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Abstract

Aims: In order to develop complementary health management strategies for

marine mammals, we used culture-based and culture-independent approaches

to identify gastrointestinal lactobacilli of the common bottlenose dolphin,

Tursiops truncatus.

Methods and Results: We screened 307 bacterial isolates from oral and rectal

swabs, milk and gastric fluid, collected from 38 dolphins in the U.S. Navy

Marine Mammal Program, for potentially beneficial features. We focused our

search on lactobacilli and evaluated their ability to modulate TNF secretion by

host cells and inhibit growth of pathogens. We recovered Lactobacillus

salivarius strains which secreted factors that stimulated TNF production by

human monocytoid cells. These Lact. salivarius isolates inhibited growth of

selected marine mammal and human bacterial pathogens. In addition, we

identified a novel Lactobacillus species by culture and direct sequencing with

96�3% 16S rDNA sequence similarity to Lactobacillus ceti.

Conclusions: Dolphin-derived Lact. salivarius isolates possess features making

them candidate probiotics for clinical studies in marine mammals.

Significance and Impact of the Study: This is the first study to isolate

lactobacilli from dolphins, including a novel Lactobacillus species and a new

strain of Lact. salivarius, with potential for veterinary probiotic applications.

The isolation and identification of novel Lactobacillus spp. and other

indigenous microbes from bottlenose dolphins will enable the study of the

biology of symbiotic members of the dolphin microbiota and facilitate the

understanding of the microbiomes of these unique animals.

Introduction

Little is known about the composition and functions of

the symbiotic gastrointestinal microbiota of marine mam-

mals, or the exact contribution of various microbes to

disease in these animals (Venn-Watson et al. 2008). Gas-

troenteritis occurs in bottlenose dolphins (Tursiops trunc-

atus), and diagnosis can be based upon abnormal faecal

or gastric content appearance, changes in gut motility and

appetite, or overgrowth of Candida spp. or Clostridium per-

fringens in faeces. While the aetiology of gastroenteritis in

dolphins is not commonly identified, Campylobacter spp.,

Cryptosporidium spp., Edwardsiella tarda, enteropathogenic

Escherichia coli (EHEC), Giardia spp., Listeria spp, Salmo-

nella spp. and Vibrio spp. are common terrestrial mamma-

lian gastrointestinal pathogens that are found in marine
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mammals (Minette 1986; Higgins 2000; Venn-Watson et al.

2012).

Dolphins appear to be particularly susceptible to gas-

tric ulcers due to a lack of glands in the forestomach to

protect itself against digestive fluids and hydrochloric

acid (Gaskin 1978). Further, Helicobacter infections may

affect the health status of dolphins by contributing to the

pathogenesis of gastric ulcers. In effect, novel helicobact-

ers have been found in wild and captive marine mam-

mals (Goldman et al. 2011). Helicobacter cetorum has

been isolated from the gastric mucosa of dolphins

(Harper et al. 2000, 2002), although its relation to gastric

disease remains unclear. Given the variety of potential

causes of gastroenteritis in dolphins, and the difficulty in

acquiring a definitive diagnosis, there is a need for

broad-spectrum protection against disease.

Probiotics, as defined by the Food and Agricultural

Organization of the United Nations, are ‘live micro-

organisms which when administered in adequate amounts

confer a health benefit on the host’ (FAO/WHO 2001).

Previous studies, extensively reviewed elsewhere (Rastall

et al. 2005; Guarner et al. 2012), have enumerated the

necessary traits and potential benefits of probiotic use for

prevention and treatment of disease in animals and

humans. Some of the beneficial features include inhibi-

tion of pathogen growth and prevention of colonization,

suppression of virulence factor expression, modulation of

host microbiota, modification of energy utilization and of

pain perception, enhancement of epithelial cell function,

protection from physiological stress and modulation of

host immune responses, including alteration of cytokine

and antibody production by host cells and regulation of

T-lymphocyte function (Ryan et al. 2009; Thomas and

Versalovic 2010). Beneficial microbes and probiotics have

been delivered to various animals of agricultural impor-

tance such as cattle (Nader-Macias et al. 2008), swine

(Mori et al. 2011), poultry (Pascual et al. 1999; Brisbin

et al. 2011) and fish (Balcazar et al. 2007; Gatesoupe

2008), in applications such as animal feed, for growth

promotion, modulation of the gut microbiota and pre-

vention of infectious diseases (Bernardeau et al. 2006;

Czarnecki-Maulden 2008; Gaggia et al. 2010).

Lactic acid bacteria, which include the genera Lactoba-

cillus, Lactococcus, Leuconostoc, Pediococcus, Streptococcus

and others, have received particular interest as probiotics,

because many of them are classified as generally regarded

as safe (GRAS) organisms (Bernardeau et al. 2006;

Heczko et al. 2006). Lactobacillus spp. produce antimicro-

bial factors and bacteriocins which make them attractive

candidates for prevention and treatment of a variety of

infectious diseases (Aiba et al. 1998; Pascual et al. 1999;

Corr et al. 2007). In effect, lactobacilli have been used to

reduce Salmonella loads and eradicate various pathogens

from chickens, pigs and other animals (Pascual et al.

1999; Walsh et al. 2008; Chen et al. 2012), making them

a sensible choice to evaluate for marine mammal health

promotion.

With the aim of exploring complementary health

management strategies for marine mammals, we embarked

on an effort to isolate and identify candidate probiotic lacto-

bacilli from the indigenous microbiota of bottlenose dol-

phins (T. truncatus).

Materials and methods

Sample acquisition

Samples were collected from 38 bottlenose dolphins at

the Navy Marine Mammal Program (MMP), a pro-

gramme that has been active for more than 50 years.

Navy dolphins are housed in netted enclosures in San

Diego Bay, California, and routinely work in the open

ocean. They are fed restaurant-quality frozen–thawed fish

(mackerel, herring, capelin and squid), receive routine

antihelminthics, are observed daily, have routine physical

examinations by highly experienced veterinarians and

are part of a vigilant preventive medicine programme.

Voluntary, trained behaviours are used to aid in routine

sample collection, including blood, gastric fluid and

faecal samples, and blood panel reference ranges amongst

healthy animals have been published for this group of

dolphins (Venn-Watson et al. 2007, 2011b). While the

average age of dolphins in the wild is approximately

24 years, an increasing number of Navy dolphins are

living 40–50 years (Venn-Watson et al. 2011a).

The Navy Marine Mammal Program is accredited by

the Association for Assessment and Accreditation of Lab-

oratory Animal Care International and adheres to the

national standards of the United States Public Health Ser-

vice Policy on the Humane Care and Use of Laboratory

Animals and the Animal Welfare Act. As required by the

Department of Defense, the MMP’s animal care and use

programme is routinely reviewed by an Institutional Ani-

mal Care and Use Committee (IACUC) and the Depart-

ment of Defense Bureau of Medicine.

Samples included in this study were oral swabs (from

the gingival sulcus), rectal swabs and approximately 5 ml

of gastric fluid from each dolphin, all taken from each

animal on the same date. Oral and rectal swabs were

collected using BD BBLTM CultureSwabTM Plus Amies

Medium (Sparks, MD, USA) and subsequently stored at

�80°C. Gastric fluid samples were collected and frozen in

Brucella broth supplemented with 20% glycerol. Thirty-

one dolphins were considered healthy at the time of

sampling. Of the remaining seven dolphins in the study,

gastric endoscopic evaluation confirmed that two
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dolphins had erosive or ulcerative esophagitis and five

animals had erosive or ulcerated gastritis. Dolphins were

sampled at multiple time points from November 2007 to

December 2008, creating a total of 119 oral swabs, 119

rectal swabs and 119 gastric fluid specimens. In addition,

milk samples were collected from three lactating female

dolphins as lactobacilli have been isolated from human

breast milk and that of other mammals (Diaz-Ropero

et al. 2007; Lara-Villoslada et al. 2007), and oral swabs

were collected from their nursing calves as part of routine

health assessments. For milk collection, the skin sur-

rounding the teat was wiped with 70% isopropyl alcohol

and then rinsed and wiped with sterile water prior to

application of the modified manual breast pump for sam-

ple acquisition. Milk samples were stored in Brucella

broth with 20% glycerol. All samples were immediately

stored at �80°C and shipped frozen to our (M.A.D.,

E.P.G., J.V.) laboratory on dry ice.

Isolation, culture and identification of candidate

probiotic strains

Samples were either plated directly on de Man, Rogosa

and Sharpe (MRS), Brucella, sheep blood or chocolate

agar, or enriched for 24–48 h in MRS or Brucella broth

and then plated on these agar media. Blood and choco-

late agar were obtained from Remel (Lenexa, KS, USA);

MRS and Brucella media were obtained from BD (Frank-

lin Lakes, NJ, USA). Blood, Brucella and chocolate media

were used to obtain greater isolate diversity, while MRS

media was chosen for enrichment and selection of lactic

acid bacteria. A greater emphasis was given to screening

rectal swabs and gastric fluid, as these specimens were

likely to contain lactobacilli, according to studies carried

out in other animals (Neville and O’Toole 2010) and to

preliminary data obtained by 16S rDNA clone library

sequencing from these dolphin specimens (E.M. Bik

et al., personal communication). All samples were incu-

bated under anaerobic or microaerobic culture conditions

at 37°C to simulate the host environment, for as long as

7 days, until colony growth was apparent. Isolates dis-

playing different colony morphologies (about 2–3 per

plate) were subcultured for further study. Pure cultures

made from isolated colonies were stored at �80°C in

Brucella broth supplemented with 20% glycerol.

