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Abstract

The research of probiotics for aquatic animals is increasing with the demand for environment-
friendly aquaculture. The probiotics were defined as live microbial feed supplements that improve
health of man and terrestrial livestock. The gastrointestinal microbiota of fish and shellfish are
peculiarly dependent on the external environment, due to the water flow passing through the
digestive tract. Most bacterial cells are transient in the gut, with continuous intrusion of microbes
coming from water and food. Some commercial products are referred to as probiotics, though they
were designed to treat the rearing medium, not to supplement the diet. This extension of the
probiotic concept is pertinent when the administered microbes survive in the gastrointestinal tract.
Otherwise, more general terms are suggested, like biocontrol when the treatment is antagonistic to
pathogens, or bioremediation when water quality is improved. However, the first probiotics tested
in fish were commercial preparations devised for land animals. Though some effects were
observed with such preparations, the survival of these bacteria was uncertain in aquatic environ-
ment. Most attempts to propose probiotics have been undertaken by isolating and selecting strains
from aquatic environment. These microbes were Vibrionaceae, pseudomonads, lactic acid bacteria,
Bacillus spp. and yeasts. Three main characteristics have been searched in microbes as candidates

Ž .to improve the health of their host. 1 The antagonism to pathogens was shown in vitro in most
Ž . Ž .cases. 2 The colonization potential of some candidate probionts was also studied. 3 Challenge

tests confirmed that some strains could increase the resistance to disease of their host. Many other
beneficial effects may be expected from probiotics, e.g., competition with pathogens for nutrients
or for adhesion sites, and stimulation of the immune system. The most promising prospects are
sketched out, but considerable efforts of research will be necessary to develop the applications to
aquaculture. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Long before their discovery, microbes have been unawarely used to preserve food,
Ž .and these empirical methods contributed to improve human health Bengmark, 1998 .

Ž . Ž .Early in the century, Metchnikoff 1907, 1908 cited by Tannock, 1997 proposed to
implant lactic acid bacteria into the human intestine, with a view to suppressing the
detrimental activity of other microbes. The modern concept of probiotics was formulated

Ž .only 25 years ago Parker, 1974 , then its pertinence was challenged for many years
among the scientific community. Several definitions of probiotics were successively

Ž .proposed. Parker 1974 originally referred to ‘‘organisms and substances which con-
tribute to intestinal microbial balance’’ as probiotics. The definition was then restricted
to ‘‘a live microbial feed supplement which beneficially affects the host animal by

Ž . Ž .improving its intestinal microbial balance’’ Fuller, 1989 . Tannock 1997 noted that
the effect on the ‘‘intestinal microbial balance’’ has not been demonstrated in most
cases, and he proposed to speak of ‘‘living microbial cells administered as dietary
supplements with the aim of improving health’’.

To my knowledge, the first application of probiotics in aquaculture seems relatively
Ž .recent Kozasa, 1986 , but the interest in such environment-friendly treatments is

increasing rapidly. Scientific evaluation corroborated seldom the first empirical trials,
and the information was mainly spread by ‘‘grey literature’’. However, a growing
number of scientific papers have dealt explicitly with probiotics, and it is now possible
to survey the state of the art, from the empirical use to the scientific approach. A

Žprevious review was devoted to lactic acid bacteria in finfish Ringø and Gatesoupe,
.1998 , but many other microbes have been tested as probiotics for various aquatic

animals, appealing for a general overview.
It is essential to remind some definitions of ecological concepts to clear away the

Ž .treatments termed improperly ‘‘probiotic’’. The goals of this paper are 1 to examine
Ž .the pertinence of such terminology applied to the aquatic environment, 2 to draw the

Ž .different trends of applications, and 3 to point out needs for further research.

2. Is the intestinal environment of aquatic animals favourable to probiotics?

Aquatic animals are quite different from the land animals for which the probiotic
concept was developed, and a preliminary question is the pertinence of probiotic
applications to aquaculture.

Man and terrestrial livestock undergo embryonic development within an amnion,
whereas the larval forms of most fish and shellfish are released in the external
environment at an early ontogenetic stage. These larvae are highly exposed to gastro-
intestinal microbiota-associated disorders, because they start feeding even though the

Ž .digestive tract is not yet fully developed Timmermans, 1987 , and though the immune
Ž .system is still incomplete Vadstein, 1997 . Thus, probiotic treatments are particularly

desirable during the larval stages.
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Gram-positive obligate or facultative anaerobes are dominant in the gastrointestinal
Ž .microbiota of man and terrestrial farm animals Gournier-Chateau et al., 1994 . In

human feces, the major bacterial groups are Bacteroides, Gram-positive anaerobic cocci,
Ž .Eubacterium, and Bifidobacterium Hume, 1997 , whereas the predominant groups in

Ž .pig feces are ‘‘streptococci’’ and ‘‘lactobacilli’’ Stewart, 1997 . Most probionts belong
to dominant or sub-dominant genera among these microbiota, e.g., Bifidobacterium,

Ž .Lactobacillus, Streptococcus Gournier-Chateau et al., 1994 . Gram-negative facultative
anaerobes prevail in the digestive tract of fish and shellfish, though symbiotic anaerobes

Žmay be dominant in the posterior intestine of some herbivorous tropical fish Clements,
. Ž1997 . Vibrio and Pseudomonas are the most common genera in crustaceans Moriarty,
. Ž . Ž .1990 , marine fish Sakata, 1990 and bivalves Prieur et al., 1990 . Aeromonas,

Ž .Plesiomonas and Enterobacteriaceae are dominant in freshwater fish Sakata, 1990 . A
consequence of the specificity of aquatic microbiota is that the most efficient probiotics
for aquaculture may be different from those of terrestrial species.

