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ABSTRACT: The use of lactic acid bacteria (LAB) as probiotics constitutes an alternative or
complementary strategy to chemotherapy and vaccination for disease control in aquaculture. The
objectives of this work were (1) the in vitro safety assessment of 8 Pediococcus acidilactici strains
isolated from rainbow trout (Oncorhynchus mykiss, Walbaum) feed and larvae; (2) the evaluation
of their genetic relatedness; (3) the study of their antimicrobial/bacteriocin activity against fish
pathogens; and (4) the biochemical and genetic characterization of the bacteriocin produced by
the strain displaying the greatest antimicrobial activity. Concerning the safety assessment, none
of the pediococci showed antibiotic resistance nor produced hemolysin or gelatinase, degraded
gastric mucin, or deconjugated bile salts. Four strains (50 %) produced tyramine or putrescine, but
the corresponding genes were not amplified by PCR. Enterobacterial repetitive intergenic con-
sensus-PCR (ERIC-PCR) fingerprinting allowed clustering of the pediococci into 2 well-defined
groups (68 % similarity). From the 8 pediococci displaying direct antimicrobial activity against at
least 3 out of 9 fish pathogens, 6 strains (75 %) were identified as bacteriocin producers. The bac-
teriocin produced by P. acidilactici L-14 was purified, and mass spectrometry and DNA sequen-
cing revealed its identity to pediocin PA-1 (PedPA-1). Altogether, our results allowed the identifi-
cation of 4 (50 %) putatively safe pediococci, including 2 bacteriocinogenic strains. ERIC-PCR
fingerprinting was a valuable tool for genetic profiling of P. acidilactici strains. This work reports
for the first time the characterization of a PedPA-1-producing P. acidilactici strain isolated from an
aquatic environment (rainbow trout larvae), which shows interesting properties related to its
potential use as a probiotic in aquaculture.
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INTRODUCTION

One of the major challenges for modern aqua-
culture is fish mortality, mainly at the larval stage,
attributed to opportunistic and pathogenic bacteria
and resulting in important economic losses (Villamil
et al. 2010, Pérez-Sadnchez et al. 2014). Several
approaches have been used to prevent and/or
treat bacterial diseases, including (1) effective
management of stock, soil, water, nutrition, and
environment; (2) sanitary prophylaxis; (3) water
disinfection, (4) vaccination; and (5) chemotherapy
(mainly by the use of antibiotics) (Ringe et al.
2010). However, the use of antibiotics is expensive
and may induce resistance in the bacterial patho-
gens through mutations of indigenous genes and/
or acquisition of antibiotic resistance genes by
mobile genetic elements (Panigrahi & Azad 2007,
Ringe et al. 2010). Despite the fact that vaccination
seems to constitute the ideal control method, effec-
tive commercial vaccines against some fish patho-
gens are not available yet. Vaccine efficacy can
differ due to variable pathogenicity mechanisms
displayed by a single pathogen species, and vac-
cines cannot prevent disease outbreaks in immuno-
logically immature individuals (Subasinghe et al.
2009, Toranzo et al. 2009). In addition, vaccination
is laborious, costly, and highly stressful to the ani-
mals, retarding their growth (EFSA 2008, Gillor et
al. 2008).

A suitable alternative for disease control is the
use of probiotics, which do not induce the adverse
effects of antibiotics and other chemotherapeutic
agents (Nayak 2010). In aquaculture, probiotics
are considered as live beneficial microbial adjuncts
that modify the host-associated or ambient micro-
bial community, improve feed use or its nutritional
value, enhance the host response to diseases, and/
or improve the physico-chemical and microbiologi-
cal quality of the surrounding environment (Ver-
schuere et al. 2000, Pérez-Sanchez et al. 2014, Hai
2015). Moreover, inactivated forms of bacteria (i.e.
dead cells), cell components, or extra-cellular com-
pounds have also shown probiotic effects (Nayak
2010). Lactic acid bacteria (LAB) are the bacterial
group most commonly proposed as probiotics in
aquaculture (Gatesoupe 2008, Pérez-Sénchez et al.
2014, Ringe et al. 2014); nevertheless, to date, only
Pediococcus acidilactici CNCM MA18/5 M (Bacto-
cell®) has been legally authorized for this purpose
in the European Union (Commission Regulation
[EC] No. 911/2009 and Commission Implementing
Regulation [EU] No. 95/2013). Most LAB are con-

sidered to be non-pathogenic and non-opportunis-
tic microorganisms and are awarded the Qualified
Presumption of Safety (QPS) status granted by the
European Food Safety Authority (EFSA) in Europe
(Liu et al. 2009, Gaggia et al. 2010). Recently, LAB
isolated from rainbow trout (Oncorhynchus myKkiss,
Walbaum) have shown the ability to inhibit the
growth of fish pathogens, and these strains have
been proposed as probiotics to prevent bacterial
fish diseases (Pérez-Sanchez et al. 2014, Ringo et
al. 2014). The genus Pediococcus is one of the best
characterized LAB groups, and pediococci have
been isolated from ripened cheese, processed
meat, plant materials, and fish (Cai et al. 1999,
Todorov & Dicks 2009, Aratjo et al. 2015a) and are
used as starter cultures for the production of fer-
mented foods (Lee et al. 2014). Furthermore, some
pediococci produce ribosomally synthesized anti-
microbial peptides referred to as bacteriocins (pe-
diocins), and PA-1/AcH (PedPA-1) is the most
thoroughly characterized pediocin (Papagianni &
Anastasiadou 2009). The operon of this bacteriocin
includes 4 genes: the structural gene (pedA), the
immunity gene encoding an immunity protein that
protects the bacteriocin producer from its own bac-
teriocin (pedB), the gene encoding the ABC trans-
porter for secretion (pedC), and the gene encoding
a complementary protein of unknown function
(pedD) (Papagianni & Anastasiadou 2009). PedPA-
1 was first identified in P. acidilactici PAC1.0
(Marugg et al. 1992) and is the subclass Ila bacte-
riocin most effective against spoilage and food-
borne pathogens (Devi & Halami 2011). A previous
study demonstrated that repeated doses (250 pg
d~! for 3 consecutive days) of purified pediocin PA-
1 given to Listeria monocytogenes-infected mice
resulted in a significant reduction of fecal listerial
counts and slowed pathogen translocation into the
liver and spleen, leading to the disappearance of
L. monocytogenes infection in both organs within
6 d (Dabour et al. 2009).