Cultured bacterial isolates were identified by analysis of

the 16S ribosomal RNA gene (rDNA). Partial 16S rDNA

sequencing was performed to screen for lactobacilli; only

isolates identified as Lactobacillus spp. were fully

sequenced. PCR was performed using the FastStart PCR

Master Mix (Roche, Indianapolis, IN, USA) and universal

bacterial primers 27f (5′-GAG TTT GAT CCT GGC TCA

G- 3′) and 1525r (5′-AGA AAG GAG GTG ATC CAG

CC-3′) (Rainey et al. 1996). Other primers used include

universal bacterial primers B-V3 (5′-ACG ACA GCC

ATG CAG CAC CT-3′) and BR5-V1 (5′-GAA GAG TTT

GAT CAT GGC TCA G- 3′) (Luna et al. 2007), and 18S

rRNA gene primers ITS1F (5′-CTT GGT CAT TTA GAG

GAA GTA A-3′) and ITS4 (5′-TCC TCC GCT TAT TGA

TAT GC-3′) to detect yeasts (Zachow et al. 2009). Tem-

plate DNA was obtained by colony lysis, or purified from

pure bacterial cultures using MO BIO UltraClean DNA

Isolation kit (MO BIO Laboratories, Carlsbad, CA, USA)

or MagNA Pure Nucleic Acid Isolation kit (Roche). A

variety of DNA extraction and PCR sequencing condi-

tions were employed as these can vary considerably for

different organisms. Purified amplicons (QIAquick kits;

Qiagen, Valencia, CA, USA) were sequenced at Seq-

Wright. Sequence analysis was performed using Vector-

NTI (Invitrogen, Carlsbad, CA, USA), SeqMatch,

available through the Ribosomal Database Project II

(RDPII database, http://rdp.cme.msu.edu/index.jsp)

(Maidak et al. 2001), and BLAST (Altschul et al. 1997)

(National Center for Biotechnology Information, available

through http://www.ncbi.nlm.nih.gov/BLAST/). Isolates

identified as Lactobacillus spp. by 16S rDNA sequencing

were further characterized biochemically using API 50

CHL (bioM�erieux, Marcy l’Etoile, France) and by Diver-

siLab repPCR (bioM�erieux) genomic fingerprinting. The

repPCR fingerprinting was performed as instructed by

the manufacturer (Woods et al. 1993; Healy et al. 2005),

using genomic DNA extracted from pure bacterial cul-

tures with the MO BIO UltraClean DNA isolation kit.

Ribosomal RNA sequences of isolates identified as Lac-

tobacillus spp. were aligned using the Greengenes NAST

aligner (DeSantis et al. 2006) and phylogenetically analy-

sed using the Greengenes version of the ARB software

package (Ludwig et al. 2004). A neighbour-joining tree

was generated using a 1323-bp column filter, a Jukes-

Cantor correction and a bootstrapped version building

1000 trees.

Pathogen growth inhibition assays

Pathogen growth inhibition assays were performed to

assess the probiotic properties of candidate probiotic

strains, as previously described (Schillinger and Lucke

1989; Jacobsen et al. 1999; Tzortzis et al. 2004), with

modifications. These assays involved growth of spot inoc-

ula of probiotic candidate strains (‘effectors’) on agar to

allow secretion and diffusion of growth inhibitory factors.

This step was followed by overlaying the plate with a

pathogen culture (‘indicator’) and ultimately measuring

the pathogen growth inhibition zone. Pathogens used as

‘indicator’ organisms included a marine mammal-derived

isolate of Salmonella enterica serotype Enteritidis (strain
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MMP-3466467), a human enterohaemorrhagic E. coli

(EHEC; strain EHEC-JV.112) and a human-derived

enterotoxigenic E. coli (ETEC; strain ETEC-JV.3A5).

Strains EHEC-JV.112 and ETEC-JV.3A5 were clinical iso-

lates obtained from the Microbiology Laboratories of the

Department of Pathology and Microbiology at Texas

Children’s Hospital, Houston, TX. The Salmonella MMP-

3466467 strain had been isolated from a sea lion faecal

sample collected in June 2006 at the MMP location in

San Diego. The animal was diagnosed with gastroenteritis

and mixed viral (PCR positive for Calicivirus) and bacte-

rial infections (heavy growth of E. coli and Salmonella).

Clinical signs included anorexia, lethargy and an erosive

oral lesion.

Candidate probiotic ‘effector’ strains were grown 18–
24 h anaerobically at 37°C in MRS broth. Two microlitre

(2 ll)-droplets of standardized culture broth containing

approximately 109 cells ml�1 (as estimated by OD600

absorbance readings) were spotted onto MRS agar and

incubated anaerobically for 24 h at 37°C. The three path-

ogen ‘indicator’ strains were grown aerobically in brain–
heart infusion (BHI) broth for 18–24 h at 37°C and used

to inoculate 7 ml soft BHI agar (0�7% agar; molten and

tempered to 45°C) to obtain standardized bacterial sus-

pensions of 107 cells per plate. Plates containing effector

strain growth spots (3 mm radius each) were carefully

overlaid with indicator organism cell suspensions and

incubated aerobically for 18–24 h at 37°C to obtain bac-

terial lawns. The radius of each pathogen growth inhibi-

tion zone was measured in millimetres. Assays were

performed twice, both times in triplicate, and results are

presented as the means and standard deviations. Statisti-

cal analyses (ANOVA, P < 0�05) were performed using Stata

(StataCorp, College Station, TX, USA). An inhibition

radius <4 mm was considered noninhibitory; a radius

between 4 and 7 mm was designed as intermediary inhib-

itor, and a radius exceeding 7 mm was considered

strongly inhibitory. Lactobacillus salivarius ATCC 11741,

originally isolated from the human oral cavity (Rogosa

et al. 1953), and recently sequenced as a reference gen-

ome by the NIH Human Microbiome Consortium

(http://genome.jgi.doe.gov/HumanMicr/HumanMicr.info.

html), was used as a reference strain and positive control

in these assays.

TNF secretion assays

A high-throughput quantitative immunoassay was devel-

oped and used to screen for candidate bacteria with the

ability to affect TNF secretion by host cells, based on pre-

viously described methods (Lin et al. 2008; Jones and

Versalovic 2009), with the following modifications. Wells

from 96-well plates containing MRS broth were

inoculated using a fresh colony of the probiotic candidate

and incubated anaerobically at 37°C for 24 h. Cultures

were subcultured using fresh 96-well plates with MRS

broth, incubating anaerobically at 37°C for 24 h. OD600

readings were taken to ensure bacterial growth to late log

phase and to make adjustments when necessary. Condi-

tioned media containing secreted bacterial factors were

prepared by filtering the culture material (0�22 lm pore

size) to remove bacterial cells, then vacuum drying the

filtrates and resuspending them in equal volumes of

RPMI 1640 media (Sigma-Aldrich, St Louis, MO, USA).

Plates with conditioned media were kept at 4°C for 24 h

and then stored for up to 1 week at 4°C or at �20°C
until use.

THP-1 human monocytoid cells (ATCC TIB-202) were

cultured in RPMI 1640 media supplemented with 10% foe-

tal bovine serum. To challenge THP-1 cells, conditioned

media (1% v/v; 200 ll final volume) were added to cell cul-

tures containing approximately 50 000 THP-1 cells and

incubated at 37°C with 5% CO2 for 3 h 30 min. MRS

broth-matched controls (no bacteria; also vacuum-dried

and resuspended in RPMI) were used to detect the effects

of culture media on THP-1 cells. Supernatants of the THP-

1 cells were tested for TNF production, which was mea-

sured by quantitative ELISA (R&D Systems, Minneapolis,

MN, USA) as previously described (Jones and Versalovic

2009). These assays were performed in duplicates, and

results are presented as the means and standard deviations

of TNF quantities secreted by THP-1 cells exposed to bac-

terial factors. Statistical analyses (ANOVA, P < 0�05) were

performed using Stata. As references, we tested a collection

of type strains of Lactobacillus, which included Lact. aci-

dophilus ATCC 4796, Lact. brevis subsp gravesensis ATCC

27305, Lact. buchneri ATCC 11577, Lact. casei ATCC 334,

Lact. delbrueckii subsp bulgaricus ATCC 11842, Lact.

fermentum ATCC 14931, Lact. gasseri ATCC 33323, Lact.

johnsonii ATCC 33200, Lact. paracasei ATCC 25302,

Lact. plantarum ATCC 14917, Lact. reuteri ATCC 53609,

Lact. reuteri ATCC 55148, Lact. reuteri ATCC 55730,

Lact. reuteri ATCC PTA 6475, Lact. rhamnosus ATCC

LSM2-1, Lact. ruminus ATCC 25644 and Lact. salivarius

ATCC 11741.

Results

Isolation and identification of candidate probiotics

A total of 307 isolates were cultured from 21 rectal swabs,

25 gastric fluid specimens, 2 oral swabs and 3 milk speci-

mens obtained from 38 dolphins, using MRS and Bru-

cella media. Each isolate corresponded to a distinct

morphotype obtained per plate with the sample and

culture conditions employed.
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The majority of isolates were obtained using MRS (150

isolates, 48�9%) and Brucella (118 isolates, 38�4%) media;

some isolates were cultured using sheep blood (27 iso-

lates, 8�8%) and chocolate (12 isolates, 3�9%) agar. One

hundred and fifty-three (49�8%) isolates were recovered

from rectal swabs, 97 isolates (31�6%) were obtained

from gastric fluid, 53 isolates (17�3%) were derived from

milk, and four isolates (1�3%) were cultured from nursing

calf oral swabs.