The resident microbes benefit from a fairly constant habitat in the gastrointestinal
tract of man and terrestrial livestock, whereas most microbes are transient in aquatic

Ž .animals Moriarty, 1990 . These animals are poikilothermic, and their associated micro-
Ž .biota may vary with temperature changes Lesel, 1990 . Salinity changes may also´

Ž .influence microbiota Hamid et al., 1978; Sakata et al., 1980; Ringø and Strøm, 1994 ,
and marine finfish are obliged to drink constantly to prevent water loss from the body.
This continuous water flow increases the influence of the surrounding medium, in the
same way as the water flow observed in filter-feeders, like bivalves, shrimp larvae and
live food organisms. This influence is particularly important in larvae, when the gastric
barrier is absent. Therefore, the intestinal microbiota of aquatic animals may change
rapidly with the intrusion of microbes coming from water and food. In bivalves, the

Žassociated microbiota is very similar to those found in seawater and sediment Sugita et
.al., 1981; Prieur et al., 1990 . The same kinds of bacteria were found in the gut of

Penaeus japonicus and in seawater, but normal members of microbiota may be
Ž .introduced via the diet Moriarty, 1990 . In larval and juvenile fish, the influence of food

Ž .has been clearly demonstrated Tanasomwang and Muroga, 1989; Ringø et al., 1995 .
The influence of bacteria brought by live food organisms is particularly dramatic during

Ž .first feeding Munro et al., 1993; Bergh et al., 1994 .

3. Applications of the ‘‘probiotic’’ concept in a broad sense

The transience of aquatic microbes may legitimate the extension of the probiotic
Ž .concept to living microbial preparations used to treat aquaculture ponds. Moriarty 1998

proposed to extend the definition of probiotics to microbial ‘‘water additives’’. How-
Ž .ever, this extension would make too vague definition of Tannock 1997 . I suggest an

alternative definition of probiotics as: microbial cells that are administered in such a way
as to enter the gastrointestinal tract and to be kept alive, with the aim of improving
health. This latter definition will be used in the following to sort the microbial
preparations which can be designated as probiotics.
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In 1991, Porubcan reported on two attempts at bacterial treatments to improve water
Ž .quality and production yield of Penaeus monodon. 1 Floating biofilters pre-inoculated

with nitrifying bacteria decreased the amounts of ammonia and nitrite in the rearing
Ž . Ž .water. This treatment increased shrimp survival Porubcan, 1991a . 2 The introduction

of Bacillus spp. in proximity to pond aerators reduced chemical oxygen demand, and
Ž .increased shrimp harvest Porubcan, 1991b . Several commercial products have sought

to exploit the same idea that bacteria which improve water quality may be beneficial to
Žanimal health e.g., ‘‘bacteria’’, Aquatic Warehouse, San Diego, CA; ‘‘Biostart’’,

Advanced Microbial Systems, Shakopee, MN; ‘‘BRF-1A, BRF-13A, PB-32, PBL-44’’,
Enviro-Reps International, Camarillo, CA; ‘‘Liqualife’’, Cargill, Animal Nutrition Divi-
sion; ‘‘microbial and enzymic products’’, Alliance Bioremediation and Composting,
Encinitas, CA; ‘‘PondPro-VC’’, Biomanagement Systems, Wellington Point, Australia;

.‘‘probiotics’’, Contessa, ZB Industries, San Pedro, CA . These products are referred to
as ‘‘probiotics’’ and most of them contain nitrifying bacteria andror Bacillus spp.
These two kinds of bacteria are quite different. The nitrifying bacteria have strict
ecological niches, and they have not been detected in the gastrointestinal tract of
animals. The strains of Bacillus spp. used as probiotics for terrestrial livestock have
telluric origins, and they are not autochthonous in the gastrointestinal tract, but they may

Ž .be active during intestinal transit Gournier-Chateau et al., 1994 . Moreover, there are
Žmany reports of isolation of Bacillus strains from fish Hamid et al., 1978; Strøm and

Olafsen, 1990; Nedoluha and Westhoff, 1995; Sadhukhan et al., 1997; Kennedy et al.,
. Ž1998; Sugita et al., 1998 , crustaceans Austin and Allen, 1982; Sharmila et al., 1996;

. Ž . Ž .Sugita et al., 1996a , and bivalves Sugita et al., 1981 . Queiroz and Boyd 1998
confirmed that a commercial inoculum of Bacillus spp. increased survival and produc-
tion of channel catfish, but these authors focused their attention on water quality criteria,