The objectives of this work were (1) the in vitro
safety assessment of 8 P. acidilactici strains isolated
from rainbow trout feed and larvae using a pre-
viously described subtractive screening method
(Munoz-Atienza et al. 2013); (2) the evaluation of
their genetic relatedness; (3) the study of their
antimicrobial/bacteriocin activity against fish patho-
gens; and (4) the biochemical and genetic character-
ization of the bacteriocin produced by the strain (first
determined to be safe) which showed the most inter-
esting antimicrobial properties to be used as a pro-
biotic in aquaculture.
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MATERIALS AND METHODS
Sampling procedure and LAB isolation

Samples of rainbow trout feed and larvae were
obtained from a rainbow trout farm located in south-
ern Spain. Due to commercial confidentiality, the
feed brand used in the farm is not given. However,
the feed did not contain any bacterial additive, and it
was confirmed that no additional supplements were
added to feed or fish in the farm. The feed was
received in a sterilized condition from the manufac-
turer, and the hypothesis was that feed was colonized
by bacterial species from the farm environment.

LAB were isolated from commercial rainbow trout
feed (a pool of 3 different samples, 1 g each) and
independent composite samples from whole larvae
(10 specimens; 5 d post-hatching) disinfected with
benzalkonium chloride (Sigma-Aldrich; 0.1% v/v,
30 s) and rinsed twice with 10 mM phosphate-
buffered saline, pH 7.2). The samples were 10-fold
diluted in sterile peptone water (Oxoid) and homog-
enized in a Stomacher. The samples were then pour-
plated (3 plates dilution™!) in de Man, Rogosa and
Sharpe (MRS, Oxoid) agar (1.5 % w/v) and incubated
at 15°C in microaerobiosis (plate overlayed with an
agar medium layer) for 3 to 7 d.

Bacterial strains and growth conditions

In this study, we used the strain Pediococcus acidi-
lactici L-14, previously isolated from aquacultured
rainbow trout larvae by Araujo et al. (2015a) (not
labeled as L-14 in that study), and the strains isolated
here from aquacultured rainbow trout feed. P. acidi-
lactici L-14, the strains isolated from feed, the Gram-
positive fish pathogens (Lactococcus garvieae JIP29-
99, L. garvieae CECT5807, L. garvieae CF01144, L.
garvieae CF00021, and Carnobacterium maltaro-
maticum LMG14716), and the indicator microorgan-
ism P. damnosus CECT4797 were aerobically grown
in MRS at 30°C. Streptococcus iniae LMG14521 was
aerobically grown in brain heart infusion (BHI) broth
(Oxoid) at 37°C. The Gram-negative fish pathogens
Yersinia ruckeri LMG3279 and Aeromonas salmoni-
cida LMG3776 were aerobically grown in tryptone
soya broth (TSB; Oxoid) at 28°C, while Vibrio camp-
bellii LMG21363 was aerobically grown in TSB sup-
plemented with NaCl (1% w/v; Panreac Quimica) at
28°C. Listeria monocytogenes CECT4032 and L.
innocua CECT910 were cultured in BHI (Oxoid) at
30°C.

Direct antimicrobial activity assays

In total, 26 LAB isolates recovered from rainbow
trout feed and the strain P. acidilactici L-14 were
assayed for antimicrobial activity against the 9 fish
pathogens cited above by a stab-on-agar test as pre-
viously described by Cintas et al. (1995). Briefly, each
candidate strain was stabbed onto MRS agar and
incubated at 30°C for 5 h, and then 40 ml of the cor-
responding soft agar (0.8 % w/v) medium containing
about 1 x 10° CFU ml™! of the pathogen was poured
onto the plates. After incubation at 28 to 37°C for 16
to 24 h, depending on the optimum growth condi-
tions for each tested pathogen, the plates were
checked for inhibition zones (absence of visible
microbial growth around the stabbed cultures), and
only inhibition halos with diameters above 3 mm
were considered positive.

Taxonomic identification

The LAB isolates from rainbow trout feed show-
ing antimicrobial activity against at least 3 of the
tested fish pathogens were taxonomically identified
by DNA sequencing of the PCR-amplified gene
encoding a fragment of the 16S rRNA subunit
(16S rDNA) (Kullen et al. 2000). PCR-amplifications
were performed from total bacterial DNA purified
using the InstaGene Matrix resin (Bio-Rad Labora-
tories), in 50 pl reaction mixtures with 5 to 50 ng
of purified DNA, 0.7 pmol 17! of each primer, and
25 pl of MyTaq PCR mix (Bioline) in an Eppendorf
Mastercycler thermal cycler. The oligonucleotide
primers used for PCR amplification of 16S rDNA
were obtained from Sigma-Genosys (Table 1).
PCR products were analyzed by electrophoresis on
1.5% (w/v) agarose (Pronadisa) gels stained with
GelRed (Biotium), and visualized with the Gel Doc
1000 documentation system (Bio-Rad). HyperLad-
der II (Bioline) was used as the molecular size
marker. The amplicons were purified by using the
NucleoSpin Extract II kit (Macherey & Nagel), and
both DNA strands were sequenced at the Unidad
de Genoémica (Parque Cientifico de Madrid, Facul-
tad de Ciencias Biolégicas, Universidad Com-
plutense de Madrid, Spain). Analysis of 16S rDNA
sequences was performed with the BLAST program
available at the National Center for Biotechnology
Information (NCBI; blast.ncbi.nlm.nih.gov). Only
sequence identities above 97 % were considered
significant for bacterial identification at the species
level.
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Table 1. Oligonucleotide primers used in this study. ERIC-PCR: enterobacterial repetitive consensus-PCR