Two hundred and fifty isolates (81�4%) were identified

by partial 16S rDNA sequencing; 58 (18�9%) isolates

remained unidentified. The most prevalent genera cul-

tured from dolphin samples under the conditions

employed were Staphylococcus (77 isolates, 25�1%) and

Escherichia/Shigella (61 isolates, 19�9%), not surprisingly

as both are able to grow in MRS media. Staphylococci

were isolated from all specimen types and were predomi-

nant in gastric fluid and milk, whereas Escherichia/Shi-

gella were mainly isolated from rectal swabs. Other

genera recovered included Achromobacter, Actinobacillus,

Alcanivorax, Bacillus, Citrobacter, Clostridium, Corynebac-

terium, Desulfovibrio, Edwardsiella, Enterococcus, Eubacte-

rium, Lactobacillus, Macrococcus, Ochromobactrum,

Peptostreptococcus, Photobacterium, Pigmentiphaga, Pseu-

domonas, Rhodococcus, Stenotrophomonas and Streptococ-

cus. Although 52 isolates were recovered from dolphin

milk samples, no lactobacilli were recovered from these

samples; the isolates were predominantly staphylococci. A

detailed list of isolates recovered and their specimen of

origin is provided in Table 1.

Of the 307 bacterial strains isolated from dolphin sam-

ples, seven were Lactobacillus spp. Four Lact. salivarius

isolates were recovered from rectal swab samples, all from

dolphin ‘C’. The isolates had 16S rDNA sequences that

were more than 99�8% identical to each other. White, cir-

cular, smooth colonies formed on MRS and Brucella agar

after 24 h of anaerobic incubation at 37°C, and an alpha-

haemolytic phenotype was evident when they were cul-

tured on sheep blood agar. These isolates were nonmotile

and did not form spores. They were Gram-positive, cata-

lase-negative, facultative anaerobic bacilli that appeared as

single cells and as pairs of cells by microscopy.

In addition, we obtained three novel Lactobacillus spp.

isolates from the gastric fluid of dolphin ‘Z’, with 16S

rDNA sequences 99�54% identical to each other and with

96�3% 16S rDNA sequence identity to Lactobacillus ceti, a

species previously isolated from beaked whales (Vela et al.

2008). The isolates formed small, grey, nonhaemolytic

round colonies after 3–7 days of incubation on sheep

blood agar at 37°C, under anaerobic conditions. They

were Gram-positive, anaerobic, catalase-negative bacilli

present as single cells and as pairs of cells. The 16S rDNA

sequences obtained from these isolates were 99�8% identi-

cal to sequences detected directly in gastric fluid and rec-

tal swab samples from several dolphins studied by whole-

community, broad-range 16S rDNA PCR and clone

library sequencing (E.M. Bik et al., personal communica-

tion). The novel Lactobacillus sp. and the Lact. salivarius

isolated in this study had 92�71% 16S rDNA sequence

identity to each other. The results of a 16S rDNA-based

phylogenetic analysis of lactobacilli found in both studies

are provided in Fig. 1. These sequence data have been

submitted to the GenBank database under accession

numbers JX142127 through JX142133.

RepPCR genomic fingerprinting of lactobacilli isolated

in this study revealed that, as with ribosomal DNA

sequence analysis, the four Lact. salivarius isolates,

MMP005, MMP006, MMP007 and MMP077, obtained

from dolphin ‘C’, grouped together to form one clade, as

did the novel Lactobacillus isolates MMP239, MMP241

and MMP242, obtained from dolphin ‘Z’ (data not

shown). Further comparative genomic analyses using

microarray or whole-genome sequencing technologies will

allow us to refine the phylogenetic relation and genome

variability amongst the Lact. salivarius and the novel Lac-

tobacillus sp. isolates, respectively, and determine whether

these isolates represent distinct strains of each species

(Raftis et al. 2010).

Lactobacillus salivarius isolates were characterized using

API 50 CHL strips. These biochemical test kits consist of

50 carbohydrate utilization/fermentation assays used to

characterize lactobacilli and related micro-organisms. Sub-

strate utilization results, summarized in Table 2, showed

that dolphin-derived Lact. salivarius isolates MMP005,

MMP006, MMP007 and MMP077 yielded identical

biochemical and carbohydrate fermentation profiles and

were positive for D-ribose, D-adonitol, D-galactose, D-glu-

cose, D-fructose, D-mannose, D-mannitol, D-sorbitol,

N-acetylglucosamine, D-maltose, D-lactose, D-melibiose,

D-saccharose (sucrose), D-trehalose and D-raffinose. These

profiles differed slightly from reference strain Lact. salivari-

us ATCC 11741, which displayed a typical carbohydrate

fermentation profile of Lact. salivarius (Jacobsen et al.

1999; Neville and O’Toole 2010), and did not utilize

D-ribose or D-adonitol, but was positive for L-rhamnose.

The three novel Lactobacillus isolates (MMP239, MMP241

and MMP242) were fastidious and failed to yield sufficient

growth for API 50 CHL assays.

Pathogen growth inhibition properties

Lactobacillus salivarius candidate probiotic isolates

MMP005, MMP006, MMP007 and MMP077, obtained

from dolphin ‘C’ rectal swabs, strongly inhibited growth

of the marine mammal-derived Salm. enterica serotype

Enteritidis (strain MMP-3466467) and human pathogens

Journal of Applied Microbiology 115, 1037--1051 © 2013 The Authors. Journal of Applied Microbiology published by John Wiley & Sons Ltd 1041
on behalf of Society for Applied Microbiology.

M.A. Diaz et al. Probiotic Lactobacillus from bottlenose dolphins



EHEC-JV.112 and ETEC-JV.3A5 (Fig. 2). Similarly,

Lact. reuteri ATCC 55730 and Lact. salivarius ATCC

11741, references established as probiotic strains (Rogosa

et al. 1953; Valeur et al. 2004), also inhibited these

enteric pathogens. Other marine mammal-derived isolates

tested included Staphylococcus sp. MMP123 and strains of

Bacillus thuringiensis, Edwardsiella ictaluri, Enterococcus

casseliflavus, Escherichia/Shigella, Photobacterium damselae

and Staphylococcus spp., all of which yielded inhibition

radii smaller than 4 mm and were noninhibitory (not

Table 1 Bacterial species recovered from dolphin samples and identified by 16S rDNA sequencing

Organism* Rectal swab Gastric fluid Oral swab Milk Total (%)

Achromobacter denitrificans 1 1 (0�3%)

Actinobacillus scotiae 1 5 6 (2�0%)

Alcanivorax dieselolei 2 2 (0�7%)

Bacillus thuringiensis 1 1 (0�3%)

Citrobacter braakii 1 1 (0�3%)

Citrobacter freundii 4 4 (1�3%)

Clostridium ghonii 1 1 (0�3%)

Clostridium perfringens 3 3 (1�0%)

Clostridium sordellii 2 2 (0�7%)

Corynebacterium

tuberculostearicum

1 1 (0�3%)

Desulfovibrio spp. 1 1 (0�3%)

Edwardsiella ictaluri 1 1 (0�3%)

Edwardsiella tarda 13 13 (4�2%)

Enterococcus casseliflavus 3 3 (1�0%)

Enterococcus silesiacus 2 2 (0�7%)

Enterococcus termitis 10 3 13 (4�2%)

Eubacterium tenue 1 1 (0�3%)

Escherichia/Shigella 57 4 61 (19�9%)

Lactobacillus salivarius 4 4 (1�3%)

Lactobacillus spp. 3 3 (1�0%)

Macrococcus caseolyticus 1 1 (0�3%)

Ochrobactrum tritici 1 1 (0�3%)

Peptostreptococcus stomatis 2 2 (0�7%)

Photobacterium damselae 5 2 7 (2�3%)

Pigmentiphaga kullae 1 1 (0�3%)

Propionibacterium avidum 2 2 (0�7%)

Pseudomonas otitidis 1 1 (0�3%)

Rhodococcus corynebacteroides 1 1 (0�3%)

Staphylococcus caprae 1 1 1 9 12 (3�9%)

Staphylococcus cohnii 1 1 (0�3%)

Staphylococcus delphini 1 8 9 (2�9%)

Staphylococcus epidermidis 4 6 2 10 22 (7�2%)

Staphylococcus hominis 2 8 10 (3�3%)

Staphylococcus pasteuri 2 4 1 3 10 (3�3%)

Staphylococcus warneri 3 6 4 13 (4�2%)

Stenotrophomonas maltophilia 1 1 (0�3%)

Streptococcus australis 2 2 (0�7%)

Streptococcus mitis 1 1 (0�3%)

Streptococcus parasanguinis 1 1 2 (0�7%)

Possible yeast (18S rDNA positive) 1 25 26 (8�5%)

Not sequenced or identified 23 25 10 58 (18�9%)

Total 154 (50�2%) 97 (31�5%) 4 (1�3%) 52 (16�9%) 307

*A total of 119 sample sets including an oral swab, a rectal swab and gastric fluid were collected from 38 dolphins. Milk samples were obtained

from three lactating dolphins; oral swabs were collected from their nursing calves. Samples were collected from November 2007 to December

2008, by personnel at the U.S. Navy Marine Mammal Program in San Diego, CA. de Man, Rogosa and Sharpe (MRS), Brucella, chocolate and

blood agar were used for isolation and culture of micro-organisms. Isolate identification was based on 16S rDNA sequence analysis; the listed

species correspond to the closest RDP hit, using SeqMatch.
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shown). As mentioned earlier, the novel Lactobacillus sp.

isolates were not studied further as they were fastidious

and yielded insufficient growth. The growth medium

alone had no growth inhibitory effect on any of the

bacterial pathogens tested (not shown).