Ž .which were poorly affected by the treatment. Kennedy et al. 1998 isolated a strain of
Bacillus subtilis from the common snook, Centropomus undecimalis. The inoculation of
this strain into the rearing water resulted in the apparent elimination of Vibrio sp. from
whole larvae of snook, after decreasing salinity from ca. 30 to ca. 3 practical salinity

Ž .units. Moriarty 1998 noted an increase of prawn survival in ponds where some strains
of Bacillus spp. were introduced. This treatment decreased the proportion of pathogenic
luminous Vibrio spp. in the sediments, and to a lesser extent, in the water. The effect on
prawn intestinal microbiota was not studied. The strains of Bacillus were selected
because of their antibiotic activity against luminescent Vibrio sp., but the author
emphasized the multiplicity of the possible probiotic effects, e.g., enzymatic excretions,
competition for nutrients and for space. These various mechanisms of action might
prevent the emergence of resistant strains, a well-known risk of antibiotic treatments.
However, these speculations need to be confirmed by experimental evidence, in particu-
lar, the reference to the principle of competitive exclusion, frequently put forward in
advertisements for probiotics. This principle is based on the observation that experi-
ments in chemostats ‘‘usually result in the replacement of all members of an initial
community by one organism best adapted to those highly selective substrate-limited

Ž .growth conditions’’ Dolfing and Gottschal, 1997 . The antibiotic activity of the strains
of Bacillus would interfere, making uneasy to demonstrate competitive exclusion in this

Ž .case. The actual data of Moriarty 1998 showed the inhibitory activity of Bacillus spp.
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against luminous Vibrio sp. in pond sediment, but the effect on prawn survival might be
due either to a probiotic effect, or to an indirect effect on animal health. For instance, the
degradation of organic matter by Bacillus spp. might improve water quality. Therefore,
the use of Bacillus spp. as pond supplement needs further investigation to be considered
as a probiotic treatment, with particular attention to a possible intestinal transience.

The probiotic treatments may be considered as methods of biological control, the
so-called ‘‘biocontrol’’ that termed the limitation or the elimination of pests by the
introduction of adverse organisms, like parasites or specific pathogens. Maeda et al.
Ž .1997 proposed to designate as biocontrol the methods of treatment using ‘‘the

Ž .antagonism among microbes . . . through which pathogens can be killed or reduced in
number in the aquaculture environment’’. In this acceptation, the pond treatment

Ž .proposed by Moriarty 1998 is indisputably relevant to biocontrol, as well as many
other microbial treatments, including those whose target organisms are not animals, but

Ž .microalgae Rico-Mora et al., 1998 . Another terminology should designate the applica-
tions of nitrifying bacteria that are related to the bioremediation concept. This concept
refers to the treatment of pollutants or waste by the use of microorganisms that break

Ž .down the undesirable substances Fig. 1 . The same concept is sometimes named
Ž .bioaugmentation Moriarty, 1997, 1998 .

Fig. 1. Tentative classification of microbial treatments used in aquaculture, according to current terminology.
Ž .The term ‘‘probiotics’’ is reserved to strains transient or resident in the gastrointestinal tract Section 3 ,

Ž .‘‘biocontrol’’ implies only that the strains are antagonistic to pathogens Maeda et al., 1997 , and ‘‘bioremedi-
Ž .ation’’ refers to breakdown of pollutants or waste by the microbes Moriarty, 1997, 1998 .
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4. Application of commercial products for terrestrial livestock

The first trials of incorporation of probiotics into aquaculture feeds used commercial
preparations designed for land animals. Spores of Bacillus toyoi isolated from soil

Žreduced the mortality of Japanese eel which were infected by Edwardsiella sp., Kozasa,
. Ž .1986 . The same feed additive increased the growth rate of yellowtail Kozasa, 1986 .

Spores may be easily incorporated into compound food, but their fate in the gastrointes-
tinal tract of fish was not followed in these experiments. It would be particularly
interesting to know whether the spores may germinate in the gut, depending on transit

Ž .time and rearing temperature. The same strain of B. toyoi used by Kozasa 1986 was
later tested on rotifers, Brachionus plicatilis, which were left to filter the spores for 2 h
Ž .Gatesoupe, 1989 . This treatment increased the growth rate of larval turbot, but the
microbiota were studied neither in the larvae nor in the rotifers. Later, a study was
performed with the food additive ‘‘Paciflor 9’’ containing spores of Bacillus IP5832 by
counting and characterising bacteria associated with spore-fed rotifers and turbot larvae
Ž .Gatesoupe, 1993 . Most spores of Bacillus sp. were filtered by the rotifers within less
than half an hour, but the number of cultivable cells of the strain decreased sharply in
the rotifers 1 h after introduction of the spores into the water. These cells were thus
recovered alive in the rotifers, but for a period probably too short to allow an actual

Ž .probiotic effect, according to the definition suggested above Section 3 . Many bacilli
Ž .produce antibiotics, especially in relation to the sporulation process Brock, 1974 , and

Žsome antibiotics may be produced by proteolysis of the vegetative cells Vitkovic and
.Sadoff, 1977 . When rotifers were fed with spores, the decrease of the Vibrionaceae

normally dominant in the rotifers might be due to such a release of antibiotic from the
Ž .cells of Bacillus sp. Gatesoupe, 1993 . Few cultivable cells of the strain of Bacillus sp.

were recovered from turbot fed for five days with the spore-treated rotifers. A direct
probiotic effect was therefore unlikely, though this treatment increased the resistance of
turbot larvae exposed to pathogenic Vibrio sp.

