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Abstract

Quorum quenching (QQ), the obstruction of quorum sensing, is the most attractive way to break down the N-acyl-homoserine
lactones (AHL) molecules. This work was focused at isolating AHL degrading bacteria from gastrointestinal tract of
Oreochromis niloticus, with abilities appropriate for use as probiotic in aquaculture. The presence of an autoinducer inactivation
(aiiA) homolog gene and AHL inactivation assay showed that Enterococcus faecium QQ12, which was one among the 20
isolates, could rapidly degrade synthetic C6-HSL in vitro and hampered violacein production by Chromobacterium violaceum.
It had excellent biodegrading ability of natural N-AHL produced by Aeromonas hydrophila, suggesting that it can be used as a
potential quencher bacterium for disrupting the virulence of A. hydrophila. It was susceptible to all the five antibiotics tried out.
The isolate grew well at pH 3.0—7.0, was resistant to high level of bile salts (0-0.9%) and 0.5% of phenol. QQ12 also exhibited
high degree of auto-aggregation and co-aggregation, confirming that it possessed good probiotic attributes. Goldfish fed diet
incorporated with 10% and 10'© CFU g ' of the QQ12 for 30 days showed 76.66-86.66% survival when challenged with
A. hydrophila. The study indicates that Enterococcus faecium QQ12 could be used as a non-antibiotic feed additive in aquacul-
ture to control bacterial diseases.
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Introduction

Aeromonas hydrophila, a Gram-negative, motile rod is
regarded as one of the most important aquaculture pathogen
causing motile aeromonas septicemia or ulcer disease in fish
[1, 2]. This disease affects large number of tropical or orna-
mental fish. The unlimited use of antibiotics for the control of
bacterial infection in aquaculture can lead to the development
of antibiotic resistance in pathogenic bacteria. Alternative
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biocontrol strategies are therefore needed for sustainable de-
velopment of the aquaculture industry. One such approach that
is as equally functional as antibiotics is to impede the bacterial
signaling pathways controlling the production of virulence
factors.

Quorum sensing (QS) is a mechanism by which majority of
microorganisms communicate with each other and make re-
sponse collectively to a dynamic environment. For this pur-
pose, they synthesize and secrete small chemical signal mol-
ecules such as acyl-homoserine lactones (AHLs) in Gram-
negative bacteria, oligopeptides in Gram-positive bacteria,
and autoinducer-2 (AI-2) in both Gram-negative and Gram-
positive bacteria; the concentration of which could be recog-
nized by bacterial specific detection system. This permits bac-
teria to understand about the surrounding cell density. When
the critical threshold concentration of signal molecule is
reached, it induces or represses the quorum sensing regulated
gene expression. In bacteria, physiological functions like spor-
ulation, antibiotic resistance, luminescence, biofilm
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formation, virulence, and motility are coordinated by QS sys-
tems [3-5]. In Aeromonas, expression of virulence factors
such as adhesins, cytotoxins, hemolysins, lipases, and prote-
ases is regulated through quorum sensing mechanism, which
is mediated by signaling molecules N-acyl homoserine lac-
tones. Disruption of these signaling molecules could be an
effective strategy to control virulence in these bacteria.

Quorum quenching (QQ) refers to the process of
interrupting QS by small molecule antagonists or signal
degrading enzymes and has been regarded as an innovative
biocontrol approach to attenuate bacterial pathogens [6] and is
proven to be an alternative to conventional antibiotic control
of infections in aquatic system [7, 8]. Quorum quenching en-
zymes, including lactonase, acylase, oxidoreductase, and par-
aoxonase, have been recognized in quorum sensing and non-
quorum sensing microbes [9—11]. As a more sustainable alter-
native to antibiotic, the use of probiotics too is gaining accep-
tance for the control of bacterial pathogens in aquaculture.
Probiotics eliminate pathogens by several mechanisms such
as enhancement of the epithelial barrier, modulation of the
immune system, increased adhesion to intestinal mucosa,
and concomitant inhibition of pathogen adhesion, competitive
exclusion of pathogenic bacteria by elimination of available
bacterial receptor sites, production and secretion of antimicro-
bial substances and selective metabolites, and competitive de-
pletion of essential nutrients. The health benefits associated
with application of probiotics in fish are related to nutrient
contribution, growth promotion, improvement of host im-
mune system, and increased survival [12, 13]. These benefi-
cial microorganisms have been discovered, characterized, and
used in aquaculture during the last three decades. In this con-
text, application of signal degrading (quorum quenching) bac-
teria that can at the same time act as probiotic would be a
unique dual strategy to control antibiotic-resistant pathogens
and to support the host in a positive manner. Recently, some
research works have been reported in quorum quenching bac-
teria isolated from gastrointestinal tract of aquatic animals [8,
14-19]. It has also been shown that probiotic bacteria such as
Enterococcus durans and Bacillus spp. inactivate the signal
molecules of pathogenic bacteria by enzymatic action [20,
21].