Modulation of cytokine production

Secreted factors from Lact. salivarius isolates MMP005,

MMP006, MMP007 and MMP077 were assayed for their

ability to modulate TNF production by THP-1 human

Streptococcus pneumoniae str.R6 , NC_003098
MMP077, JX142130
MMP007, JX142129
MMP006, JX142128
MMP005, JX142127

Lactobacillus salivarius ATCC 11741, AF089108

87

Lactobacillus saerimneri, AY255802
Lactobacillus ceti str. 142, AM292799

MMP242, JX142131
MMP239, JX142132

clone 05283, JQ193581

81

Lactobacillus mali, M58824

90

Lactobacillus murinus, EF445113.
Lactobacillus agilis, M58803

Lactobacillus ruminis, M58828
Lactobacillus mobilis, AB242320

Lactobacillus brevis ATCC 367, CP000416
Lactobacillus casei ATCC 334, CP000423

Lactobacillus oligofermentans, AY733084
Lactobacillus gasseri ATCC 33323, CP000413

Lactobacillus fermentum, DQ486144
Lactobacillus reuteri DSM20016, CP000705

92
62

57

60

100

100

100

0·01

Figure 1 Phylogeny of Lactobacillus 16S rDNA sequences found in this study. Lactobacillus sequences found in this study (in bold) were com-

pared with published sequences in a neighbour-joining tree with a Jukes-Cantor correction and a 1323-column filter. Numbers above branches

refer to bootstrap values (in percentages out of 1000 trees; numbers below 50% are not shown). The scale bar represents evolutionary distance

(1 substitution per 100 nucleotides). Sequence 05283 was obtained in a separate study of bacterial diversity in bottlenose dolphins using broad-

range 16S rDNA PCR and clone library sequencing (E.M. Bik et al., personal communication). Refer to Table S1 for the identity matrix of these

sequences and to Table 2 for descriptions of MMP strains shown in this figure.

Table 2 Summary of characteristics of lactobacilli analysed in this study

Isolate Species* Specimen Dolphin

Enrichment

media

Isolation

media

Pathogen

growth

inhibition

TNF

modulation API-CH profile†

MMP 005 Lactobacillus

salivarius

Rectal swab C Brucella MRS +++ ↑ RIB, ADO, GAL, GLU, FRU,

MNE, MAN, SOR, NAG, MAL,

LAC, MEL, SAC, TRE, RAF.

MMP 006 Lact. salivarius Rectal swab C Brucella MRS +++ ↑ RIB, ADO, GAL, GLU, FRU,

MNE, MAN, SOR, NAG, MAL,

LAC, MEL, SAC, TRE, RAF.

MMP 007 Lact. salivarius Rectal swab C Brucella MRS +++ ↑ RIB, ADO, GAL, GLU, FRU,

MNE, MAN, SOR, NAG, MAL,

LAC, MEL, SAC, TRE, RAF.

MMP 077 Lact. salivarius Rectal swab C None MRS +++ ↑ RIB, ADO, GAL, GLU, FRU,

MNE, MAN, SOR, NAG, MAL,

LAC, MEL, SAC, TRE, RAF.

MMP 239 Novel

Lactobacillus sp.

Gastric fluid Z Brucella Blood ND ND ND

MMP 241 Novel

Lactobacillus sp.

Gastric fluid Z Brucella Blood ND ND ND

MMP 242 Novel

Lactobacillus sp.

Gastric fluid Z Brucella Blood ND ND ND

ATCC 11741‡ Lact. salivarius � � � � +++ ↑ GAL, GLU, FRU, MNE, RHA,

MAN, SOR, NAG, MAL, LAC,

MEL, SAC, TRE, RAF

MRS, de Man, Rogosa and Sharpe; +++, strongly inhibitory.

*According to phylogenetic analysis shown in Fig. 1.

†Lactobacilli obtained from Marine Mammal Program (MMP) dolphin samples were characterized biochemically using API 50 CHL (bioM�erieux).

D-Ribose (RIB), D-adonitol (ADO), D-galactose (GAL), D-glucose (GLU), D-fructose (FRU), D-mannose (MNE), D-mannitol (MAN), D-sorbitol (SOR),

N-acetylglucosamine (NAG), D-maltose (MAL), D-lactose, (LAC), D-melibiose (MEL), D-saccharose (SAC), D-trehalose (TRE) and D-raffinose (RAF) and

L-rhamnose (RHA).

‡Lact. salivarius ATCC 11741 was used as a reference strain.
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monocytoid cells. Bottlenose dolphin cell lines (Beineke

et al. 2010) were not available for this study, so use of a

human cell line was a valuable model for screening pur-

poses. We found that conditioned media from Lact. sali-

varius isolates stimulated TNF production significantly

more than the MRS medium control (Fig. 3). Secreted

factors from the bottlenose dolphin-derived Lact.

salivarius strains exhibited TNF-stimulatory features simi-

lar to the effects of human-derived reference probiotic

strains Lact. salivarius ATCC 11741 and Lact. reuteri

ATCC 55730. The latter is a known TNF-stimulatory

strain previously studied in our laboratory and elsewhere

(Valeur et al. 2004; Lin et al. 2008; Jones and Versalovic

2009). Other reference lactobacilli tested yielded various

degrees of TNF inhibition.

Discussion

The main objectives of this study were to isolate gastroin-

testinal bacteria from bottlenose dolphins and to evaluate

selected isolates for beneficial properties. Following the

laboratory screening of 307 bacterial isolates from oral,

gastric and rectal specimens collected from 38 dolphins

in the U.S. Navy Marine Mammal Program, gastrointesti-

nal lactobacilli and other Gram-positive bacteria were

evaluated for defined beneficial features. Novel Lactobacil-

lus spp. phylogenetically related to Lact. ceti were identi-

fied by direct sequencing and bacteriological culture.

Gastrointestinal Lact. salivarius isolates obtained by

bacteriological culture from T. truncatus demonstrated

the ability to suppress the proliferation of enteric patho-

gens and stimulated TNF production in mammalian

myeloid cells. These new isolates represent an initial foray

into the characterization of lactobacilli with potentially

beneficial health-promoting features in marine mammals.

Microbiome studies suggest that microbial communi-

ties have co-evolved with their hosts (Ley et al. 2008;

Spor et al. 2011) and highlight the roles that micro-

organisms may play in their co-habitation with them

(Muegge et al. 2011; Clemente et al. 2012). The mamma-

lian gastrointestinal microbiota includes a diverse group

of micro-organisms that exert functions with potential

probiotic activities (Ley et al. 2008; Gerritsen et al. 2011).

Probiotics may confer beneficial effects as modulators of

the host microbiota, enhancing resilience and resistance

to pathogens and other perturbations by promoting a

healthier microbial ecology of the gut (Gerritsen et al.

2011; Wallace et al. 2011). These studies bring to light

the value of culture-based methods to complement the

predominantly molecular-based approaches used to study
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Figure 2 Lactobacillus salivarius isolates inhibit growth of selected marine mammal and human pathogens. Candidate probiotic strains were

assayed for their ability to inhibit growth of selected marine mammal and human pathogens. Effector strain cultures (Lact. salivarius strains

MMP005, MMP006, MMP007 and MMP077, Staphylococcus sp. MMP123 and reference strains Lactobacillus paracasei ATCC 25302, Lact. saliva-

rius ATCC 11741, Lactobacillus reuteri ATCC 55730 and Lact. reuteri ATCC PTA 6475) were spotted onto de Man, Rogosa and Sharpe (MRS)

agar and tested with indicator pathogen cell suspensions. Each pathogen growth inhibition zone radius was measured in millimetres (mm). Lacto-

bacillus salivarius isolates obtained in this study from dolphin ‘C’ rectal swabs inhibited growth of marine mammal-derived Salmonella enterica

serotype Enteritidis MMP-3466467 and human pathogens EHEC-JV.112 and ETEC-JV.3A5. Reference strains were also pathogen growth inhibi-

tory (ANOVA, P < 0�05). In contrast, Staphylococcus sp. MMP123 and other isolates from dolphin samples tested, including strains of Bacillus thur-

ingiensis, Edwardsiella ictaluri, Enterococcus casseliflavus, Escherichia/Shigella, Photobacterium damselae and Staphylococcus spp. (not shown),

were noninhibitory. MRS medium-only control experiments (not shown) confirmed that MRS had no effect on pathogen growth. Bars represent

the mean radii of growth inhibition; error bars show standard deviations. ( ) Salmonella; ( ) EHEC and ( ) ETEC.
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the microbiome at bacterial membership and functional

levels (16S rDNA surveys, metagenomics, metabolomics,

etc.). Efforts to culture symbiotic microbes enable a bet-

ter understanding of the biology of the host microbiota,

particularly given the historical priority given to studying

organisms of traditional medical and veterinary relevance,

namely pathogens (Spor et al. 2011).