Target gene  Primer 5'-3' sequence? PCR Annealing Reference
or process fragment temperature
size (bp) (°C)
16S rDNA plb16 AGAGTTTGATCCTGGCTCAG Variable 48 Kullen et al. (2000)
mlb16 GGCTGCTGGCACGTAGTTAG

hdc CL1 CCWGGWAAWATWGGWAATGGWTA 500 48 Le Jeune et al. (1995)
JV17HC AGACCATACACCATAACCTT

Idc CAD2-F CAYRTNCCNGGNCAYAA 1185 53 de las Rivas et al. (2006)
CAS2-R  GGDATNCCNGGNGGRTA

odc 3 GTNTTYAAYGCNGAYAARACNTAYTTYGT 1446 52 Marcobal et al. (2005)

16 TACRCARAATACTCCNGGNGGRTANGG
tdc TDS CAAATGGAAGAAGAAGTAGG 1100 48 Coton et al. (2004)
TD2 ACATAGTCAACCATRTTGAA

ERIC-PCR  ERIC-1R ATGTAAGCTCCTGGGGATTCAC Variable 46 Versalovic et al. (1991)
ERIC-2 AAGTAAGTGACTGGGGTGAGCG

R=AorGGW=AorT;Y=CorT;D=A,G,orT;N=A,G,C,orT

Antibiotic susceptibility determination

The minimum inhibitory concentrations (MICs) of 8
antibiotics against the 8 P. acidilactici strains, iden-
tified following 16S rDNA sequencing, were de-
termined by a broth microdilution test (Klare et al.
2005). The tested antibiotics were ampicillin (0.5 to
32 pg ml™!), gentamicin (2 to 128 ng m1™'), kanamycin
(4 to 256 pg ml™?), streptomycin (4 to 256 pg mil™?),
erythromyecin (0.12 to 8 pg ml™?), clindamycin (0.12 to
8 ng ml™Y), tetracycline (1 to 64 ng ml™!), and chlor-
amphenicol (0.5 to 32 pg ml™?). Individual colonies
were suspended in 5 ml of saline solution (0.85%
NaC(l) to a turbidity of 1 on the McFarland scale (ca. 3
x 108 CFU ml™!) and subsequently 1000-fold diluted
in LSM broth, consisting of Iso-sensitest (IST) (Oxoid)
and MRS broth (IST:MRS, 9:1; pH 6.7). A volume of
50 pl of the diluted suspensions was added to micro-
plate wells containing 50 pl of LSM broth with the
different antibiotic concentrations. After incubation
at 37°C for 18 h, MICs were interpreted according
to the breakpoints established by the EFSA (2012).
Strains showing MICs higher than the respective
breakpoint were considered resistant. Enterococ-
cus faecalis CECT795 and Staphylococcus aureus
CECT?794 were used for quality control.

Hemolysin and gelatinase production

The production of hemolysin and gelatinase by the
8 P. acidilactici strains was determined as previously
described (Eaton & Gasson 2001, Munoz-Atienza et
al. 2013). Briefly, cultures grown in MRS broth were

streaked onto COH agar plates (Columbia agar + 5 %
[v/v] horse blood; BioMérieux). After plate incuba-
tion at 37°C for 1 to 2 d, B-hemolysin production was
revealed by the presence of clear zones of hydrolysis
around the colonies. Moreover, in order to evaluate
the production of gelatinase, cultures grown in MRS
broth were streaked onto Todd-Hewitt (Oxoid) agar
plates (1.5%, w/v) containing 30 g 1! gelatin. After
overnight incubation at 37°C, the plates were placed
at 4°C for 5 h before examination for the presence of
zones of turbidity (protein hydrolysis) around the
colonies. E. faecalis P4 (Eaton & Gasson 2001) was
used as the positive control in both assays.

Mucin degradation

The ability of the 8 P. acidilactici strains to de-
grade gastric mucin was determined as described
by Zhou et al. (2001). Mucin from porcine stomach
type III (Sigma-Aldrich) and agar were incorporated
into medium B without glucose at concentrations of
0.5 and 1.5% (w/v), respectively. Briefly, 10 nl of
cultures grown in MRS broth were spotted onto the
surface of medium B with mucin. The plates were
anaerobically (Anaerogen, Oxoid) incubated at 37°C
for 72 h. After incubation, the plates were stained
with a mixture of 0.1% (w/v) amido black (Merck)
in 3.5 mol 17! acetic acid for 30 min, and then
washed with 1.2 mol 17! acetic acid (Merck). The
presence of a discolored zone around the colony
was considered as a positive result. A fresh fecal
slurry from a healthy adult cow was used as the
positive control of mucinolytic activity.
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Biogenic amine production

The detection of production of biogenic amines
(histamine, tyramine, putrescine, and cadaverine)
by the 8 P. acidilactici strains was first carried out
according to the plate assay described by Bover-
Cid & Holzapfel (1999). Briefly, cultures grown in
MRS broth were streaked on the improved decar-
boxylase differential growth medium with and
without (negative control) the corresponding amino
acid precursor (1% w/v, histidine, tyrosine, ornith-
ine, and lysine). After plate incubation at 37°C for
4 d under anaerobic conditions (Anaerogen), the
plates were examined for the presence of histidine
decarboxylase (HDC), tyrosine decarboxylase (TDC),
ornithine decarboxylase (ODC), and lysine decar-
boxylase (LDC) activities. Biogenic amine produc-
tion was detected by a yellow to violet color
change of the decarboxylase medium due to the
alkalinization produced by the decarboxylation of
the corresponding amino acid precursor. Lacto-
bacillus brevis CECT4121 and Lactobacillus sp.
30a (Garcia-Moruno et al. 2005) were used as pos-
itive controls for tyramine, and histamine and
putrescine production, respectively. Subsequently,
the presence of the genes encoding HDC (hdc),
TDC (tdc), ODC (odc), and LDC (Ildc) in the 8 P.
acidilactici strains was analyzed by PCR. L. brevis
CECT4121 and Lactobacillus sp. 30a were used as
positive controls. PCR-amplifications were performed
as previously described (Le Jeune et al. 1995, Coton
et al. 2004, Marcobal et al. 2005, de las Rivas et al.
2006; Table 1) and PCR-product visualization and
sequence analysis were performed as described
above.