Enterococcus faecium is a Gram-positive, alpha-hemolytic,
or non-hemolytic lactic acid bacteria generally occurring as a
commensal in the gastrointestinal tract of humans and ani-
mals. It has been recognized as a good probiotic for a long
time and is widely used in the field of aquaculture. Though its
probiotic activity and safe utilization has been well proven
[22-24] in aquatic animals, currently there are no studies on
the quorum quenching potential of this bacteria. In the present
work, E. faecium strain was isolated from the gastrointestinal
tract of healthy Nile tilapia (Oreochromis niloticus) and tested
for both quorum quenching and probiotic potential against
pathogenic A. hydrophila. Tolerance to acid, bile, and phenol,
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surface properties, and antibiotic resistance are considered as
the major attributes that give a probiotic the potential to re-
main alive in the bile-rich and extremely acidic gastrointesti-
nal tract of the animals [25, 26]. These essential features were
screened in E. faecium in the present study. By analyzing both
quorum quenching attributes and probiotic properties of
E. faecium strain, we were able to develop an effective bio-
control strategy to protect goldfish against A. hydrophila
infection.

Materials and methods
Bacterial strains and growth conditions

CV026, a mini-Tn5 mutant derived from Chromobacterium
violaceum was used as a biosensor to find out the presence of
exogenous AHLs (C6-HSL). It was purchased from Microbial
Culture Collection (MCC), NCCS, Pune, India. CV026 can-
not synthesize AHL, but it can detect and respond to exoge-
nous AHLs with acyl chain of four to eight carbons, by pro-
duction of the purple-colored violacein pigment. It was grown
in Luria Bertani (LB) medium at 28 °C supplemented with
50 ug mL™' of kanamycin. The target fish pathogen
A. hydrophila used in this study was provided by the
National Bureau of Fish Genetic Resources (ICAR, Kochi,
India). It was grown in LB broth (pH 7.2 £0.2) at 30 °C over-
night. Escherichia coli DHSx (Promega), also grown in LB
medium at 37 °C, served as negative control in AHL inacti-
vation assay. All media used for AHLs assay were buffered
with 50 mmol L™" 3-[N-morpholino] propane sulfonic acid
(MOPS) to pH 6.8, to prevent spontaneous degradation of
AHLs.

Isolation and identification of quorum quenching
bacteria from Oreochromis niloticus gut

O. niloticus were collected from aquaculture farms in
Ernakulum district, Kerala, India. The fish were dissected
aseptically (dissection was performed under tricaine
methanesulfonate (Sigma) (100 mg L ! anesthesia) and the
gastrointestinal tract was removed as quickly as possible. A
gut homogenate was prepared in sterile physiological saline
((pH 7.4) 0.85% NaCl). Samples were then enriched in min-
imal medium (KG medium) with AHL as the sole source of
carbon and nitrogen. One hundred microliters of the homog-
enate was inoculated into 100 mL flask containing 10 mL of
KG medium (pH 6.8) with 500 ug L' of C6-HSL, as previ-
ously described [27] and incubated at 28 °C. After 24 h, 1 mL
of culture was transferred to fresh C6-HSL containing KG
medium for enrichment culturing. At the third time enrich-
ment cycle, a diluted suspension was plated onto LB agar.
After 48 h of incubation, bacteria with different colony
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morphology were picked and streaked on LB agar. Pure col-
onies were obtained by repeated streaking on LB agar. The
selected bacterium was identified following Bergey’s Manual
of Systematic Bacteriology [28] in accordance with different
biochemical and physiological characteristics. Species level
identification was carried out by 16S rDNA sequencing
(SciGenom Labs, India) using universal primers 27F and
1492R and analyzed using NCBI nucleotide database.
Antibiotic susceptibility of the isolate was checked by disc
diffusion method as stated by the guidelines of the Clinical
and Laboratory Standard Institute [29]. The antibiotic discs
used in this test included ampicillin (10 pg), erythromycin
(15 pg), penicillin G (10 U), vancomycin (30 pg), and tetra-
cycline (30 pg).

Screening of quorum quenching activity
PCR amplification of aiiA homolog gene

Initially, the quorum quenching activity of all isolates was
checked by screening for the presence of aiiA (autoinducer
inactivation homolog) gene by PCR. Total DNA was extracted
using HiPurA bacterial genomic DNA purification Kit
(Himedia, India). The forward and reverse primers used were
aiiAF (5"ATGGGATCCATGACAGTAAAGAA
GCTTTAT-3)andaiiAR(5-GTCGAATTCCTCA
ACAAGATACTCCTA AT G-3') respectively. PCR
amplification was performed in a thermal cycler (MJ MINI,
Biorad, USA), in 0.2 mL reaction tube consisting of 25 uL
total reaction volume containing 9 pL nuclease free water,
12.5 uL GoTaq® Colorless Master Mix 2X (Promega,
USA), 1.25 puL (10 uM) of each primer, and 1 puL of template
DNA (100 ng). The reaction consisted of an initial denatur-
ation of 94 °C for 10 min, followed by 30 cycles of 94 °C for
30,52 °C for 30 s, 72 °C for 1 min, and a final extension of
72 °C for 5 min. Samples electrophoresed in 1.5% agarose gel
at 70 V were visualized using gel documentation system
(Biorad, USA). The amplified product was sequenced
(Agrigenome lab, India) and the sequence was analyzed using
NCBI nucleotide database.