Lactobacillus salivarius is part of the indigenous micro-

biota of the mammalian gastrointestinal tract and was

first isolated from the human oral cavity (Rogosa et al.

1953). The species has also been isolated from human

breast milk (Martin et al. 2006), a plausible route for gas-

trointestinal colonization (Martin et al. 2006; Jara et al.

2011), and from food and environmental sources (Neville

and O’Toole 2010). Lactobacillus salivarius displays a high

level of genomic diversity (Raftis et al. 2010). The 2�13-
Mb genome of strain UCC118 has been annotated

(Claesson et al. 2006), revealing a circular genomic

megaplasmid, which is a novel feature amongst lactoba-

cilli, and may be implicated in its adaptation to a wide

range of environments and probiosis (Raftis et al. 2010).

Comparative genomics studies will provide further under-

standing of strain diversity within the species as genomic

characterization of various Lact. salivarius strains isolated

from different habitats is completed by scientists at the

NIH Human Microbiome Consortium and other labora-

tories (Raftis et al. 2010; Kergourlay et al. 2012; Langa

et al. 2012).

To our knowledge, Lactobacillus spp. have not yet been

reported in dolphins. Given the growing scientific evi-

dence supporting successful probiotic applications of lac-

tobacilli in humans and other animals, these organisms

were the focus of this study. We successfully recovered

Lactobacillus spp. from bottlenose dolphin specimens.

Lactobacillus salivarius isolates were recovered from

dolphin rectal swab samples, and a novel Lactobacillus
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Figure 3 TNF production is stimulated by secreted factors from Lactobacillus salivarius isolates recovered from dolphins. Lactobacillus salivarius

strains MMP005, MMP006, MMP007 and MMP077 were tested for their ability to modulate cytokine production in THP-1 human monocytoid

cells. Conditioned media containing secreted factors were prepared by removing bacterial cells from late-log-phase cultures by filtration. Secreted

factors were assayed for their ability to modulate TNF production by THP-1 human monocytoid cells. TNF was measured by quantitative ELISA.

Lactobacillus salivarius strains MMP005, MMP006, MMP007 and MMP077, and reference strains Lactobacillus rhamnosus ATCC LSM2-1,

Lact. salivarius ATCC 11741 and human-derived probiotic Lactobacillus reuteri ATCC 55730, significantly stimulated TNF production (ANOVA,

P < 0�05). de Man, Rogosa and Sharpe (MRS) medium-only control did not have an effect on TNF production. Results are presented as mean

concentrations of TNF, with standard deviations represented by the error bars.
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species was recovered from dolphin gastric fluid. Lactoba-

cillus-like 16S rDNA sequences were also detected in dol-

phin gastric fluid and rectal swab samples by broad-range

rDNA PCR and clone sequencing (E.M. Bik et al., per-

sonal communication), with some of the amplified

sequences being 99�8% identical to the 16S rDNA

sequences of the novel Lactobacillus strains that were cul-

tured in this study. The 16S rDNA sequences of the novel

Lactobacillus are 96�3% identical to the sequence of a cul-

tivated, marine mammal-derived Lact. ceti (Vela et al.

2008). Isolates of the novel Lactobacillus species were

fastidious and grew too slowly to perform standard

biochemical assays.

Our focused search for lactic acid bacteria yielded iso-

lates from genera other than Lactobacillus and may

include organisms with beneficial features. Given the lim-

ited information available on marine mammal indigenous

gastrointestinal microbiota (Venn-Watson et al. 2008),

with existing studies primarily addressing their role in the

digestion of food (Olsen et al. 1994), the isolation and

identification of a diverse set of members of the bottle-

nose dolphin indigenous microbiota, including lactobacil-

li, should significantly contribute to the understanding of

the dolphin microbiome. Future studies characterizing

the dolphin gastrointestinal microbiota will help elucidate

the contribution of these organisms to their host’s health.

Pathogens that affect gastrointestinal dolphin health

have been previously reviewed elsewhere (Baskin 2006;

Venn-Watson et al. 2008) and include astroviruses (Rive-

ra et al. 2009), Campylobacter spp. (Foster et al. 2004;

Stoddard 2005; Goldman et al. 2011), Clostridium spp.

(Buck et al. 1987), Edw. tarda (Coles et al. 1978), Giardia

and Cryptosporidium species (Hughes-Hanks et al. 2005),

Helicobacter (Harper et al. 2000, 2002) and Salmonella

spp. (Foster et al. 1999; Smith et al. 2002).

The action and effectiveness of probiotics can be evalu-

ated by a variety of screening techniques, which include

assessment of antimicrobial activities, modulation of cyto-

kine production, host colonization and resistance to acid

or bile stress (Rastall et al. 2005; Guarner et al. 2012).

Antagonistic properties of probiotic organisms have been

demonstrated in vitro and in vivo in bifidobacteria, lactoba-

cilli and combinations of probiotics (Neville and O’Toole

2010; Jara et al. 2011; Langa et al. 2012). Adaptation of

Lact. salivarius to the gastrointestinal niche has entailed

the capacity to inhibit pathogens and to tolerate the host’s

antimicrobial defences, granting it considerable interest as

a promising probiotic species (Neville and O’Toole 2010).

Lactobacillus salivarius have been shown to exhibit antago-

nistic properties against Listeria (Barrett et al. 2007; O’Shea

et al. 2011), Salmonella (Pascual et al. 1999; Casey et al.

2007), Campylobacter (Robyn et al. 2012) and other patho-

genic bacteria (Corr et al. 2007; Neville and O’Toole 2010)

and have been utilized to eradicate Helicobacter infection in

humans and other mammals (Aiba et al. 1998; Canducci

et al. 2002). The capacity of Lact. salivarius to prevent

infection has been attributed to a number of features

including the production of salivaricin (Barrett et al. 2007)

and other bacteriocins (Corr et al. 2007; O’Shea et al.

2011), prevention of colonization (Kabir et al. 1997), inter-

ference with cytokine induction and virulence gene expres-

sion (Ryan et al. 2009), and modulation of human

intestinal cells (O’Hara et al. 2006). In addition, standard

Lactobacillus metabolism produces antimicrobials such as

hydrogen peroxide, lactic acid and other organic acids that

can inhibit pathogen growth by chelating essential nutri-

ents or sensitizing bacteria to antimicrobial assault (Neville

and O’Toole 2010) and can decrease pathogen toxin pro-

duction, such as Shiga toxin by EHEC (Carey et al. 2008).

In this study, we evaluated the probiotic potential of dol-

phin-associated Lact. salivarius isolates by testing their

ability to inhibit the growth of several pathogens in vitro.

The strong inhibition of selected marine mammal and

human pathogens by dolphin-derived Lact. salivarius iso-

lates MMP005, MMP006, MMP007 and MMP077 con-

firms studies carried out in humans and other animal

models and supports the selection of these organisms for

further consideration as candidate probiotics for marine

mammals.

Lactobacillus salivarius have been used for the capacity

to modulate both humoral and cell-mediated immunity

in humans and various animal models (Neville and

O’Toole 2010). In effect, Lact. salivarius have been shown

to increase antibody production and reduce cell-mediated

immune responses in intestinal cells (Brisbin et al. 2011),

to evoke intestinal immunomodulatory responses (Walsh

et al. 2008) and to modulate cytokine induction by

pathogens (Ryan et al. 2009). The production of exopoly-

saccharides contributes to its immunomodulatory, antitu-

morigenic and prebiotic properties and is valued in the

food industry (Neville and O’Toole 2010; Raftis et al.

2010). The functional immunoassays we performed to

study TNF modulation in vitro have been validated in

various in vivo studies (Pena et al. 2005; Lin et al. 2008;

Oksaharju et al. 2013) and are useful to screen for bacte-

ria with immunomodulatory capacities (Thomas et al.

2012). In this study, we determined that TNF production

by human monocytoid cells is stimulated by secreted fac-

tors from Lact. salivarius strains isolated from dolphins.

This is in contrast to other well-characterized Lact. saliva-

rius strains, reported to induce an anti-inflammatory

environment in the host (Neville and O’Toole 2010).

Reduction in TNF expression has been shown to be of

benefit to the host in cases involving chronic inflamma-

tory conditions such as IBD, IBS and autoimmune dis-

eases such as rheumatoid arthritis, Crohn’s disease and
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psoriasis (Jones and Versalovic 2009; Thomas et al.

2012), as TNF contributes to the pathogenesis of inflam-

matory diseases. However, the TNF signalling pathway

plays a crucial role in the activation of the innate

immune response to pathogens (Secher et al. 2009)

and has been proven necessary for protection against

intracellular microbes such as Salmonella and Listeria,

Mycobacterium tuberculosis and other Gram-positive and

Gram-negative organisms (Dinarello 2003). TNF induc-

tion has been shown to be beneficial to the host in spe-

cific contexts, such as protection against pathogens

(Secher et al. 2009) and neoplasia (Calzascia et al. 2007;

Iyer et al. 2008). The benefits of induction of pro-inflam-

matory cytokine secretion by probiotic lactobacilli have

been well documented for established immunostimulatory

probiotic Lact. reuteri 55730 (Valeur et al. 2004). Desired

immunoprobiotic traits should be chosen in accordance

with specific treatment needs. Hence, Lact. salivarius-

enhanced stimulation of host immunity by TNF induction

can be beneficial to dolphins by contributing to the dol-

phin-derived Lact. salivarius strains’ anti-infective proper-

ties, a salient beneficial feature contingent upon clinical

trial validation. Immunomodulatory compounds secreted

by dolphin-derived Lact. salivarius strains can be charac-

terized as previously described for other probiotic lactoba-

cilli (Thomas et al. 2012), ideally using dolphin cell lines,

and thus facilitate understanding of cytokines and path-

ways that are activated in the cells of the natural host.