Commercial preparations with live lactic acid bacteria have also been introduced into
the medium of live food organisms for larval flatfish. Some of these treatments
increased the production of rotifers and the growth of turbot and Japanese flounder
Ž .Gatesoupe, 1989, 1991; Gatesoupe et al., 1989 . Some preparations with lactic acid
bacteria limited also the proliferation of bacteria in rotifers, but the fate of the lactic acid

Ž .bacteria was not studied in these experiments Gatesoupe et al., 1989; Gatesoupe, 1991 .
Other commercial preparations of Streptococcus faecium improved the growth and feed

Ž .efficiency of Israeli carp Noh et al., 1994; Bogut et al., 1998 . Escherichia coli
disappeared from the intestinal microbiota of carp after 14 days of feeding with the

Ž .probiotic preparation Bogut et al., 1998 . These authors stated that S. faecium ‘‘has
high adhesive ability in the epithelium of carp digestive tract’’, but without any
experimental evidence.

These trials with commercial probiotics for land animals were important to show the
interest of bacterial additives in aquaculture feeds, but the survival of these microbes
was uncertain in the gastrointestinal tract of aquatic animals. Most attempts have been
afterwards aimed at seeking autochthonous strains with probiotic properties.
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5. The search for autochthonous aquatic probiotics

5.1. Isolation and characterization of autochthonous microbes

In juvenile fish and shellfish, the autochthonous microbes may be isolated from the
digestive tract after dissection, while distinguishing stomach and intestine regions. The
microbes adherent to epithelial cells can be separated from those adherent to mucus, and

Ž .from those transient in the lumen Westerdahl et al., 1991 . These methods are not
applicable to larvae and live food organisms, but the external surface of larval fish may
be washed with a 0.1% benzalkonium chloride saline solution to differentiate the

Žmicrobes adherent to the external surface from those present in the gut Blanch et al.,
. Ž1997 . Many microbes may be isolated on selective media Pratt and Reynolds, 1973;

.Flint, 1985; Jeppesen, 1995; Donovan and van Netten, 1995 . Then the isolates are
Žcharacterized by proper methods Roth et al., 1962; Hansen and Sorheim, 1991; Holt et

.al., 1994; Bertone et al., 1996; Austin et al., 1997; Tannock, 1999 .

5.2. Pioneering studies

Ž .The first successful report seems to be attributed to Maeda and Liao 1992 , who
isolated a strain ‘‘PM-4’’ from the rearing water of larval Pen. monodon, with good

Žsurvival and molting rate. The bacterium, identified as Thalassobacter utilis Nogami et
. Žal., 1997 , was used for the biocontrol of the larval rearing of Pen. monodon Maeda

.and Liao, 1992; Maeda et al., 1997 and the swimming crab, Portunus trituberculatus
Ž .Nogami and Maeda, 1992; Nogami et al., 1997 . This biocontrol treatment increased

Žthe survival of the larvae, and repressed the growth of Vibrio anguillarum Nogami and
. Ž .Maeda, 1992 and Haliphthoros sp. fungus, Lagenidales; Nogami et al., 1997 . It

would be worth studying whether T. utilis can survive in the gut of the larval crab, since
ŽV. anguillarum infection can start via the intestinal route Colorni, 1985; Grisez et al.,

.1996; Olsson et al., 1996; Garcia et al., 1997 .
Ž .Griffith 1995 reported that shrimp larvae reared in Ecuadorian hatcheries were

affected by a disease characterized by a change in the bacterial population. The
proportion of Vibrio alginolyticus decreased, whereas Vibrio parahaemolyticus in-
creased. The strain of V. alginolyticus was isolated and used as probiotic in many
hatcheries, where shrimp survival was restored to the level obtained before disease

Ž .outbreak. Austin et al. 1995 investigated the probiotic effect of this strain, and these
authors reported that cells of Vibrio ordalii lost their viability within 3 h after the
introduction of freeze-dried supernatant of probiotic culture into the suspension medium.
V. anguillarum and Aeromonas salmonicida were also inhibited, but to a lesser extent.
The probiont survived in the intestine of Atlantic salmon for at least 3 weeks, and a
preliminary bath with this probiont improved the survival of salmon challenged with

Ž .pathogens. This provides an example of what might be expected from probiotics: 1
Ž .antagonism to pathogens, 2 gut colonization, with possible adhesion to intestinal

Ž .mucus, and 3 increased resistance of the host to pathogens.
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5.3. Antagonism to pathogens