Whole-cell AHL inactivation assay

The whole-cell AHL inactivation assay was carried out as
previously reported [30] with minor modifications. The iso-
lates showing the presence of aiiA homolog gene grown over-
night at 30 °C in MRS media were centrifuged at 2800g for
10 min at4 °C. Cell pellets were washed two times in 100 mM
PBS (pH 6.8) and resuspended in the same buffer to get OD
600 of 1.0 (BIOPHOTOMETER, Eppendorf, Germany).
10 png uL™" C6-HSL (a synthetic AHL, Sigma-Aldrich,
India) in absolute ethanol was transferred to individual sterile

microcentrifuge tube and dried by evaporation under aseptic
condition. Each of the bacterial cell suspensions in PBS was
added to rehydrate AHL to the final concentration of
0.1 ug uL ", The mixtures were then incubated at 30 °C with
gentle shaking for 12 h. C6-HSL inactivation was assessed at
3 h, 6 h, and 12 h using CV026 as biosensor. Heat-denatured
reaction mixtures (10 puL) at abovementioned time periods
were loaded into the wells of LB agar bioassay plate overlaid
with the biosensor CV026 and incubated at 28 °C for 24 h.
E. coli strain DH5« served as negative control. Absence of
violacein (purple zone) shown by CV026 indicated AHL deg-
radation. The assay was carried out in triplicate.

AHL degradation with culture supernatant

To find out whether the quorum quenching factor is released
out of the cell or is bound to cell, an in vitro assay was carried
out as previously described by Chu et al. [20] with minor
modification. Selected quorum quenching isolate (QQ12, the
isolate showing strong and rapid AHL degrading activity)
grown overnight at 30 °C in MRS medium was centrifuged
for 10 min at 5500g and the filter-sterilized supernatant of the
overnight culture was taken for testing the AHL degrading
activity. One hundred microliters of the supernatant was
mixed with an equal volume of 100 mM PBS (pH 6.8) con-
taining 0.2 pg uL ' C6-HSL. Following that, the reaction
mixture was incubated at 30 °C for 24 h with gentle shaking,
followed by incubation at 95 °C for 5 min to stop the reaction.
Ten microliters of the reaction mixture was loaded into the
well of a LB agar plate seeded with the biosensor CV026
and incubated at 28 °C for 24 h. The assay was carried out
in triplicate.

Degradation of N-AHL produced by Aeromonas
hydrophila

Fish pathogen A. hydrophila was inoculated in 10 mL. LB
medium and incubated at 30 °C for 24 h. Bacterial cells were
removed by centrifugation at 16200g for 5 min at 4 °C. Filter-
sterilized cell-free culture supernatant was added to equal vol-
ume of fresh LB medium and QQ12 was inoculated in this
medium. Bacterial culture was incubated at 30 °C for 48 h and
AHL inactivation was assessed at 0 h and 48 h using CV026
as biosensor. The assay was carried out in triplicate.

Screening of probiotic activity
Bile salt and acid tolerance
The isolate QQ12 was tested for bile salt tolerance and surviv-

al in acidic condition. Bacterial strain was grown overnight in
MRS media and 0.1 mL of culture suspension (absorbance
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was adjusted to 0.02) was inoculated into tubes containing
10 mL of autoclaved MRS media with 0%, 0.3%, 0.6%, and
0.9% bile salt (Himedia, India). The inoculated tubes were
incubated at 30 °C for 18 h and the absorbance at 600 nm
was measured to evaluate growth. To determine acidic toler-
ance of QQ12, 0.1 mL of actively grown overnight culture at
30 °C in MRS medium was transferred to autoclaved MRS
broth adjusted to pH 1-7 with HCI (Sigma, India), which were
then incubated at 30 °C for 18 h followed by measurement of
absorbance at 600 nm. Both assays were carried out in
triplicate.

Phenol tolerance assay

To check the phenol tolerance, actively growing overnight
culture of QQ12 was inoculated into MRS media with con-
centration of 0.2% and 0.5% phenol or without phenol. Cell
growth of the isolate was evaluated after 18 h of incubation at
30 °C at Agoo nm. The assay was carried out in triplicate.

Auto-aggregation and co-aggregation assays

To evaluate the probiotic potential of QQ12, auto-aggregation
and co-aggregation rate were measured according to Del Re
etal. [31] with some modifications. Isolate was grown for 18 h
at 30 °C in MRS media. The cells were harvested by centri-
fugation at 2800g for 15 min at 4 °C, washed twice with PBS
(pH 7.2) and resuspended in the same buffer. Initial absor-
bance (Agoo nm) was adjusted to 0.2. Cell suspension (5 mL)
was mixed by vortexing for 10 s and the same suspension was
left to rest for 5 h at room temperature without vortexing.
Auto-aggregation of cell suspension was determined by tak-
ing 0.1 mL of the upper suspension at every 1 h interval to
another tube with 4.9 mL of PBS and the absorbance of sus-
pension at 600 nm was recorded. Cell auto-aggregation was
measured by decrease in absorbance and auto-aggregation
percentage is demonstrated as 1 — (A/Ay) x 100, where A, rep-
resents the absorbance at time =1, 2, 3,4, or 5 h and A, the
absorbance at 1=0.