Bile salt deconjugation

The ability of the 8 P. acidilactici to deconjugate
primary and secondary bile salts was determined
according to Noriega et al. (2006). Bile salt plates
were prepared by adding 0.5 % (w/v) sodium salts of
taurocholate or taurodeoxycholate (Sigma-Aldrich)
to MRS agar (1.5%, w/v) supplemented with 0.05%
(w/v) L-cysteine (Merck). Briefly, 10 pl of cultures
grown in MRS broth were spotted onto agar plates
and incubated at 37°C for 72 h under anaerobic con-
ditions (Anaerogen, Oxoid). The presence of precipi-
tated bile acid around the spotted culture (opaque
halo) was considered as a positive result. A fresh
fecal slurry of a healthy adult cow was used as the
positive control.

Enterobacterial repetitive intergenic
consensus-PCR (ERIC-PCR)

Genetic profiling of the 8 P. acidilactici strains by
ERIC-PCR was performed using the primers ERIC-1R
and ERIC-2 (Table 1) as previously described (Versa-
lovic et al. 1991). PCR-amplifications were performed
from total bacterial DNA, obtained by using the
InstaGene Matrix resin (Bio-Rad Laboratories), in
50 pl reaction mixtures with 2 pl of purified DNA,
0.7 pmol 17! of each primer, 3 mmol 1-! of MgCl,, and
25l of MyTaq PCR mix in a Eppendorf Mastercycler
thermal cycler. PCR products were analyzed by elec-
trophoresis on 1.5% (w/v) agarose gels stained with
GelRed at 90V for 90 min. PCR-product visualization
and analysis were performed as described above.
The molecular size marker used was the 1 kb Plus
DNA ladder (Invitrogen). Cluster analyses were per-
formed using the unweighted-pair-group method with
arithmetic averages (UPGMA) using the PhoretixTM
1D Advanced (Nonlinear Dynamics) software. P.
acidilactici 347 (Cintas et al. 1998) and P. acidilactici
MA18/5M (Bactocell®) were used as controls.

Extracellular antimicrobial (bacteriocin)
activity assay

The antimicrobial activity of cell-free supernatants
from the 8 P. acidilactici cultures grown in MRS broth
at 30°C for 16 h against the indicator microorganisms
P. damnosus CECT4797, L. monocytogenes CECT
4032, L. innocua CECT910, L. garvieae CF01144, L.
garvieae CECT5807, L. garvieae CF00021, and A.
salmonicida LMG3776 was determined by an agar
well-diffusion test (ADT) as previously described by
Cintas et al. (1995). Briefly, supernatants were ob-
tained by centrifugation of cultures at 10 000 x g (4°C
for 10 min), adjusted to pH 6.2 with 1 mol 1"! NaOH,
filter-sterilized through 0.22 pm pore size filters (Mil-
lipore) and stored at —20°C until use. Aliquots (50 pl)
of supernatants were placed into wells (6 mm diame-
ter) cut in cooled MRS (0.8 %, w/v) plates previously
seeded (1 x 10° CFU ml™!) with the indicator microor-
ganisms. After 2 h at 4°C, the plates were incubated
under the conditions mentioned above (‘Bacterial
strains and growth conditions’) and then analyzed for
the presence of inhibition zones around the wells. To
determine the nature and thermostability of the anti-
microbial compounds, the supernatants showing
antimicrobial activity were (1) treated with Protei-
nase K (10 mg ml~!; AppliChem) at 37°C for 2 h and
then heated at 100°C for 10 min to inactivate the
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enzyme, and (2) heated at 100°C for 10 min. After
treatments, samples were assayed for residual anti-
microbial activity by an ADT as described above,
using P. damnosus CECT4797 and L. monocytogenes
CECT4032 as indicator microorganisms. Non-treated
supernatants were used as positive controls.

Bacteriocin purification and mass spectrometry
analysis

The bacteriocin produced by P. acidilactici L-14 was
purified using a modification of the multi-chromato-
graphic procedure described by Cintas et al. (1995).
Briefly, the bacteriocin was purified from a 11 culture
grown in MRS at 30°C until the early stationary phase
(approximately 16 h). The cell-free culture super-
natant was subjected to protein precipitation with am-
monium sulfate (50 % [w/v]; Merck). The pellet and
floating materials were mixed and solubilized in
100 ml of 20 mM sodium phosphate buffer (NaP;
pH 6.0), and subsequently desalted by gel filtration
(PD-10 columns; GE Healthcare Life Sciences). The
resulting fractions were further subjected to cationic-
exchange (SP Sepharose Fast Flow, GE Healthcare)
and hydrophobic-interaction (Octyl Sepharose CL-
4B, GE Healthcare) chromatographies, followed by
reversed-phase chromatography (PepRPC HR 5/5) in
a fast protein liquid chromatography system (AKTA-
FPLC; GE Healthcare). The antimicrobial activity of
the fractions obtained during the purification proce-
dure was determined by a microtiter plate assay (Cin-
tas et al. 1998) using L. monocytogenes CECT4032 as
the indicator microorganism. Briefly, 2-fold serial di-
lutions of the purified bacteriocin in MRS broth were
prepared in microtiter plates. The wells were then
filled up to 200 pl by the addition of 150 pl of a diluted
(in BHI broth) fresh overnight culture of the indicator
microorganism (ca. 1 x 10° CFU ml™!). After incubation
at 30°C for 16 h, growth inhibition of L. monocyto-
genes CECT4032 was measured spectrophotometri-
cally at 620 nm with a microtiter plate reader (Labsys-
tems iEMS Reader MF). One bacteriocin unit (BU)
was defined as the reciprocal of the highest dilution of
supernatant or purified bacteriocin causing 50%
growth inhibition (50 % of the turbidity of the control
culture without bacteriocin). Fractions displaying a
high and specific bacteriocin activity were pulled to-
gether and rechromatographed on the same re-
versed-phase (RP) column until chromatographically
pure bacteriocin peptides were obtained. The purified
peptide was subjected to mass spectrometry analysis
in a matrix-assisted laser desorption ionization-time of

flight Voyager-DE STR mass spectrometer (MALDI-
TOF MS; PerSeptive Biosystems), at the Mass Spec-
trum Service of the Centro de Genémica y Proteémica
(Parque Cientifico-UCM, Madrid, Spain).