The Human Genome Sequencing Center (HGSC) at

Baylor College of Medicine has engaged in a study to

sequence the genomes of 24 mammals. The genome of

the bottlenose dolphin has been sequenced from DNA

obtained from a healthy female dolphin from the Navy

Marine Mammal Program (http://www.hgsc.bcm.tmc.

edu/). Comprehensive studies of the marine mammal

microbiome and genome should allow us to better

understand the co-evolution of these unique hosts with

their microbiomes and environment (Muegge et al. 2011;

Spor et al. 2011). With a more complete molecular sur-

vey of the dolphin microbiota, and the use of functional

metagenomics, a more targeted, customized approach for

identifying and culturing probiotic bacteria in dolphins

will be greatly facilitated. We hope to further evaluate the

isolates obtained in this study by monitoring colonization

and effects on the dolphin microbiota, characterizing the

active immunoprobiotic compounds secreted by dolphin

lactobacilli, assessing immune pathway activation and

production of other indicators of immune function such

as IL-6, IL-10 and IL-12, using dolphin host cell lines,

and examining the contributions to health outcomes.

Additional characterization of these lactobacilli will aid in

the understanding of their biology and function within

their cetacean hosts.

In conclusion, we isolated and characterized Lactobacil-

lus spp. indigenous to the dolphin microbiota. To the

best of our knowledge, this is the first study to isolate

Lactobacillus spp. from the bottlenose dolphin. Dolphin-

derived Lact. salivarius strains appear to be capable of

stimulating TNF production by mammalian cells and

inhibiting the growth of select marine mammal and

human pathogens. As has been the case for other

Lact. salivarius strains in other host species, these dol-

phin-associated isolates deserve further consideration as

candidate probiotics in future clinical studies. Further

studies are needed to characterize these isolates fully, as

well as to optimize culturing of the novel Lactobacillus sp.

and establish whether it might also have beneficial prop-

erties and applications. The introduction of candidate

probiotic strains indigenous to marine mammals will

offer new possibilities for the prevention and treatment

of infectious diseases and gastrointestinal disorders in

these unique animals.

Acknowledgements

This work was supported by Office of Naval Research

Grant N000140710287 (J.V., D.A.R.). E. P. Gaston was

supported by the SMART program. We would like to

thank Laura A. Millecker and Ruth Ann Luna for assis-

tance with DiversiLab strain typing, and Angela Major

for microscopy work. D.A.R. is supported by the Thomas

C. and Joan M. Merigan Endowment at Stanford

University.

References

Aiba, Y., Suzuki, N., Kabir, A.M., Takagi, A. and Koga, Y.

(1998) Lactic acid-mediated suppression of Helicobacter

pylori by the oral administration of Lactobacillus salivarius

as a probiotic in a gnotobiotic murine model. Am J

Gastroenterol 93, 2097–2101.

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J.,

Zhang, Z., Miller, W. and Lipman, D.J. (1997) Gapped

BLAST and PSI-BLAST: a new generation of protein

database search programs. Nucleic Acids Res 25,

3389–3402.

Balcazar, J.L., de Blas, I., Ruiz-Zarzuela, I., Vendrell, D., Calvo,

A.C., Marquez, I., Girones, O. and Muzquiz, J.L. (2007)

Changes in intestinal microbiota and humoral immune

response following probiotic administration in brown

trout (Salmo trutta). Br J Nutr 97, 522–527.

Barrett, E., Hayes, M., O’Connor, P., Gardiner, G., Fitzgerald,

G.F., Stanton, C., Ross, R.P. and Hill, C. (2007) Salivaricin

P, one of a family of two-component antilisterial

bacteriocins produced by intestinal isolates of Lactobacillus

salivarius. Appl Environ Microbiol 73, 3719–3723.

Journal of Applied Microbiology 115, 1037--1051 © 2013 The Authors. Journal of Applied Microbiology published by John Wiley & Sons Ltd 1047
on behalf of Society for Applied Microbiology.

M.A. Diaz et al. Probiotic Lactobacillus from bottlenose dolphins



Baskin, Y. (2006) Sea sickness: the upsurge in marine diseases.

Bioscience 56, 464–469.

Beineke, A., Siebert, U., Wohlsein, P. and Baumgartner, W.

(2010) Immunology of whales and dolphins. Vet Immunol

Immunopathol 133, 81–94.

Bernardeau, M., Guguen, M. and Vernoux, J.P. (2006)

Beneficial lactobacilli in food and feed: long-term use,

biodiversity and proposals for specific and realistic safety

assessments. FEMS Microbiol Rev 30, 487–513.

Brisbin, J.T., Gong, J., Orouji, S., Esufali, J., Mallick, A.I.,

Parvizi, P., Shewen, P.E. and Sharif, S. (2011) Oral

treatment of chickens with lactobacilli influences

elicitation of immune responses. Clin Vaccine Immunol 18,

1447–1455.

Buck, J.D., Sheppard, L.L. and Spotte, S. (1987) Clostridium

perfringens as the cause of death of a captive Atlantic

bottle nosed dolphin (Tursiops truncatus). J Wildl Dis 23,

488.

Calzascia, T., Pellegrini, M., Hall, H., Sabbagh, L., Ono, N.,

Elford, A.R., Mak, T.W. and Ohashi, P.S. (2007) TNF-

alpha is critical for antitumor but not antiviral T cell

immunity in mice. J Clin Invest 117, 3833–3845.

Canducci, F., Cremonini, F., Armuzzi, A., Di Caro, S.,

Gabrielli, M., Santarelli, L., Nista, E., Lupascu, A. et al.

(2002) Probiotics and Helicobacter pylori eradication. Dig

Liver Dis 34(Suppl 2), S81–83.

Carey, C.M., Kostrzynska, M., Ojha, S. and Thompson, S.

(2008) The effect of probiotics and organic acids on

Shiga-toxin 2 gene expression in enterohemorrhagic

Escherichia coli O157:H7. J Microbiol Methods 73, 125–132.

Casey, P.G., Gardiner, G.E., Casey, G., Bradshaw, B., Lawlor,

P.G., Lynch, P.B., Leonard, F.C., Stanton, C. et al. (2007)

A five-strain probiotic combination reduces pathogen

shedding and alleviates disease signs in pigs challenged

with Salmonella enterica Serovar Typhimurium. Appl

Environ Microbiol 73, 1858–1863.

Chen, C.Y., Tsen, H.Y., Lin, C.L., Yu, B. and Chen, C.S.

(2012) Oral administration of a combination of select

lactic acid bacteria strains to reduce the Salmonella

invasion and inflammation of broiler chicks. Poult Sci 91,

2139–2147.

Claesson, M.J., Li, Y., Leahy, S., Canchaya, C., van Pijkeren,

J.P., Cerdeno-Tarraga, A.M., Parkhill, J., Flynn, S. et al.

(2006) Multireplicon genome architecture of

Lactobacillus salivarius. Proc Natl Acad Sci USA 103,

6718–6723.

Clemente, J.C., Ursell, L.K., Parfrey, L.W. and Knight, R.

(2012) The impact of the gut microbiota on human

health: an integrative view. Cell 148, 1258–1270.

Coles, B.M., Stroud, R.K. and Sheggeby, S. (1978) Isolation of

Edwardsiella tarda from three Oregon sea mammals.

J Wildl Dis 14, 339–341.

Corr, S.C., Li, Y., Riedel, C.U., O’Toole, P.W., Hill, C. and

Gahan, C.G. (2007) Bacteriocin production as a

mechanism for the antiinfective activity of Lactobacillus

salivarius UCC118. Proc Natl Acad Sci USA 104,

7617–7621.

Czarnecki-Maulden, G.L. (2008) Effect of dietary modulation

of intestinal microbiota on reproduction and early growth.

Theriogenology 70, 286–290.

DeSantis, T.Z. Jr, Hugenholtz, P., Keller, K., Brodie, E.L.,

Larsen, N., Piceno, Y.M., Phan, R. and Andersen, G.L.

(2006) NAST: a multiple sequence alignment server for

comparative analysis of 16S rRNA genes. Nucleic Acids Res

34, W394–399.

Diaz-Ropero, M.P., Martin, R., Sierra, S., Lara-Villoslada, F.,

Rodriguez, J.M., Xaus, J. and Olivares, M. (2007) Two

Lactobacillus strains, isolated from breast milk, differently

modulate the immune response. J Appl Microbiol 102,

337–343.

Dinarello, C.A. (2003) Anti-cytokine therapeutics and

infections. Vaccine 21(Suppl 2), S24–34.

FAO/WHO (2001) Health and Nutritional Properties of

Probiotics in Food including Powder Milk with Live

Lactic Acid Bacteria. Report of the Joint Food and

Agriculture Organization (FAO) of the United Nations/

World Health Organization (WHO) Expert Consultation

on Evaluation of Health and Nutritional Properties of

Probiotics in Food Including Powder Milk with Live

Lactic Acid Bacteria. Available at: http://wwwwhoint/

foodsafety/publications/fs_management/en/probioticspdf.

Foster, G., Patterson, I.A.P. and Munro, D.S. (1999)

Monophasic group B Salmonella spp infecting harbor

porpoises (Phocoena phocoena) inhabiting Scottish coastal

waters. Vet Microbiol 65, 227–231.