The procedure for making the cell suspension for co-
aggregation assay was the same as that for auto-aggregation
assay. QQI12 prepared as mentioned above was mixed with
equal volume (2 mL) of the culture of fish pathogen
A. hydrophila and incubated at room temperature without ag-
itation. In control tubes, 4 mL of each bacterial suspension
alone was added. After 5 h of incubation, the absorbance (A)
at 600 nm of the suspensions was measured. Co-aggregation
percentage was calculated using the equation of Handley et al.
[32]. Co-aggregation % = [(Aparmog + A00)/2 = (Apix)/
(Apathog + App)/2] % 100, where A0 and App constitute
the absorbance in the tubes containing solely the pathogen
or the quorum quenching bacteria (control tubes), respective-
ly, and A,,;, represents the absorbance of the mixture. Auto-
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aggregation and co-aggregation assays were performed in
triplicate.

In vivo study
Maintenance of experimental fish

To confirm the probiotic activity of QQ12 in fish, uniform-
sized fingerlings of goldfish C. auratus (Linnaeus, 1758) were
initially acclimatized in tanks of 300 L capacity for 3 weeks
before starting the experiment. The fish were healthy and ex-
hibited no signs of disease (confirmed through the active
swimming movement, examination of gills, fins, and skin).
The pathogen-free status of the fish was confirmed by deter-
mination of total viable aerobic count by standard plate count
method. During this period, the fish were fed twice daily with
commercial feed. All tanks were provided with proper aera-
tion (dissolved oxygen level was maintained at 5—7 ppm) and
water temperature was maintained at 26 +1 °C. pH was re-
corded at regular intervals and maintained at 7.2 £0.1.

Determination of LDs,

Before conducting the challenge study, the infectious dose of
A. hydrophila was selected by 50% lethal dose (LDs() deter-
mination. Five groups of six gold fish, each in triplicate (3.34—
4.32 g weight and 85.35-94.40 mm length) were introduced
into tanks of 50 L capacity. Four groups received intraperito-
neal injection of 0.1 mL of 1 x 10%, 1 x10* 1% 10°% and 1 x

10% cells of A. hydrophila, respectively, while the fifth group
was maintained as control and injected with 0.1 mL of PBS
alone. Fish were observed up to 7 days for abnormal clinical
appearance. Dead fish were removed immediately for bacte-
riological examination.

Safety of the QQ12

The pathogenicity of the QQ12 was also ascertained before
preparing probiotic feed. Two groups of six goldfish (3.34—
4.32 g weight and 85.35-94.40 mm length), were challenged
with 0.1 mL of PBS with 1.0 x 10" cells and 1.0 x 10'? cells of
QQ12 respectively by intraperitoneal injection. Each group
was maintained in triplicate. The control group fish received
0.1 mL of PBS alone. Fish were observed for mortality for
7 days. During this period, behavior of fish was recorded
daily.

Preparation of probiotic feed and feeding trial
The probiotic feed was prepared by inoculating the QQ12 in

MRS broth and incubated at 30 °C for 24 h. Bacterial culture
with different cell densities (10* CFU mL ™', 10° CFU mL ",
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108 CFUmL™, and 10'° CFU mL™") were prepared and har-
vested at frequent time intervals by centrifugation at 1000g for
15 min at 4 °C. After centrifugation, bacteria were washed
twice with PBS (pH 7.2) and resuspended in PBS, maintain-
ing the cell densities. This suspension was added at the rate of
1 mL of culture g~' of commercial feed to incorporate 10*
cells g_1 feed, 10° cells g_] feed, 10% cells g_] feed, and 10'°
cells g ! feed respectively. A binder (Brand: Aqua one, Salem
Microbes Private limited, India) was used 1 mL 10 gf1 feed.
Binder alone was added in control feed. After proper mixing
of the ingredients, the feeds were air dried and stored in screw
capped glass bottles at room temperature until used. To ensure
a required probiotic level in the supplemented feed, new pro-
biotic diets were made on a weekly basis. Five groups of 10
goldfish each, C. auratus were introduced into glass tanks of
50 L capacity. Four groups were fed with 10* CFU g,
10° CFU g !, 10® CFU g ', and 10" CFU g ' of probiotic
diet respectively, while the fifth group was maintained as con-
trol group. Feeding was done two times daily at the rate of 3%
of the body weight of C. auratus for 30 days. The fish of all
groups were fed with respective feed in triplicate. Continuous
aeration and water flow were maintained in all glass tanks.
During the study period, activity and behavior of the fish were
monitored and recorded daily.

Bacterial challenge study

Control and probiotic fed fish were challenged (10 numbers in
each group, maintained in triplicate) via intraperitoneal injec-
tion with 0.1 mL of 1 x 10° cells of A. hydrophila. External
signs of infection, behavioral abnormalities, and mortalities, if
any, were recorded for 2 weeks. Dead fish were removed
immediately for bacteriological examination. Bacterial isola-
tion was carried out from hemorrhagic and ulcerative lesions
and visceral organs.