Ž .Antagonism seems to be common among marine bacteria Table 1 . For example,
Ž .over 60% of isolates from zooplankton were bacteriolytic Nair et al., 1985 , and up to

Ž75% of the isolates from sponges produced antibacterial compounds Marty and Martin,
. Ž .1992 . A pathogenic Vibrio sp. was inhibited by a variable proportion 0–100% of the

Ž .bacteria isolated from first-feeding halibut larvae Bergh, 1995 . Most marine ant-

Table 1
Antagonism of aquatic microbes to fish and shellfish pathogens. Ae.: Aeromonas; Ae.h.: Ae. hydrophila;
Ae.s.: Ae. salmonicida; Ed.t.: Edwardsiella tarda; En.s.: Enterococcus seriolicida; IHNV: infectious hemato-
poietic necrosis virus; OMV: Onchorhynchus masou virus; Ps.d.: Ps. doudorofii; Pa.p.: Pasteurella
piscicida; V.: Vibrio; V.al.: V. alginolyticus; V.an.: V. anguillarum; V.o.: V. ordalii; Y.r.: Yersinia ruckeri

Antagonist Source Pathogens tested Reference

Ž .Freshwater bacteria fish intestine Aeromonas spp. Sugita et al., 1996b
Ž .Freshwater bacteria salmonid hatchery IHNV Kamei et al., 1988
Ž .Marine bacteria invertebrates Vibrio spp. Marty and Martin, 1992
Ž .Marine bacteria seaweeds Ed.t., Pa.p., Ae. spp., Dopazo et al., 1988

V. spp., Y.r.
Ž .Marine bacteria Scophthalmus maximus Ae.h., Ae. salmonicida, V.an. Westerdahl et al., 1991
Ž .Marine bacteria various Ae.h., V.an. Ivanova et al., 1998
Ž .Marine bacteria various En.s.; Pa.p.; V.an.; Sugita et al., 1996a

Vibrio Õulnificus
Ž .Marine bacteria various IHNV Kamei et al., 1987
Ž .Marine bacteria various ‘‘V. anguillarum-related’’ Riquelme et al., 1997
Ž .Aeromonas media seawater Ae. spp., V. spp., Y.r. Gibson et al., 1998
Ž .Alteromonas Argopecten purpuratus Ae.h., V. al., V.an., V.o. Riquelme et al., 1996

haloplanktis
Ž .Alteromonas sp. Palaemon macrodactylus Lagenidium callinectes Gil-Turnes et al., 1989
Ž .Alteromonas sp. Pecten maximus Ps.d., Pa.p., Vibrio spp. Ruiz et al., 1996
Ž .Alteromonas-like Pen. monodon hatchery Vibrio spp. Tanasomwang et al., 1998
Ž .Bacillus sp. Callionymus sp. V. Õulnificus Sugita et al., 1998
Ž .Carnobacterium Salmo salar V.an., V. salmonicida Strøm, 1988

diÕergens
Ž .Carnobacterium sp. Sa. salar Ae.s., V.an. Joborn et al., 1997¨
Ž .Lactococcus lactis Br. plicatilis V. anguillarum Shiri Harzevili et al., 1998
Ž .Lactobacillus sp. Paralichthys oliÕaceus Ae.h., Ed.t., Pa.p., V.an. Byun et al., 1997
Ž .Pseudoalteromonas marine environment IHNV, V.an. Maeda et al., 1997

undina
Ž .Ps. fluorescens Lates niloticus V. anguillarum Gram et al., 1999
Ž .Ps. fluorescens Salmo trutta Ae. salmonicida Smith and Davey, 1993
Ž .Roseobacter sp. Pec. maximus Ae. sp., Ps.d., Vibrio spp. Ruiz-Ponte et al., 1998
Ž .T. utilis Pen. monodon Haliphthoros sp. Nogami et al., 1997
Ž .T. utilis Pen. monodon V. anguillarum Nogami and Maeda, 1992
Ž .V. alginolyticus Pen. monodon Vibrio harÕeyi Ruangpan et al., 1998
Ž .V. alginolyticus shrimp hatchery Ae.s., V.an., V.o., Y.r. Austin et al., 1995
Ž .Vibrio spp. marine environment V. parahaemolyticus Nair et al., 1985
ŽVibrio spp. shrimp hatchery IHNV, OMV Direkbusarakom et al.,

.1998
Ž .Vibrionaceae Hippoglossus hippoglossus Vibrio sp. Bergh, 1995
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agonistic strains are members of the Pseudomonas–Alteromonas andror Vibrio groups
Ž .Lemos et al., 1985; Nair et al., 1985 . Antibacterial activity is also common in

Ž .freshwater microbiota Sugita et al., 1996b . Some lactic acid bacteria, such as Ca.
ŽdiÕergens and Lactobacillus sp. are antagonistic to fish pathogens Strøm, 1988; Byun

. Ž .et al., 1997; Joborn et al., 1997 . Sugita et al. 1998 isolated a strain of Bacillus sp. that¨
was antagonistic to 63% of the isolates from fish intestine. Pathogenic strains of Vibrio
or Aeromonas have been targeted in most in vitro tests, but some other fish pathogens