Nucleotide sequencing of the PA-1 structural and
immunity genes

The nucleotide sequence encoding the structural
(pedA) and immunity (pedB) genes of PedPA-1 was
determined using specific primer pairs based on the
published DNA sequence of the PedPA-1 operon in
P. acidilactici PAC1.0 (GenBank accession number
M83924; Marugg et al. 1992). Overlapping PCR
products of approximately 400 bp in length were ob-
tained and subsequently electrophoresed, visualized,
and purified, and both DNA strands were sequenced
and analyzed, as described above.

RESULTS

Isolation of LAB from rainbow trout feed and
direct antimicrobial activity

In total, 26 LAB isolates were recovered from the
rainbow trout feeds, of which 7 displayed direct an-
timicrobial activity against at least 3 out of the 9 tested
fish pathogens (Table 2). In addition, Pediococcus
acidilactici L-14, isolated previously by Aratjo et al.
(2015a) from rainbow trout larvae, was the most active
strain, inhibiting a total of 7 fish pathogens. According
to the sizes of the inhibition halos, the most susceptible
indicators were Lactococcus garvieae JIP29-99, L.
garvieae CF00021, and L. garvieae CF01144, followed
by L. garvieae CECT5807, Aeromonas salmonicida
LMG3776, and Carnobacterium maltaromaticum LMG
14716. In contrast, Streptococcus iniae LMG14521,
Yersinia ruckeri LMG3279, and Vibrio campbellii
LMG21363 were the most resistant indicator microor-
ganisms. The strains P. acidilactici L-14 (isolated from
larvae) and P. acidilactici NF1-1, NF1-5, NF1-7, and
NF1-25 (isolated from feed) displayed a broad antimi-
crobial spectrum and inhibited most of the tested L.
garvieae strains.

Taxonomic identification
The 7 isolates recovered from rainbow trout feed

showing antimicrobial activity against at least 3 of
the tested fish pathogens were identified by nucleo-
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Table 2. Direct antimicrobial activity against fish pathogens of the 8 Pediococcus acidilactici strains isolated from rainbow trout feed and

larvae. Direct antimicrobial activity was determined by a stab-on-agar test, and the scores reflect different degrees of growth inhibition

(diameter in mm); —: no inhibition; +: 3—-5 mm inhibition zone; ++: 6—-9 mm inhibition zone; +++: 210 mm inhibition zone. Strains inhibiting
fewer than 3 fish pathogens are not shown

Strain Indicator microorganisms
Lactococcus L. garvieae L. garvieae L. garvieae Streptococcus Carno- Yersinia  Aeromonas Vibrio
garvieae iniae bacterium ruckeri  salmonicida campbellii
maltaromaticum

CF00021 CF01144 JIP29-99 CECT5807 LMG14521 LMG14716 LMG3279 LMG3776  LMG21363
L-14 ++ ++ ++ +++ - - + ++ +++
NF1-1 + +++ +++ +++ - + - - -
NF1-5 - +++ ++ +++ - - - - -
NF1-7 + +++ ++ +++ - - - + -
NF1-10 + +++ - - - - - + -
NF1-12 - - + + - + - - -
NF1-18 + - + - + + - + -
NF1-25 + +++ ++ - - - - - -

tide sequencing of 16S rDNA as P. acidilactici, show-
ing 100 % identity to the sequences available in the
NCBI database.

Safety assessment

The 7 selected P. acidilactici strains isolated from
rainbow trout feed and P. acidilactici L-14 were sub-
mitted to a comprehensive in vitro safety assessment
procedure including several microbiological, bio-
chemical, and genetic assays. MIC distribution of the
tested antibiotics is summarized in Table 3. The mi-
crobiological breakpoints established by the EFSA
(2012) were used to categorize the 8 pediococci as
susceptible or resistant strains. According to our re-
sults, all strains were susceptible to the antibiotics
tested in this work (Table 3). Moreover, none of the 8
pediococci produced hemolysin or gelatinase, de-

graded gastric mucin, or deconjugated primary or
secondary bile salts (results not shown). On the other
hand, a total of 4 (560%) strains produced 1 of the
tested biogenic amines. With regard to this, 2 strains
(25%; P. acidilactici NF1-5 and NF1-12) produced
tyramine, and 2 strains (25%; P. acidilactici NF1-1
and NF-10) produced putrescine; however, the re-
spective genes, tdc and odc, were not detected by
PCR in these strains. None of the tested strains pro-
duced histamine or cadaverine (results not shown).
Altogether, our results showed that 4 strains (P. acidi-
lactici L-14, NF1-7, NF1-18, and NF1-25) are puta-
tively safe pediococci.

Genetic profiling

ERIC-PCR fingerprinting of the 8 P. acidilactici
strains revealed 2 well-defined groups (G1 and G2;

Table 3. Distribution of minimum inhibitory concentrations (MICs) of 8 antibiotics for the 8 Pediococcus acidilactici strains iso-

lated from rainbow trout feed and larvae. Shaded areas show the range of dilutions tested for each antibiotic. MICs which

exceeded the upper or lower limit of the tested range are listed in the next dilution series. Strains with MICs higher than the
European Food Safety Authority (EFSA) breakpoints are considered resistant

Antibiotics ———————— Number of strains with the indicated MIC (mg 17}) EFSA
0.06 0.12 0.25 0.5 1 2 8 16 32 64 128 256 512 breakpoints
(mg 1)
Ampicillin 2 4
Gentamicin 2 3 16
Kanamycin 1 7 64
Streptomycin 1 4 3 64
Erythromycin 6 1 1 1
Clindamycin 6 2 1
Tetracycline 1 7 8
Chloramphenicol 7 4
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Fig. 1. Cluster analysis of enterbacterial repetitive intergenic concensus-PCR (ERIC-PCR) fingerprinting of the 8 Pediococcus

acidilactici strains isolated from rainbow trout feed and larvae. Controls: P. acidilactici MA18/5M and P. acidilactici 347. The

dendrogram was constructed using the unweighted pair group method using arithmetic averages with correlation levels
expressed as percentage values of the Dice correlation coefficient. G: group; SG: subgroup

68 % identity). Furthermore, the 8 pediococci were
clustered in 3 well-defined sub-groups (SG1.1, SG1.2,
and SG2.1) with similarity coefficients above 75%
(Fig. 1). The strains NF1-12 and NF1-25 were the
most closely related, presenting 100% identity
(SG1.2).