Study of QQ12 survival in goldfish intestine

Thirty five samples of pathogen-free goldfish were used in
this experiment. Goldfish were fed for 7 days with feed con-
taining QQ12 (10* cells g ' per day). Feeding with probiotic
diet was then discontinued, and the average concentration of
QQ12 in the goldfish intestine was determined 0 (control), 1,
2,3,4,5,6, and 7 days after the probiotic feeding period (by
standard plate count method).

Statistical analysis

All the experiments were performed in triplicate and the re-
sults were expressed as mean + standard deviation (SD) of
triplicates. Data were statistically processed by one way

ANOVA using SPSS (Version 21.0). Statistically significant
differences were defined at p < 0.01.

Results

Isolation and identification of quorum quenching
bacteria

Twenty bacterial isolates in the KG medium containing C6-
HSL were screened. Finally, one representative isolate show-
ing strong AHL degrading activity was selected. It was char-
acterized at the physiological, biochemical, and morphology
levels. Based on biochemical properties, the strain showed
close resemblance to Enterococcus spp. To further identify
the strain, 16S rDNA sequencing was carried out. Results
showed the QQ12 shared 100% homology with
Enterococcus faecium species (GenBank accession number
KM257657). The isolate QQ12 was susceptible to five tested
antibiotics (ampicillin, erythromycin, penicillin G, tetracy-
cline, and vancomycin) (Table 1).

Detection of aiiA homolog gene

Among the 20 bacterial isolates that were initially screened for
presence of aiiA homolog gene by PCR, six isolates with aiiA
homolog gene were observed. The expected amplicon size of
approximately 800 base pairs was detected (Fig. 1). The se-
quence of the amplified product (Accession No.:
BanklIt2290444 BSeq#1MN803161) showed 100% homolo-
gy with aiiA gene from other bacterial isolates.

Whole-cell AHL inactivation assay

Whole-cell AHL inactivation assay was performed to evaluate
the AHL degrading efficiency of six QQ isolates (QQS8,
QQ10, QQI12, QQ15, QQ17, and QQ20) that harbored aiiA
homolog gene. The results (given in Table 2) showed that only

Table 1 Antibiotic resistances of Enterococcus faecium QQ12

Zone of growth inhibition diameter (mm)

AM E P TE VA
29+0.22 23+0.29 17+0.03 26+0.05 25+0.48
Interpretative criteria (CLSI) zone inhibition diameter (mm)

AM E P TE VA
S->17 S->23 S>15 S->19 S->17
I-Nil 1-14-22 I-Nil I-15-18 I-15-16
R<16 R<13 R<14 R<14 R<14

AM ampicillin, E erythromycin, P penicillin G, TE tetracycline, VA van-
comycin, S sensitive; / intermediate, R resistant

The mean of three values of zone of growth inhibition of each antibiotic
are presented along with = SD
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800bp

Fig. 1 PCR detection of aiiA homolog gene. Lane A, 100 bp DNA ladder
(Promega); lane B, Enterococcus faecium QQ12; lane C-G, other five
isolates (QQ8, QQ10, QQ15, QQ17, and QQ20); lane H, negative con-
trol. Arrow shows the expected amplicon size of approximately 800 bp

QQ12 (identified as Enterococcus faecium QQ12) out of the
six isolates tested was able to degrade C6-HSL almost
completely within 6 h of incubation showing rapid quorum
quenching activity (Fig. 2, A). Figure 2 B showed the AHL
degradation of E. faecium QQ12 after 12 h of incubation.
Only leftover C6-HSL was detected by CV026 when the re-
action was ceased after incubation for 3 h (Fig. 2, D). No
visible AHL degradation was noticed in DHS«x that served
as negative control (Fig. 2, C). Results showed that there
was no visible AHL degradation observed in other four iso-
lates (QQ8, QQ10, QQ15, and QQ17) within 12 h of incuba-
tion (Table 2). One isolate (QQ20) showed the potential to
degrade C6-HSL partially within 12 h of incubation
(Table 2). Finally, Enterococcus faecium QQ12 which showed
the potential to degrade C6-HSL rapidly and completely

Table 2 AHL degrading

activity of QQ isolates Isolates CV026 (C6-HSL)
3h 6h 12h
QQ8 N N N
QQ10 N N N
QQI12 P C C
QQ15 N N N
QQ17 N N N
QQ20 N N P

N no AHL degradation, P partial AHL
degradation, C complete AHL degradation

Only one isolate (QQ12) showed complete
C6-HSL degradation within 6 h of
incubation
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Fig. 2 AHL degrading activity of Enterococcus faecium QQ12. QQ 12
was incubated with C6-HSL for 3 h (D), 6 h (A), and 12 h (B).
Escherichia coli DH5« (C) (negative control). Pigment formation indi-
cates the presence of C6-HSL; degradation of C6-HSL is evident by loss
of pigment formation on the biosensor lawn

within 6 h of incubation was selected for further studies. The
supernatant of QQ12 had no AHL inactivating activity, and
the diameter of the purple-pigmented zone had no remarkable
difference with that of negative control DH5 well (data not
shown). In order to confirm AHL degrading activity of QQ12,
crude cell-free culture supernatant of A. hydrophila as natural
N-AHL was used instead of synthetic C6-HSL. Complete
degradation of natural N-AHL after 48 h incubation with
QQ12 was observed (data not shown). No AHL degradation
was observed and presence of violacein (purple zone) was
shown by CV026 at 0 h incubation.

