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15765063&dopt=Abstract
http://dx.doi.org/10.1128/AEM.68.4.1754-1759.2002
http://dx.doi.org/10.1098/rstb.2007.2045
http://dx.doi.org/10.1046/j.1365-2958.1999.01208.x
http://dx.doi.org/10.1111/j.1365-2672.2009.04405.x
http://dx.doi.org/10.1016/j.mib.2007.08.002
http://dx.doi.org/10.1046/j.1365-2958.2003.03536.x
http://dx.doi.org/10.1128/AEM.68.8.3919-3924.2002
http://dx.doi.org/10.1021/bi400050j
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14907713&dopt=Abstract
http://dx.doi.org/10.1099/00221287-143-12-3703
http://dx.doi.org/10.1128/JB.183.12.3537-3547.2001
http://dx.doi.org/10.1021/bi8003704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16233705&dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2672.2010.04728.x
http://dx.doi.org/10.1128/AEM.71.5.2632-2641.2005
http://dx.doi.org/10.1078/0723-2020-00268
http://dx.doi.org/10.1111/j.1574-6968.2007.01046.x
http://dx.doi.org/10.1111/j.1574-6968.2009.01889.x
http://dx.doi.org/10.1111/j.1574-6941.2010.01011.x
http://dx.doi.org/10.1111/j.1365-2672.2006.03217.x
http://dx.doi.org/10.1111/j.1574-6941.2007.00378.x
http://dx.doi.org/10.1007/s10126-007-9054-9
http://dx.doi.org/10.1016/j.aquaculture.2008.08.018

community improves the survival of first-feeding turbot
larvae (Scophthalmus maximus L.). Aquaculture 285:
56—62

Turekian KK (1968) Oceans. Prentice-Hall, Englewood Cliffs,
NJ

Wagner-Daobler |, Thiel V, Eberl L, Allgaier M and others (2005)
Discovery of complex mixtures of novel long-

chain quorum sensing signals in free-living and host-
associated marine alphaproteobacteria. ChemBioChem
6:2195-2206

Wang LH, Wen%_LX,_ Dong YH, Zhang LH (2004) Specificity and
enzyme Kinetics of the quorum-quenching N-acyl
homoserine lactone lactonase (AHL lactonase). J Biol
Chem 279:13645—13651

Wang YB, Li JR, Lin J (2008) Probiotics in aquaculture: chal-
lenges and outlook. Aquaculture 281:1—4

Whitehead NA, Barnard AML, Slater H, Simpson NJL, Salmond
GPC (2001) Quorum-sensing in Gram-negative

bacteria. FEMS Microbiol Rev 25:365—404

Yates EA, Philipp B, Buckley C, Atkinson S and others (2002)
N-acylhomoserine lactones undergo lactonolysis

in a pH-, temperature-, and acyl chain length-dependent
manner during growth of Yersinia pseudotuberculosis and
Pseudomonas aeruginosa. Infect Immun 70:5635—5646

Zhang M, Jiao X, Hu Y, Sun L (2009) Attenuation of Edward-
siella tarda virulence by small peptides that interfere

with LuxS/autoinducer type 2 quorum sensing. Appl
Environ Microbiol 75:3882—3890


http://dx.doi.org/10.1002/cbic.200500189
http://dx.doi.org/10.1074/jbc.M311194200
http://dx.doi.org/10.1016/j.aquaculture.2008.06.002
http://dx.doi.org/10.1111/j.1574-6976.2001.tb00583.x
http://dx.doi.org/10.1128/IAI.70.10.5635-5646.2002
http://dx.doi.org/10.1128/AEM.02690-08