Foster, G., Holmes, B., Steigerwalt, A.G., Lawson, P.A.,

Thorne, P., Byrer, D.E., Ross, H.M., Xerry, J. et al. (2004)

Campylobacter insulaenigrae sp. nov., isolated from marine

mammals. Int J Syst Evol Microbiol 54, 2369–2373.

Gaggia, F., Mattarelli, P. and Biavati, B. (2010) Probiotics and

prebiotics in animal feeding for safe food production. Int J

Food Microbiol 141(Suppl 1), S15–28.

Gaskin, D.E. (1978) Form and function in the digestive tract

and associated organs in cetacea, with a consideration of

metabolic rates and specific energy budgets. Oceanogr Mar

Biol Ann Rev 16, 313–345.

Gatesoupe, F.J. (2008) Updating the importance of lactic acid

bacteria in fish farming: natural occurrence and probiotic

treatments. J Mol Microbiol Biotechnol 14, 107–114.

Gerritsen, J., Smidt, H., Rijkers, G.T. and de Vos, W.M.

(2011) Intestinal microbiota in human health and disease:

the impact of probiotics. Genes Nutr 6, 209–240.

Goldman, C.G., Matteo, M.J., Loureiro, J.D., Almuzara, M.,

Barberis, C., Vay, C., Catalano, M., Heredia, S.R. et al.

(2011) Novel gastric helicobacters and oral campylobacters

are present in captive and wild cetaceans. Vet Microbiol

152, 138–145.

Guarner, F., Khan, A.G., Garisch, J., Eliakim, R., Gangl, A.,

Thomson, A., Krabshuis, J., Lemair, T. et al. (2012) World

Gastroenterology Organisation Global Guidelines:

1048 Journal of Applied Microbiology 115, 1037--1051 © 2013 The Authors. Journal of Applied Microbiology published by John Wiley & Sons Ltd

on behalf of Society for Applied Microbiology.

Probiotic Lactobacillus from bottlenose dolphins M.A. Diaz et al.



probiotics and prebiotics October 2011. J Clin

Gastroenterol 46, 468–481.

Harper, C.M., Dangler, C.A., Xu, S., Feng, Y., Shen, Z.,

Sheppard, B., Stamper, A., Dewhirst, F.E. et al. (2000)

Isolation and characterization of a Helicobacter sp. from

the gastric mucosa of dolphins, Lagenorhynchus acutus

and Delphinus delphis. Appl Environ Microbiol 66,

4751–4757.

Harper, C.G., Feng, Y., Xu, S., Taylor, N.S., Kinsel, M.,

Dewhirst, F.E., Paster, B.J., Greenwell, M. et al. (2002)

Helicobacter cetorum sp. nov., a urease-positive

Helicobacter species isolated from dolphins and whales.

J Clin Microbiol 40, 4536–4543.

Healy, M., Huong, J., Bittner, T., Lising, M., Frye, S., Raza, S.,

Schrock, R., Manry, J. et al. (2005) Microbial DNA typing

by automated repetitive-sequence-based PCR. J Clin

Microbiol 43, 199–207.

Heczko, P.B., Strus, M. and Kochan, P. (2006) Critical

evaluation of probiotic activity of lactic acid bacteria and

their effects. J Physiol Pharmacol 57(Suppl 9), 5–12.

Higgins, R. (2000) Bacteria and fungi of marine mammals: a

review. Can Vet J 41, 105–116.

Hughes-Hanks, J.M., Rickard, L.G., Panuska, C., Saucier, J.R.,

O’Hara, T.M., Dehn, L. and Rolland, R.M. (2005)

Prevalence of Cryptosporidium spp. and Giardia spp. in

five marine mammal species. J Parasitol 91, 1225–1228.

Iyer, C., Kosters, A., Sethi, G., Kunnumakkara, A.B., Aggarwal,

B.B. and Versalovic, J. (2008) Probiotic Lactobacillus

reuteri promotes TNF-induced apoptosis in human

myeloid leukemia-derived cells by modulation of

NF-kappaB and MAPK signalling. Cell Microbiol 10,

1442–1452.

Jacobsen, C.N., Rosenfeldt Nielsen, V., Hayford, A.E., Moller,

P.L., Michaelsen, K.F., Paerregaard, A., Sandstrom, B.,

Tvede, M. et al. (1999) Screening of probiotic activities of

forty-seven strains of Lactobacillus spp. by in vitro

techniques and evaluation of the colonization ability of

five selected strains in humans. Appl Environ Microbiol 65,

4949–4956.

Jara, S., Sanchez, M., Vera, R., Cofre, J. and Castro, E. (2011)

The inhibitory activity of Lactobacillus spp. isolated from

breast milk on gastrointestinal pathogenic bacteria of

nosocomial origin. Anaerobe 17, 474–477.

Jones, S.E. and Versalovic, J. (2009) Probiotic Lactobacillus

reuteri biofilms produce antimicrobial and

anti-inflammatory factors. BMC Microbiol 9, 35.

Kabir, A.M., Aiba, Y., Takagi, A., Kamiya, S., Miwa, T. and

Koga, Y. (1997) Prevention of Helicobacter pylori infection

by lactobacilli in a gnotobiotic murine model. Gut 41,

49–55.

Kergourlay, G., Messaoudi, S., Dousset, X. and Prevost, H.

(2012) Genome sequence of Lactobacillus salivarius

SMXD51, a potential probiotic strain isolated from

chicken cecum, showing anti-Campylobacter activity.

J Bacteriol 194, 3008–3009.

Langa, S., Maldonado-Barragan, A., Delgado, S., Martin, R.,

Martin, V., Jimenez, E., Ruiz-Barba, J.L., Mayo, B. et al.

(2012) Characterization of Lactobacillus salivarius CECT

5713, a strain isolated from human milk: from genotype

to phenotype. Appl Microbiol Biotechnol 94, 1279–1287.

Lara-Villoslada, F., Sierra, S., Diaz-Ropero, M.P., Olivares, M.

and Xaus, J. (2007) Safety assessment of the human milk-

isolated probiotic Lactobacillus salivarius CECT5713.

J Dairy Sci 90, 3583–3589.

Ley, R.E., Hamady, M., Lozupone, C., Turnbaugh, P.J.,

Ramey, R.R., Bircher, J.S., Schlegel, M.L., Tucker, T.A.

et al. (2008) Evolution of mammals and their gut

microbes. Science 320, 1647–1651.

Lin, Y.P., Thibodeaux, C.H., Pena, J.A., Ferry, G.D. and

Versalovic, J. (2008) Probiotic Lactobacillus reuteri

suppress proinflammatory cytokines via c-Jun. Inflamm

Bowel Dis 14, 1068–1083.

Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H.,

Yadhukumar, Buchner, A., Lai, T. et al. (2004) ARB: a

software environment for sequence data. Nucleic Acids Res

32, 1363–1371.

Luna, R.A., Fasciano, L.R., Jones, S.C., Boyanton, B.L. Jr, Ton,

T.T. and Versalovic, J. (2007) DNA pyrosequencing-based

bacterial pathogen identification in a pediatric hospital

setting. J Clin Microbiol 45, 2985–2992.

Maidak, B.L., Cole, J.R., Lilburn, T.G., Parker, C.T. Jr,

Saxman, P.R., Farris, R.J., Garrity, G.M., Olsen, G.J. et al.

(2001) The RDP-II (Ribosomal Database Project). Nucleic

Acids Res 29, 173–174.

Martin, R., Jimenez, E., Olivares, M., Marin, M.L., Fernandez,

L., Xaus, J. and Rodriguez, J.M. (2006) Lactobacillus

salivarius CECT 5713, a potential probiotic strain isolated

from infant feces and breast milk of a mother-child pair.

Int J Food Microbiol 112, 35–43.

Minette, H.P. (1986) Salmonellosis in the marine

environment. A review and commentary. Int J Zoonoses

13, 71–75.

Mori, K., Ito, T., Miyamoto, H., Ozawa, M., Wada, S.,

Kumagai, Y., Matsumoto, J., Naito, R. et al. (2011) Oral

administration of multispecies microbial supplements to

sows influences the composition of gut microbiota and

fecal organic acids in their post-weaned piglets. J Biosci

Bioeng 112, 145–150.

Muegge, B.D., Kuczynski, J., Knights, D., Clemente, J.C.,

Gonzalez, A., Fontana, L., Henrissat, B., Knight, R. et al.

(2011) Diet drives convergence in gut microbiome

functions across mammalian phylogeny and within

humans. Science 332, 970–974.

Nader-Macias, M.E., Otero, M.C., Espeche, M.C. and

Maldonado, N.C. (2008) Advances in the design of

probiotic products for the prevention of major diseases in

dairy cattle. J Ind Microbiol Biotechnol 35, 1387–1395.

Neville, B.A. and O’Toole, P.W. (2010) Probiotic properties of

Lactobacillus salivarius and closely related Lactobacillus

species. Future Microbiol 5, 759–774.

Journal of Applied Microbiology 115, 1037--1051 © 2013 The Authors. Journal of Applied Microbiology published by John Wiley & Sons Ltd 1049
on behalf of Society for Applied Microbiology.

M.A. Diaz et al. Probiotic Lactobacillus from bottlenose dolphins



O’Hara, A.M., O’Regan, P., Fanning, A., O’Mahony, C.,

Macsharry, J., Lyons, A., Bienenstock, J., O’Mahony, L.

et al. (2006) Functional modulation of human intestinal

epithelial cell responses by Bifidobacterium infantis and

Lactobacillus salivarius. Immunology 118, 202–215.