Bile salt, pH, and phenol tolerance of E. faecium QQ12

E. faecium QQ12 was checked for bile salt, pH, and phenol
tolerance. E. faecium QQ12 grown successfully in all tested
concentrations of bile (0-0.9%). There were no significant
differences in optical density between control (without addi-
tion of bile salt) and E. faecium with different concentrations
of bile salt after 18 h of incubation. This data suggests that
E. faecium QQ12 is resistant to high bile salt concentration
(Fig. 3 a). pH tolerance studies showed that E. faecium QQ12
grew at pH 3 or above but did not grow in conditions less than
pH 3 (Fig. 3 b). The isolate grown well at 0—0.5% of phenol in
MRS media (Fig. 3 ¢).

Auto-aggregation and co-aggregation assays

The capability of E. faecium QQ12 to adhere to the intestinal
cell wall was evaluated by auto-aggregation and co-
aggregation assays. The result showed that E. faecium QQ12
had excellent auto-aggregation property (72.91 +0.06%) and
aggregation values increased with time (Fig. 4). E. faecium
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Fig. 3 Effect of bile salt (a), pH (b), and phenol (c) on the survival of
Enterococcus faecium QQ12 at 30 °C. To check bile salt, pH, and phenol
resistance, the growth of E. faecium QQ12 in MRS medium for 18 h was
determined by measuring OD at 600 nm after adjusting the culture media
to the specific pH, salt, and phenol concentration. Values are mean + SD
of three different observations
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Fig. 4 Auto-aggregation rate of quorum quenching isolate Enterococcus
Sfaecium QQ12. Aggregation percentage increased every 1 h and highest
rate was observed at 5 h. Values are mean + SD of three different
observations

QQI2 also exhibited very good co-aggregation ability after
5 h of incubation with A. hydrophila, during which 50.6 +
0.04% of QQ12 co-aggregated with A. hydrophlila (data not
shown).

Determination of LD50 for bacterial challenge

The administration of A. hydrophila at 1 x 10* cells per fish
did not show any potential adverse effect on fish. At higher
doses, abnormal movement and loss of balance was observed
24 h after the injection. 50% mortality was observed by the
administration of 1 x 10° cells per fish within 2 days, while in
1x10% cells per fish, 100% mortality was observed.
A. hydrophila could be isolated from dead fish. Therefore,
1% 10° cells per fish was selected as the dose for bacterial
challenge.

Safety of the E. faecium QQ12

The administration of E. faecium QQ12 even at the concen-
tration of 1 x 10'° cells per fish did not result in any unfavor-
able effect on fish activity. All fish were clinically healthy and
behaved no different from the control group, suggesting that
the isolate E. faecium QQ12 is not pathogenic to fish.

Experimental challenge with A. hydrophila

The administration of QQ12 diet (£. faecium) afforded
effective protection against experimental A. hydrophila
infection. In control group, following challenge with
A. hydrophila, all fish showed severe skin lesions and
50% mortality was observed in 2 days. One fish each
died in 10* CFU g ' feed and 10° CFU g ' feed in
2 days and some of the fish in both these treatments
showed mild skin lesions and hemorrhages. In contrast,
during the same time, there was no mortality in the two
groups fed with QQ12 diet of 10® CFU g' feed and
10'° CFU g' feed. At the end of 2 weeks, the highest
survival rate was noticed in groups of fish fed with
10* CFU g ! (76.66%) and 10'° CFU g™' (86.66%) pro-
biotic diet. ANOVA showed that there was significant
difference (p <0.01) in the survival rates among different
concentrations. Post hoc analysis using Duncan’s
Multiple Range Test grouped the concentrations into
three homogenous groups viz.: (1) control (had only
13.33% survival), (2) 10* CFU g ! and 10° CFU g'
probiotic feed (had 43.33% survival), and (3) groups
fed with 10® CFU g™ ' (76.66% survival) and
10'° CFU g ' (86.66% survival) (Table 3).
A. hydrophila was isolated from hemorrhagic lesions of
both dead and survived fish.
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Table 3 Survival percentages of Carassius auratus (fed with different
concentrations of probiotic diet) 2 weeks after the experimental infection
with Aeromonas hydrophila by intraperitoneal injection

Probiotic concentration Survival percent

Control 13.33+£5.8
1x10* CFU 4333 +58
1x10° CFU 4333 +5.8
1x10® CFU 76.66 + 5.8
1x10" CFU 86.66 + 5.8