Žwere also tested, e.g., Ed. tarda, En. seriolicida, Pa. piscicida, Y. ruckeri Dopazo et
al., 1988; Austin et al., 1995; Ruiz et al., 1996; Sugita et al., 1996a; Byun et al., 1997;

. ŽGibson et al., 1998 . Some bacteria are antagonistic to viruses Kamei et al., 1987, 1988;
.Direkbusarakom et al., 1998 , and they may be efficient for the biocontrol of viral

Ž .diseases Maeda et al., 1997 .
It is important to remind that antagonism may be mediated not only by antibiotics,

but also by many other inhibitory substances, for example: organic acids, hydrogen
Ž . Žperoxide reviewed by Ringø and Gatesoupe, 1998 , siderophores Gram and Mel-

.chiorsen, 1996 . The inhibition due to such compounds is highly dependent on the
experimental conditions, which are different in vitro and in vivo. Therefore, the
expression of antagonism in vitro is not a sufficient criterion to select candidate

Ž .probiotics Riquelme et al., 1997 , nor is sufficient the absence of antagonism to rule the
Ž .strains out Rico-Mora et al., 1998 .

5.4. Intestinal colonization and transience

The colonization potential is another important criterion to characterize probiotics,
but transient bacteria may be also efficient if the cells are introduced at high dose,

Ž .continuously or semi-continuously Gournier-Chateau et al., 1994 . In practice, it is
Ž .therefore essential to evaluate the persistence of the probiotic in the gut Table 2 . The

Žexperimental introduction of lactic acid bacteria has been already reviewed Ringø and
.Gatesoupe, 1998 . The concentration of Ca. diÕergens was higher in the pyloric caeca

Ž .than in the intestine of Atlantic cod juveniles Gildberg and Mikkelsen, 1998 . Isolates
of lactic acid bacteria seemed able to survive for several days in the intestine of larval

Ž .and juvenile fish Strøm and Ringø, 1993; Joborn et al., 1997 . Vibrionaceae may also¨
Žpersist for days or weeks in fish Austin et al., 1995; Munro et al., 1995; Ringø and

. Ž .Vadstein, 1998 and in Pacific oyster larvae, Cr. gigas Gibson et al., 1998 . Yeasts
Ž .seemed particularly persistent in rainbow trout Andlid et al., 1995 .

Adhesion to intestinal mucus was also assayed in vitro. Such tests indicated that
Carnobacterium sp. adhered indifferently to the intestinal mucus of rainbow trout or to

Ž .control surface treated with bovine serum albumin Joborn et al., 1997 . Autochthonous¨
intestinal bacteria of turbot seemed to adhere specifically to intestinal mucus, since their
adhesion potential was stronger to mucus than to control surface, whereas bacteria

Ž .isolated from skin mucus were poorly adhesive Olsson et al., 1992 . Yeasts also adhere
Ž .to the intestinal mucus of rainbow trout Vazquez-Juarez et al., 1997 , and the

Ž .involvement of specific adhesins has been demonstrated Vazquez-Juarez, 1996 . Yeasts
have therefore a great potential to adhere and to colonize the intestine of fish, and their
application as probionts in aquaculture deserves more attention.
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Table 2
Transience and artificial colonization of candidate probiotics in the gut of fish and shellfish; j: juveniles; l: larvae; n.d.:. minimum persistence time not determined
Ž .probiotic introduced daily or continuously

Microbe Host Minimum persistence Reference

Ž . Ž . Ž .Intestinal bacterium Sc. maximus j 7 days 158C Olsson, 1995
Ž . Ž . Ž .Ae. media Crassostrea gigas l 2 days 208C Gibson et al., 1998

Ž . Ž . Ž .Aeromonas sp. Sc. maximus l 14 days 15–208C; gnotobiotic Munro et al., 1995
Ž . Ž .Bacillus sp. Pen. monodon j n.d. Rengpipat et al., 1998
Ž . Ž .Ca. diÕergens Gadus morhua j n.d. Gildberg and Mikkelsen, 1998

Ž . Ž . Ž .Ca. diÕergens G. morhua l 9 days 88C Strøm and Ringø, 1993
Ž . Ž .Ca. diÕergens Sa. salar j n.d. Gildberg et al., 1995

Ž . Ž . Ž .Carnobacterium sp. Onchorhyncus mykiss j 4 days 118C Joborn et al., 1997¨
Ž . Ž .Carnobacterium sp. Sc. maximus l n.d. Gatesoupe, 1994
Ž . Ž .Lactobacillus sp. Par. oliÕaceus j n.d. Byun et al., 1997

Ž . Ž . Ž .V. alginolyticus Sa. salar j 21 days 158C Austin et al., 1995
Ž . Ž . Ž .Vibrio pelagius Sc. maximus l 14 days 17–208C Ringø et al., 1996
Ž . Ž .Vibrio sp. Sc. maximus l n.d. Gatesoupe, 1997

Ž . Ž . Ž .Debaryomyces hansenii O. mykiss j 30 days 158C Andlid et al., 1995
Ž . Ž . Ž .Rhodotorula glutinis O. mykiss j 65 days 88C Andlid et al., 1995
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5.5. Pathogens challenged in ÕiÕo