L-14) displayed extracellular antimicrobial activity in
their supernatants against P. damnosus CECT4797,
but only 2 (25%; P. acidilactici L-14 and NF1-1) were
active against the 2 tested Listeria spp., with P. acidi-
lactici L-14 displaying the strongest antilisterial
activity. None of the supernatants from tested strains

inhibited the growth of the fish pathogens L. gar-
vieae CF01144, L. garvieae CECT5807, L. garvieae
CF00021, and A. salmonicida LMG3776 (Table 4).
Interestingly, the antimicrobial activity of the super-
natants disappeared completely after Proteinase K
treatment, but was not sensitive to heating, revealing

Extracellular antimicrobial activity

Six (75%) of the 8 P. acidilactici strains (NF1-1,
NF1-5, NF1-7, NF1-10, NF1-12, and P. acidilactici

Table 4. Extracellular antimicrobial (bacteriocin) activity of the 8 Pediococcus acidilactici strains isolated from rainbow trout feed and lar-
vae. Antimicrobial activity (mm) of supernatants (SN), supernatants subjected to heat treatment (SN-H), and supernatants subjected to
Proteinase K treatment (SN-PK) as determined by an agar well-diffusion test; nd: not determined

Strain Origin Indicator microorganisms
Pediococcus damnosus Listeria monocytogenes Listeria innocua Lactococcus garvieae Aeromonas salmonicida
CECT4797 CECT4032 CECT910 CF01144 LMG3776
SN  SN-H SN-PK SN SN-H SN-PK SN SN-H SN-PK SN SN-H SN-PK SN  SN-H SN-PK

L-14 Larva 18.7 18.7 - 17.8 178 - 174 nd nd - nd nd - nd nd
NF1-1 Feed 7.9 7.8 - 7.2 7.1 - 72 nd nd - nd nd - nd nd
NF1-5 Feed 7.2 7 - - - - - nd nd - nd nd - nd nd
NF1-7 Feed 7.1 7.1 - - - - - nd nd - nd nd - nd nd
NF1-10 Feed 7.3 7.3 - - - - - nd nd - nd nd - nd nd
NF1-12 Feed 7.1 7 - - - - - nd nd - nd nd - nd nd
NF1-18 Feed - - - - - - - nd nd - nd nd - nd nd
NF1-25 Feed - - - - - - - nd nd - nd nd - nd nd
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Table 5. Purification of pediocin PA-1 (PedPA-1) produced by Pediococcus acidilactici L-14. Total A,s4: absorbance at 254 nm

(Ass4) multiplied by the volume (in ml); total activity: antimicrobial activity in bacteriocin units (BU) ml™!, as determined by a

microtiter plate assay, multiplied by the total volume (in ml); specific activity: specific antimicrobial activity expressed as the

total antimicrobial activity (BU) divided by the total A,s;4; increase in specific activity: specific antimicrobial activity of a
fraction (BU/A,s,) divided by the specific antimicrobial activity of the culture supernatant (BU/A,s,)

Supernatant Volume Total Total Specific Increase Yield
and purification stage (ml) Agsy activity activity in specific (%)
(10° BU) activity (fold)

Culture supernatant 1000 22600 240 11 1 100
Ammonium sulfate precipitation 100 1300 49200 36800 3,500 20480
Gel filtration chromatography 156 780 9600 12200 1100 3994
Cation-exchange chromatography 50 12 1.6 x 105 1.3 x 108 1.2 x 107 6.6 x 10°
Hydrophobic-interaction chromatography 15 0.3 900 3.2 x 108 3.0 x 10° 384
Reversed-phase fast protein liquid chromatography 1.5 0.3 1.9%x10° 6.7x10% 6.3 x 10" 8.1 x 108

the proteinaceous nature and heat stability of the
secreted antimicrobial compounds (i.e. heat-stable
bacteriocins). Interestingly, from the 6 bacteriocino-
genic strains, only P. acidilactici NF1-7 and P. acidi-
lactici L-14 were considered as putatively safe.

Purification and genetic characterization of the
bacteriocin produced by P. acidilactici L-14

The results of the purification of the bacteriocin
produced by P. acidilactici L-14 are summarized in
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Table 5. The final RP-FPLC resulted in a major well-
separated absorbance peak with antimicrobial activ-
ity against L. monocytogenes CECT4032, which
eluted at 19 % (v/v) 2-propanol in aqueous 0.1 % (v/v)
trifluoroacetic acid (Fig. 2). This fraction showed an
increment of 8.1 x 10% % of the bacteriocin activity
originally present in the culture supernatant, and an
outstanding 6.3 x 10'!-fold increase in the specific
antimicrobial activity (Table 5). The purity and mole-
cular mass of the bacteriocin was confirmed by
MALDI-TOF MS, which revealed a major peptide
with a molecular mass of 4621.8 Da, as well as a sec-
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Fig. 3. Mass spectrometry analysis of purified PedPA-1 from Pediococcus acidilactici L-14

ond peptide peak with a molecular mass of 4637.6 Da
(Fig. 3).

Blast analysis of the sequence of 770 contiguous
nucleotides (including the genes pedA and pedB) of
the PedPA-1 gene cluster of P. acidilactici L-14 re-
vealed 100 % identity to the sequence of the bacteri-
ocin operon from P. acidilactici PAC1.0 (Marugg et
al. 1992).

DISCUSSION

In this work, 26 LAB isolates were recovered from
rainbow trout feed samples. From these isolates, a
total of 7 were selected for further characterization
due to their direct antimicrobial activity against at
least 3 of the tested fish pathogens, and were taxo-
nomically identified as Pediococcus acidilactici. In
addition, P. acidilactici L-14, a strain previously iso-
lated from rainbow trout larvae (Aratujo et al. 2015a),
showed direct antimicrobial activity against 7 of the
tested fish pathogens. The extracellular antimicro-
bial (bacteriocin) activity, safety assessment, and
genetic relatedness of these 8 P. acidilactici strains
were determined in order to select the most suitable
strain to be used as a probiotic for aquaculture.