Values are mean + SD of triplicate observations

Study of E. faecium QQ12 survival in goldfish
intestine

Goldfish were fed with feed containing E. faecium QQ12 for
7 days; bacterial feeding was then discontinued. The number
of E. faecium QQ12 in goldfish intestine 1 day after discon-
tinuation of probiotic feeding was 7.44 +1.02 x 10* CFU per
individual, which was not significantly (p >0.05) different
from day O (control) (Table 4). However, the number of
E. faecium QQ12 in goldfish intestine decreased by about
40.55% (4.76 +2.05 x 10* CFU per individual) from the con-
trol by day 2, by 62% (3.05 +3.25 x 10* CFU per individual)
by day 3, by 76.50% (1.87 £1.25 x 10* CFU per individual)
by day 4, by 86% (1.11 +£3.22 x 10* CFU per individual) by
day 5, by 88.2% (9.5 + 1.78 x 10° CFU per individual) by day
6, and by 90.0% (8.02+2.87 x 10> CFU per individual) by
day 7 (Table 4).

Discussion

The present study focused on fish gut bacteria Enterococcus
faecium QQ12 that exhibited both probiotic and quorum

Table 4 The number of Enterococcus faecium QQ12 in Carassius
auratus intestine after 7 days of feeding and after 1, 2, 3, 4, 5, 6, and
7 days following discontinuation of probiotic feeding

Time after discontinuation of ~ Number of Enterococcus Percent
Enterococcus faecium QQ12  faecium QQ12 in Carassius  decrease
feeding (day) auratus (CFU/individual)

0 8.0+3.07 x 10* 0

1 744+1.02x10* 7.75

2 476+2.05x10% 40.55

3 3.05+3.25x10* 62

4 1.87+1.25x10* 76.5

5 1.11+3.22 x10* 86

6 95+1.78x10° 88.2

7 8.02+2.87 x 10° 90

Values are mean + SD of triplicate observations

@ Springer

quenching ability. To the best of our knowledge, there are
hardly any reports demonstrating the quorum quenching abil-
ity of probiotic E. faecium. In this study, synthetic N-
hexanoyl-L-homoserine lactone (C6-HSL) was used as a test
compound. The AHL degrading ability of isolated bacteria
was initially screened by PCR amplification of aiiA homolog
gene, encoding the AHL inactivation enzyme. Previous stud-
ies by Dong et al. [6] revealed that the aiiA gene is responsible
for AHL degradation in Bacillus sp. and is conserved between
Gram-positive and Gram-negative bacteria. As the presence of
aiiA homolog gene can only predict but does not confirm the
AHL degrading function, the whole-cell inactivation assay
was also carried out. Enterococcus faecium QQ12, which syn-
thesize AHL degrading enzyme, was selected based on its
ability to stop AHL-dependent violacein production by the
bio indicator CV026. In whole-cell in vitro AHL inactivation
assay, nearly all synthetic C6-HSL was degenerated after in-
cubating with E. faecium QQ12 for 6 h, indicating rapid and
strong QQ activity. Similar result was observed in a study by
Chu et al. [20] in which the isolate QSI-1 (Bacillus spp.)
degraded C6-HSL completely within 6 h in whole-cell AHL
inactivation assay. The supernatant of . faecium QQ12 could
not inactivate C6-HSL, indicating that the degrading enzyme
is not discharged out of the cell that agrees with the reports by
Molina et al. [33], Martinez et al. [34], and Chu et al. [20]
suggesting that the signaling molecules diffuse into the quo-
rum quenching bacterial cells where molecule inactivation
takes place. The efficacy evaluation of the E. faecium QQ12
for degradation of natural N-AHL produced by A. hydrophila
resulted in the complete inactivation of N-AHL within 48 h of
incubation. C4-HSL and C6-HSL are the major autoinducers
produced by A. hydrophila [35] and can be detected by
CV026 in AHL inactivation assay. This result suggests that
E. faecium QQ12 can be used as potential quencher bacterium
in aquatic environment very effectively for inhibiting the vir-
ulence of A. hydrophila.

The implementation of quorum quenching property to
choose a new probiotic gives an alternative to antibiotics to
control pathogenic bacteria in aquaculture [7]. The results of
the present study showed that, in addition to possessing excel-
lent quorum quenching properties, E. faecium isolated from
tilapia gut has very good probiotic properties such as bile salt,
acid, and phenol resistance, auto-aggregation, co-aggregation,
and antibiotic sensitivity. In the present study, E. faecium
QQ12 tested for bile salt tolerance exhibited survival even in
0.9% bile salt at 18 h of incubation and there were no signif-
icant differences in optical density between control and differ-
ent concentrations of bile salt treatment suggesting that it has
the capacity to withstand the conditions in fish gut. Many
reports are found to describe the bile salt tolerance of
E. faecium [36-39]. When a bacterium prefers a pH above
5.5, but able to grow at pH 5.5 or below, it can be classified
as acid tolerant. Fish gastrointestinal pH shows great variation
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among species with a range of 1.47 to 5.12 and the lowest
value observed was 1.18 [40]. However, such extreme low pH
is transient. The pH value raises to 3 and above in the presence
of food [25]. In the present study, we found that E. faecium
QQ12 grew at pH 3 or above. This result indicates that the QQ
isolate E. faecium given as a probiotic diet will be able to
survive the harsh conditions of the gut environment and col-
onize the intestinal tract, thereby will be capable of imparting
their benefits. In this study, the isolate could also persist well at
0.5% of phenol in MRS media. Phenol may be synthesized in
the intestine by bacterial deamination of various aromatic ami-
no acids obtained from dietary or endogenously derived pro-
tein [41]. Studies on different animal models reveal that phe-
nol has a bacteriostatic effect against gut bacteria [42]. Since
probiotics should withstand the harsh gut environment, toler-
ance to phenol is considered as a mandatory probiotic
property.