Oksaharju, A., Kooistra, T., Kleemann, R., van Duyvenvoorde,

W., Miettinen, M., Lappalainen, J., Lindstedt, K.A.,

Kovanen, P.T. et al. (2013) Effects of probiotic

Lactobacillus rhamnosus GG and Propionibacterium

freudenreichii ssp. shermanii JS supplementation on

intestinal and systemic markers of inflammation in

ApoE*3Leiden mice consuming a high-fat diet. Br J Nutr

110, 77–85.

Olsen, M.A., Aagnes, T.H. and Mathiesen, S.D. (1994)

Digestion of herring by indigenous bacteria in the minke

whale forestomach. Appl Environ Microbiol 60, 4445–4455.

O’Shea, E.F., O’Connor, P.M., Raftis, E.J., O’Toole, P.W.,

Stanton, C., Cotter, P.D., Ross, R.P. and Hill, C. (2011)

Production of multiple bacteriocins from a single locus by

gastrointestinal strains of Lactobacillus salivarius.

J Bacteriol 193, 6973–6982.

Pascual, M., Hugas, M., Badiola, J.I., Monfort, J.M. and

Garriga, M. (1999) Lactobacillus salivarius CTC2197

prevents Salmonella enteritidis colonization in chickens.

Appl Environ Microbiol 65, 4981–4986.

Pena, J.A., Rogers, A.B., Ge, Z., Ng, V., Li, S.Y., Fox, J.G. and

Versalovic, J. (2005) Probiotic Lactobacillus spp. diminish

Helicobacter hepaticus-induced inflammatory bowel disease

in interleukin-10-deficient mice. Infect Immun 73,

912–920.

Raftis, E.J., Salvetti, E., Torriani, S., Felis, G.E. and O’Toole,

P.W. (2010) Genomic diversity of Lactobacillus salivarius.

Appl Environ Microbiol 77, 954–965.

Rainey, F.A., Ward-Rainey, N., Kroppenstedt, R.M. and

Stackebrandt, E. (1996) The genus Nocardiopsis represents

a phylogenetically coherent taxon and a distinct

actinomycete lineage: proposal of Nocardiopsaceae fam.

nov. Int J Syst Bacteriol 46, 1088–1092.

Rastall, R.A., Gibson, G.R., Gill, H.S., Guarner, F.,

Klaenhammer, T.R., Pot, B., Reid, G., Rowland, I.R. et al.

(2005) Modulation of the microbial ecology of the human

colon by probiotics, prebiotics and synbiotics to enhance

human health: an overview of enabling science and

potential applications. FEMS Microbiol Ecol 52, 145–152.

Rivera, R., Nollens, H.H., Venn-Watson, S., Gulland, F.M. and

Wellehan, J.F. Jr (2009) Characterization of

phylogenetically diverse astroviruses of marine mammals.

J Gen Virol 91, 166–173.

Robyn, J., Rasschaert, G., Messens, W., Pasmans, F. and

Heyndrickx, M. (2012) Screening for lactic acid bacteria

capable of inhibiting Campylobacter jejuni in in vitro

simulations of the broiler chicken caecal environment.

Benef Microbes 3, 299–308.

Rogosa, M., Wiseman, R.F., Mitchell, J.A., Disraely, M.N. and

Beaman, A.J. (1953) Species differentiation of oral

lactobacilli from man including description of

Lactobacillus salivarius nov spec and Lactobacillus

cellobiosus nov spec. J Bacteriol 65, 681–699.

Ryan, K.A., O’Hara, A.M., van Pijkeren, J.P., Douillard, F.P.

and O’Toole, P.W. (2009) Lactobacillus salivarius

modulates cytokine induction and virulence factor gene

expression in Helicobacter pylori. J Med Microbiol 58,

996–1005.

Schillinger, U. and Lucke, F.K. (1989) Antibacterial activity of

Lactobacillus sake isolated from meat. Appl Environ

Microbiol 55, 1901–1906.

Secher, T., Vasseur, V., Poisson, D.M., Mitchell, J.A., Cunha,

F.Q., Alves-Filho, J.C. and Ryffel, B. (2009) Crucial role of

TNF receptors 1 and 2 in the control of polymicrobial

sepsis. J Immunol 182, 7855–7864.

Smith, W.A., Mazet, J.A. and Hirsh, D.C. (2002) Salmonella in

California wildlife species: prevalence in rehabilitation

centers and characterization of isolates. J Zoo Wildl Med

33, 228–235.

Spor, A., Koren, O. and Ley, R. (2011) Unravelling the effects

of the environment and host genotype on the gut

microbiome. Nat Rev Microbiol 9, 279–290.

Stoddard, R.A. (2005) Salmonella and Campylobacter spp. in

northern elephant seals, California. Emerg Infect Dis 11,

1967–1969.

Thomas, C.M. and Versalovic, J. (2010) Probiotics-host

communication: modulation of signaling pathways in the

intestine. Gut Microbes 1, 148–163.

Thomas, C.M., Hong, T., van Pijkeren, J.P., Hemarajata, P.,

Trinh, D.V., Hu, W., Britton, R.A., Kalkum, M. et al.

(2012) Histamine derived from probiotic Lactobacillus

reuteri suppresses TNF via modulation of PKA and ERK

signaling. PLoS One 7, e31951.

Tzortzis, G., Baillon, M.L., Gibson, G.R. and Rastall, R.A.

(2004) Modulation of anti-pathogenic activity in canine-

derived Lactobacillus species by carbohydrate growth

substrate. J Appl Microbiol 96, 552–559.

Valeur, N., Engel, P., Carbajal, N., Connolly, E. and

Ladefoged, K. (2004) Colonization and

immunomodulation by Lactobacillus reuteri ATCC 55730

in the human gastrointestinal tract. Appl Environ Microbiol

70, 1176–1181.

Vela, A.I., Fernandez, A., Espinosa de los Monteros, A.,

Goyache, J., Herraez, P., Tames, B., Cruz, F., Dominguez,

L. and Fernandez-Garayzabal, J.F. (2008) Lactobacillus ceti

sp. nov., isolated from beaked whales (Ziphius cavirostris).

Int J Syst Evol Microbiol 58, 891–894.

Venn-Watson, S., Jensen, E.D. and Ridgway, S.H. (2007)

Effects of age and sex on clinicopathologic reference

ranges in a healthy managed Atlantic bottlenose dolphin

population. J Am Vet Med Assoc 231, 596–601.

Venn-Watson, S., Smith, C.R. and Jensen, E.D. (2008) Primary

bacterial pathogens in bottlenose dolphins Tursiops

truncatus: needles in haystacks of commensal and

environmental microbes. Dis Aquat Organ 79, 87–93.

1050 Journal of Applied Microbiology 115, 1037--1051 © 2013 The Authors. Journal of Applied Microbiology published by John Wiley & Sons Ltd

on behalf of Society for Applied Microbiology.

Probiotic Lactobacillus from bottlenose dolphins M.A. Diaz et al.



Venn-Watson, S., Smith, C.R., Gomez, F. and Jensen, E.D.

(2011a) Physiology of aging among healthy, older

bottlenose dolphins (Tursiops truncatus): comparisons with

aging humans. J Comp Physiol B 181, 667–680.

Venn-Watson, S.K., Jensen, E.D. and Ridgway, S.H. (2011b)

Evaluation of population health among bottlenose dolphins

(Tursiops truncatus) at the United States Navy Marine

Mammal Program. J Am Vet Med Assoc 238, 356–360.

Venn-Watson, S., Daniels, R. and Smith, C. (2012) Thirty year

retrospective evaluation of pneumonia in a bottlenose

dolphin Tursiops truncatus population. Dis Aquat Organ

99, 237–242.

Wallace, T.C., Guarner, F., Madsen, K., Cabana, M.D., Gibson,

G., Hentges, E. and Sanders, M.E. (2011) Human gut

microbiota and its relationship to health and disease. Nutr

Rev 69, 392–403.

Walsh, M.C., Gardiner, G.E., Hart, O.M., Lawlor, P.G., Daly,

M., Lynch, B., Richert, B.T., Radcliffe, S. et al. (2008)

Predominance of a bacteriocin-producing Lactobacillus

salivarius component of a five-strain probiotic in the

porcine ileum and effects on host immune phenotype.

FEMS Microbiol Ecol 64, 317–327.

Woods, C.R., Versalovic, J., Koeuth, T. and Lupski, J.R. (1993)

Whole-cell repetitive element sequence-based polymerase

chain reaction allows rapid assessment of clonal

relationships of bacterial isolates. J Clin Microbiol 31,

1927–1931.

Zachow, C., Berg, C., Muller, H., Meincke, R., Komon-

Zelazowska, M., Druzhinina, I.S., Kubicek, C.P. and Berg,

G. (2009) Fungal diversity in the rhizosphere of endemic

plant species of Tenerife (Canary Islands): relationship to

vegetation zones and environmental factors. ISME J 3,

79–92.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1 Lactobacillus similarities matrix.

Journal of Applied Microbiology 115, 1037--1051 © 2013 The Authors. Journal of Applied Microbiology published by John Wiley & Sons Ltd 1051
on behalf of Society for Applied Microbiology.

M.A. Diaz et al. Probiotic Lactobacillus from bottlenose dolphins