The improvement of the response of aquatic animals to pathogens was shown in a
Ž .few challenges that followed probiotic treatments Table 3 . The animals tested were

Ž .rotifers, larvae of turbot, scallop Ar. purpuratus and oyster, and juveniles of cod,
Atlantic salmon, rainbow trout and Pen. monodon. All the pathogens were Vibri-
onaceae, but the probiotics were various, including Vibrionaceae, pseudomonads and
Gram-positive bacteria. The probiotic-pathogen confrontation in the host is particularly
important to characterize the probiotic effect, but the experimental conditions are
difficult to fix. There are many factors which may influence the sensitivity of the animal
to pathogens, and the efficiency of probiotic protection. These effects were sometimes

Ždifficult to observe repeatedly Gildberg and Mikkelsen, 1998; Shiri Harzevili et al.,
.1998 . In some studies, the mortality was only delayed, in comparison with the control

Ž .without probiotic treatment Gatesoupe, 1994, 1997; Gildberg and Mikkelsen, 1998 .
Such tests were particularly useful to point out the peculiarity of the application of

probiotics to bivalve larvae. Significant improvement of the survival of scallop larvae
was observed after preliminary treatment with Al. haloplanktis for 1 h, followed by

Ž .challenge with V. anguillarum Riquelme et al., 1996 . However, the growth of Al.
haloplanktis in scallop larval cultures increased mortality, unlike a probiotic strain of

Ž .Vibrio sp. Riquelme et al., 1997 . These authors assumed that the probiotic strain
produced inhibitory substances that blocked bacterial growth in the larval rearing

Ž .medium, including the growth of the probiotic itself ‘‘autoinhibition’’ . Gibson et al.
Ž .1998 observed that the decrease of the probiotic, Ae. media, was even faster than that
of the pathogen, Vibrio tubiashii, in Pacific oyster larvae, though the larvae were
efficiently protected. Bivalve larvae are particularly sensitive to bacterial growth, and it
seems essential that the probiotic was eliminated after a short transit time. However,
some bacterial strains may increase the survival of bivalve larvae when they are

Table 3
Challenge tests of fish and shellfish treated with probiotics that improved the response to pathogens; j:
juveniles; l: larvae. Ae.s.: Ae. salmonicida; V.: Vibrio; V.an.: V. anguillarum; V.o.: V. ordalii

Probiotic Host Pathogen Reference

Ž . Ž .Ae. media Cr. gigas l Vibrio tubiashii Gibson et al., 1998
Ž . Ž .Al. haloplanktis Ar. purpuratus l ‘‘V. anguillarum-related’’ Riquelme et al., 1996
Ž . Ž .Bacillus sp. Pen. monodon j V. harÕeyi Rengpipat et al., 1998

Ž . Ž .Ca. diÕergens G. morhua j V. anguillarum Gildberg et al., 1997
Ž . Ž .Carnobacterium sp. Sc. maximus l Vibrio splendidus Gatesoupe, 1994

Ž .L. lactis Br. plicatilis V. anguillarum Shiri Harzevili et al., 1998
Ž . Ž .Ps. fluorescens O. mykiss j V. anguillarum Gram et al., 1999
Ž . Ž .Ps. fluorescens Sa. salar j Ae. salmonicida Smith and Davey, 1993
Ž . Ž .V. alginolyticus Sa. salar j Ae.s., V.an., V.o. Austin et al., 1995

Ž . Ž .V. pelagius Sc. maximus l Aeromonas caÕiae Ringø and Vadstein, 1998
Ž . Ž .Vibrio sp. Ar. purpuratus l ‘‘V. anguillarum-related’’ Riquelme et al., 1997

Ž . Ž .Vibrio sp. Sc. maximus l Vibrio splendidus Gatesoupe, 1997
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Ž .introduced into the rearing medium Riquelme et al., 1997 , probably as food supple-
Ž .ment Douillet, 1994 .

5.6. Effects in rearing conditions

Tests of antagonism, adhesion or challenge are essential to select the candidate
probiotics, but rearing experiments remain necessary to conclude that the strains are
harmless. Among these rearing trials, there are few reports of improvement of either

Ž . Ž .survival Ringø and Vadstein, 1998 or growth Byun et al., 1997; Gatesoupe, 1997 .
This paucity of information is not surprising, since the protective effect of probiotics
may be observed only when the conditions for disease outbreak are gathering. The
practical evaluation of the interest of probiotic treatments will require long-term surveys.