Auto-aggregation and co-aggregation properties are consid-
ered as major characteristics of probiotic bacteria. Assessment
of auto-aggregation and potential to co-aggregate with harmful
intestinal pathogens can be used for initial evaluation and se-
lection of the best probiotic strain. Bao et al. [43] stated that
auto-aggregation property of probiotic bacteria is responsible
for the bacterial adhesion on to the intestinal cell wall; an es-
sential feature for colonization of probiotic strains in the gas-
trointestinal tract. Jelena and Natasha [44] tested the auto-
aggregation property of 12 lactic acid bacteria and among them,
E. faecium and L. paracasei strains had the highest degree of
auto-aggregation (44% and 50%, respectively). In the present
study, the E. faecium QQI12 exhibited high degree of auto-
aggregation (72.91 £0.06%). Co-aggregation ability, also
called “barrier effect” of probiotics, might become an obstacle
that prevents colonization of pathogenic bacteria in the gastro-
intestinal tract [45]. In order to measure interbacterial adher-
ence, Blagoeva et al. [46] examined the co-aggregation of 34
LAB strains with two pathogenic strains (Salmonella sp.
NBIMCC 1425 and Listeria monocytogenes NBIMCC
8669). Among them, Lactobacillus fermentum and
Enterococcus faecium showed highest rate of co-aggregation
(27.31% and 24.03% respectively) with Salmonella sp.
NBIMCC 1425. In the present study, E. faecium QQ12 dem-
onstrated excellent co-aggregation ability (50.6 =0.04%) with
A. hydrophila. This ability of E. faecium QQ12 might be a
reason for the prevention of colonization of A. hydrophila in
the goldfish gastrointestinal tract.

The antibiotic sensitivity of bacteria is considered as one of
the important strategy to develop safe probiotic products for
aquaculture applications. Antibiotic resistance in probiotic
bacteria may result in active transfer of antibiotic-resistant
genes from probiotics to other intestinal microflora and finally
to opportunistic pathogens that reside in the same harsh envi-
ronment. The bacteria which are used as probiotics should be
free from acquired antibiotic resistance genes to prevent

lateral spread of resistance [47]. In the present study,
E. faecium QQ12 exhibited susceptibility to all five antibiotics
tested. This result supports the possibility of the E. faecium
QQ12 to be developed as probiotic.

The goldfish, C. auratus, has high vulnerability to
A. hydrophila. The QQ isolate E. faecium QQ12 isolated in
the present study had no harmful effect on goldfish and the
probiotic diet supplemented with 10® CFU and 10'® CFU for
30 days protected the fish when challenged with A. hydrophila.
Lowest (13.33%) survival was observed in the control (fed
basal diet) compared with probiotic fed groups. Highest surviv-
al of fish was recorded in the group fed with probiotic diet of
10"° CFU g ' feed and 10® CFU g ' feed (86.66% and 76.66%
respectively). Statistical analysis showed that there was no sig-
nificant difference in the survival rate between these two
groups (post hoc analysis) suggesting that 10° CFU g ' may
be sufficient to afford protection to the fish against
A. hydrophila infection. These results were comparable to find-
ings by Chang and Liu [48] where they used E. faecium at a
dose of 5 x 10® cells g ' feed as feed additive to control infec-
tion caused by Edwardsiella tarda in European eels (Anguilla
anguilla L.). Survival rate (73%) was significantly higher in
fish fed with E. faecium than in the control group and the
untreated control experienced mortality of 75-100% within
2 weeks when challenged with E. tarda. However, only a few
E. faecium QQ12 cells remained in the goldfish intestine at the
end of 7 days after probiotic feeding was discontinued. One day
after the discontinuation of probiotic feed, no significant reduc-
tion in E. faecium QQ12 cell number was observed in goldfish
intestine. Therefore, E. faecium QQ12 is recommended for
every alternate day use to prevent A. hydrophila infection dur-
ing goldfish culture.

The role of E. faecium as a quorum quenching bacteria has
not received much attention. This is the first study to isolate
and characterize AHL degrading E. faecium from gastrointes-
tinal tract of tilapia and to provide evidence that it is quorum
quenching as well as probiotic strain. The results of the present
study clearly suggest that the higher survival rate of goldfish
after challenging with A. hydrophila is due to the combined
effect of quorum quenching ability of E. faecium QQ12 to-
gether with its probiotic activity. Production of AHL
degrading enzyme might have inhibited the pathogenicity of
A. hydrophila, while, the probiotic potential of the QQ12
might have simultaneously helped to out-compete
A. hydrophila for nutrients and space and exclude the patho-
genic bacteria through antagonistic activity.
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