Our group has recently demonstrated the in vivo
effectiveness of nisin Z, a peptide produced by Lacto-
coccus lactis, in protecting rainbow trout against
lactococcosis caused by L. garvieae (Araujo et al.
2015b). In this study, the 8 P. acidilactici strains dis-

played a broad antimicrobial spectrum against fish
pathogens, which could be due to different anti-
microbial metabolites such as organic acids (mainly
lactic acid), hydrogen peroxide, diacetyl, acetal-
dehyde, and/or bacteriocins, with the organic acids
and bacteriocins being the key weapons in inhibiting
pathogens of relevance for aquaculture (Gillor et al.
2008, Desriac et al. 2010). In this respect, 6 out of 8 P.
acidilactici strains were found to be bacteriocin pro-
ducers, based on the proteinaceous nature and heat
stability of the antimicrobial agent, which is in agree-
ment with previous studies, where a remarkably high
number of LAB displaying antimicrobial activity
against fish pathogens were potential bacteriocin
producers (Munoz-Atienza et al. 2013, Gémez-Sala
et al. 2015). However, the results indicated that the
antimicrobial activity against L. garvieae exerted by
the pediococci was not due to the production of bac-
teriocins, as the antimicrobial effect was only ob-
served in the presence of pediococcal cells. Similarly,
Munoz-Atienza et al. (2013) described several lactic
acid bacteria strains with direct but not extracellular
antimicrobial activity against L. garvieae, which can
be explained by the fact that the direct antimicrobial
activity may be due to the competition for nutrients,
which is considered a desirable probiotic property.
The species P. acidilactici is awarded with the QPS
status since these bacteria are considered neither
pathogenic nor opportunistic microorganisms (Liu et
al. 2009, Gaggla et al. 2010). With regard to this,
according to the EFSA, the demonstration of their
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safety only requires confirmation of the absence of
genes encoding resistance to antibiotics of clinical
significance in human and veterinary medicine.
Nevertheless, in this work we followed a comprehen-
sive previously described in vitro subtractive screen-
ing (Munoz-Atienza et al. 2013) with criteria more
exhaustive than that established by EFSA to assess
the safety of P. acidilactici strains, which included not
only the evaluation of antibiotic resistance but also
hemolysin and gelatinase production, mucin degra-
dation, and biogenic amine production.

The irresponsible use of antibiotics in aquaculture
has contributed to the emergence and spread of
antibiotic resistance (Cabello 2006). The genetic
determinants encoding antibiotic resistance may be
acquired by LAB, such as pediococci, and subse-
quently horizontally transferred to other bacteria,
including animal and human pathogens (Liu et al.
2009). Danielsen et al. (2007) reported the presence
of the gene erm(B) in a P. acidilactici strain, which
confers acquired resistance to erythromycin, and
Tenorio et al. (2001) described the presence of the
gene aac(6’')le-aph(2”)la in a strain of P. acidilactici,
which confers high-level resistance to gentamicin.
Furthermore, the presence of the genes mef(A/E)
and Inu(A), conferring resistance to erythromycin
and lincosamides, respectively, was reported in
pediococcal strains (Muhoz-Atienza et al. 2013).
Interestingly, none of the P. acidilactici strains evalu-
ated in our study showed resistance to any of the
tested antibiotics. Moreover, none of them produced
the virulence factors hemolysin or gelatinase, which
is in agreement with previous studies (Albano et al.
2009, Munoz-Atienza et al. 2013, Mabrouk et al.
2014). In addition, the 8 tested strains did not display
mucinolytic activity, indicating their low invasive and
toxigenic potential at the mucosal barrier, which sup-
ports that LAB do not degrade mucin in vitro and is in
agreement with previously published works (Zhou et
al. 2001, Delgado et al. 2007, Munoz-Atienza et al.
2013). The production of biogenic amines (low mole-
cular weight organic bases with biological activity),
via the decarboxylation of precursor amino acids
through substrate-specific enzymes, by many LAB
strains has been associated with undesirable toxic
effects for humans (Bunkova et al. 2009, Talon &
Leroy 2011). In this sense, tyramine poisoning is
characterized by hypertension and headache, while
histamine or scombroid poisoning is associated with
facial flush, vomiting, diarrhea, edema, and heart
palpitations, amongst other symptoms. In the Euro-
pean Union, the presence of histamine is already re-
gulated in some fish products (European Commission

2005). Other biogenic amines, such as putrescine and
cadaverine, interfere with the enzymes that meta-
bolize tyramine and histamine, enhancing the ad-
verse effects even if not being toxic by themselves
(Landete et al. 2007, Bunkova et al. 2009). In this
work, we found that 4 P. acidilactici strains (50 %)
produced tyramine or putrescine. In a previous study,
strains of the genus Pediococcus were the main pro-
ducers of tyramine in beer (Izquierdo-Pulido et al.
2000). Moreover, P. acidilactici strains were identi-
fied as low concentration tyramine producers in
Robiola di Roccaverano cheese (Bonetta et al. 2008),
but other strains produced high tyramine concen-
trations in a sardine infusion decarboxylase broth
(Kiley et al. 2013). In contrast, several studies
showed that pediococcal strains isolated from fer-
mented sausages (Fadda et al. 2001, Albano et al.
2009), traditionally processed fish products (Thapa et
al. 2006), and fish and fish products (Munoz-Atienza
et al. 2011) were unable to produce tyramine, cadav-
erine, histamine, and/or putrescine. Interestingly, the
respective genetic determinants in the 4 biogenic-
amine producing strains identified in our study were
not detected by PCR analysis, which may be due to
the existence of still unknown genes, to point muta-
tions of the respective genes that could hamper their
PCR-amplification, or to false positives. With regard
to this, and according to the precautionary principle,
we did not consider these 4 P. acidilactici strains to be
safe. On the other hand, the ability of probiotic
strains to deconjugate bile salts could disrupt the for-
mation of micelles, lipid digestion, and absorption of
fatty acids and monoglycerides in the intestine, due
to the ineffectiveness in the emulsification of dietary
lipids, and seriously affect the animal production
(Begley et al. 2005). None of the 8 tested P. acidilac-
tici deconjugated bile salts. It should be mentioned
that, according to EFSA, the 8 P. acidilactici strains
tested in this work could be considered as safe micro-
organisms to be used in food and feed; however, the
in vitro subtractive screening procedure used in this
work to assess the safety of these P. acidilactici
strains revealed that, based on our more stringent
criteria, as discussed above, only 4 may be con-
sidered safe.

PCR fingerprinting methods, such as ERIC-PCR,
are valuable tools for genetic typing of microorgan-
isms and are more useful than pulsed-field gel
electrophoresis due to a fast and easy execution and
the possibility of evaluating many samples simulta-
neously (Ventura & Zink 2002). A previous work
reported the suitability of ERIC-PCR to determine the
genetic variability of P. acidilactici, P. pentosaceus,
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and P. lolii (Doi et al. 2009). In our work, ERIC-PCR
fingerprinting allowed the clustering of the 8 P. acidi-
lactici strains isolated from rainbow trout feed and
larvae into 2 well-defined groups. The 2 groups dis-
played equal percentages of safe pediococcal strains
(50 %). Furthermore, the 6 pediococcal strains identi-
fied as bacteriocinogenic were grouped in the 3 dif-
ferent subgroups (2 strains by each subgroup [NF1-1
and NF1-12 in SG1.1; L-14 and NF1-10 in SG1.2, and
NF1-5 and NF1-7 in SG2.1]). Only 2 out of the 6
bacteriocinogenic strains, included in 2 different sub-
groups (P. acidilactici L-14 and P. acidilactici NF1-7),
were considered safe. The bacteriocinogenic strains
P. acidilactici NF1-5 and NF1-7 were the most closely
related to the commercial probiotic P. acidilactici
MA18/5M (Bactocell), with a similarity of 82%.
Moreover, the PedPA-1 producer strains P. acidilac-
tici L-14 and P. acidilactici 347 (Cintas et al. 1998)
presented 83 % of similarity, suggesting genetic dif-
ferences that may be due to the different source of
isolation (i.e. rainbow trout larvae and dry-fermented
sausage, respectively).

Based on its strong antimicrobial activity and
safety, we selected the bacteriocinogenic strain P.
acidilactici L-14 for the characterization of its bacteri-
ocin, using biochemical and genetic methods. The
purified bacteriocin produced by P. acidilactici L-14
was analyzed by MALDI-TOF MS (Fig. 3) revealing a
major peptide with a molecular mass (4621.8 Da)
closely similar to that of the PedPA-1 (4628.1 Da)
firstly identified in P. acidilactici PAC1.0 (Henderson
et al. 1992). This difference in the molecular mass
may be explained by the formation in the purified
PedPA-1 of 2 disulfide bonds between the cysteine
residues Cys9 and Cys14, and Cys24 and Cys44, and
by the deamidation of the 3 asparagine residues
(Asn27, Asn28, and Asn41). Moreover, a second pep-
tide with a molecular mass of 4637.6 Da was identi-
fied, which may have resulted from a spontaneous
oxidation of the methionine residue (Met31) to a
methionine sulfoxide (MetSO31), thus increasing the
molecular mass by 16 Da. In this respect, it has been
reported that during bacteriocin purification, Met
usually becomes spontaneously oxidized, leading to
loss or reduction of the antimicrobial activity (Bas-
anta et al. 2010). Taking into account that the PedPA-
1 activity quantified in the last RP-FPLC fraction was
higher than that of the culture supernatant, the oxi-
dation events cited above could have taken place
during the subsequent treatment of the purified bac-
teriocin for MALDI-TOF MS analysis, similarly as
suggested for the reduction in the antimicrobial
activity of enterocin L50 (L50A and L50B) produced

by Enterococcus faecium L50 (Basanta et al. 2010).
The genetic analysis of pedA and pedB in P. acidilac-
tici L14 supported the results obtained by mass spec-
tra, since both genes were identical to the respective
genes from P. acidilactici PAC1.0 (Marugg et al.
1992). The gene pedA encodes a 62 amino acid pep-
tide (prepediocin PA-1) containing an N-terminal 18
amino acid leader sequence which is cleaved off dur-
ing secretion, yielding a 44 amino acid peptide corre-
sponding to the mature pediocin PA-1 (Marugg et al.
1992). The gene pedB encodes a 112 amino acid pro-
tein responsible for the immunity of the cells
(Marugg et al. 1992). The operon of this bacteriocin is
completed with 2 more genes involved in secretion,
pedC and pedD, encoding a 174 amino acid mem-
brane fusion protein and a 724 amino acid ATP-bind-
ing cassette transporter, respectively (Marugg et al.
1992, Venema et al. 1995). Pediocin-producing pe-
diococci strains are highly widespread in nature and
have been isolated from several sources, including a
large variety of plants and fruits (Bennik et al. 1997,
Carr et al. 2002, Todorov & Dicks 2009), fermented
meat and meat products (Bauer et al. 2005, Albano et
al. 2007), boza (cereal-based fermented beverage;
Todorov & Dicks 2005), the gastrointestinal tracts of
poultry (Juven et al. 1991), ducks (Kurzak et al.
1998), and sheep (Hudson et al. 2000), and human
feces (Millette et al. 2007).

CONCLUSIONS

The results of this work reveal that rainbow trout
feed and larvae constitute an interesting source for
the isolation of bacteriocinogenic pediococci with
potential application as probiotics in aquaculture. To
our knowledge, this is the first study reporting the
characterization of a PedPA-1-producing Pediococcus
acidilactici strain isolated from an aquatic environ-
ment (rainbow trout larvae). Further in vitro and in
vivo studies should be carried out in order to evaluate
the probiotic effects and to confirm the lack of toxic-
ity of this strain before its proposal as a probiotic to
prevent fish diseases in aquaculture.
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