6. Perspectives of development

Ž .The advantage of probiotics over antibiotics was discussed by Moriarty 1998 , but
most attention has been hitherto directed towards the production of inhibitory substances
by the probiotics. The risk to select probiotic-resistant pathogens must not be underesti-
mated, and it is particularly important to search for diversified antagonistic properties,
which may lower the risk of multi-resistance. For example, the ability of some
probiotics to adhere to intestinal mucus may block the intestinal infection route common

Ž .to many pathogens Evelyn, 1996 .
Antagonism may be also due to competition for nutrients that favour the growth of

probiotics, or the expression of their inhibitory effects. Competitive exclusion has been
mentioned as a possible mechanism for probiotic effects, in reference to ‘‘highly

Ž .selective substrate-limited growth conditions’’ Dolfing and Gottschal, 1997 . Iron is
required by most organisms, and its availability in animal tissues may be a virulence

Ž .factor for pathogens. Smith and Davey 1993 suggested that the growth inhibition of
Ae. salmonicida by Ps. fluorescens was due to competition for free iron. The inhibitory

Žactivity of many Pseudomonas strains seemed indeed mediated by siderophores Gram,
.1993; Gram et al., 1999 . Iron uptake seemed to be involved in the competition among

Ž .Vibrio spp. Pybus et al., 1994 , and a purified bacterial siderophore could partly mimic
Ž .the probiotic effect of Vibrio sp. in turbot larvae Gatesoupe, 1997 . The antibacterial

Ž .activity of Bacillus sp. isolated by Sugita et al. 1998 was also attributed at least partly
to a siderophore. It may be therefore important to favour the expression of such
siderophore-mediated probiotic effects by adjusting the dietary supply to meet but not
exceed the requirement of the host. Iron is often supplemented in excess in fish diets,
and for example, iron limitation changed the microbiota without detrimental effect on

Ž .seabass larvae Gatesoupe et al., 1997 .
Other nutrients may affect the intestinal microbiota, though they are essential to

aquatic animals but not to microbes. For example, the dietary polyunsaturated fatty acids
seemed to influence the proportion of lactic acid bacteria in the gastrointestinal tract of

Ž .Arctic charr Ringø, 1993; Ringø et al., 1998 .
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Ž .Gibson and Roberfroid 1995 defined ‘‘prebiotic’’ as ‘‘a nondigestible food ingredi-
ent that beneficially affects the host by selectively stimulating the growth andror
activity of one or a limited number of bacteria in the colon, and thus improves host
health’’. Fructooligosaccharides are thus used as food additives to stimulate bifidobacte-

Žria andror lactobacilli in human and terrestrial animal microbiota Bailey et al., 1991;
.Howard et al., 1995; Oli et al., 1998; Crittenden, 1999 . Lactosucrose was found to be

fermented by the hindgut microbiota of red seabream, and the thickness of tunica
muscularis was increased in the anterior and posterior intestine of fish fed with the

Ž .oligosaccharide Kihara et al., 1995 . This preliminary experiment suggested that some
fermentation products may reinforce the intestinal barrier in fish, likewise in man
Ž .Vanderhoof, 1998 . It may be interesting to seek substances specifically digestible by
candidate probiotics, which might not only antagonize pathogens but also stimulate the
tissular defence of the host.

The hypothesis of stimulation of the immune system of aquatic organisms may be
also considered. Many immunostimulants have been tested on fish and shellfish, and
some of them originated from microbial cell walls, e.g., muramyl dipeptide, glucans,

Ž .lipopolysaccharides Anderson, 1992 . It is possible that autochthonous microbiota may
stimulate the immune response of aquatic animals to enteric pathogens, as reported in

Ž .land animals Gaskins, 1997 . However, the stimulation of the immune system by
Žprobiotic lactic acid bacteria is still in dispute, despite many reports Tannock, 1997;

.Gill, 1998; Pouwels et al., 1998; McCracken, 1999 .

7. Conclusion

The application of probiotics in aquaculture shows promise, but needs considerable
efforts of research. The first question, unanswered in many cases, is the fate of the
probiotic in rearing medium and in gastrointestinal tract. Immunological and molecular

Žprobes will be useful tools to trace the probiotic cells Ringø et al., 1996; Austin, 1998;
.O’Sullivan, 1999 . It is essential to investigate the best way of introduction and the

optimal dose, and technical solutions are required, especially to keep the probiotic alive
in dry pellets.

The spores of Bacillus spp. are especially easy to introduce in dry food, and this is an
Žadditional advantage of these promising candidate probiotics Moriarty, 1998; Queiroz

.and Boyd, 1998; Kennedy et al., 1998; Rengpipat et al., 1998; Sugita et al., 1998 .
Lactic acid bacteria are also good candidates, and further studies are necessary to
evaluate the interest of yeasts as probiotics. The bacteria normally dominant in healthy
animals may be sources of probiotics, but there are many potential pathogens among
Vibrionaceae and pseudomonads. It may be wise to carry out long-term surveys to make
sure that the bacteria keep innocuous, without risk of apparition of potentially detrimen-
tal mutants.

The influence of probiotics on gastrointestinal microbiota remains poorly described,
but further investigation may be expected with the propagation of molecular approaches

Žto analyse bacterial communities Raskin et al., 1997; Wallner et al., 1997; Hugenholtz
.et al., 1998 .



( )F.J. GatesouperAquaculture 180 1999 147–165160

References

Anderson, D.P., 1992. Immunostimulants, adjuvants, and vaccine carriers in fish: applications to aquaculture.
Annu. Rev. Fish Dis. 2, 281–307.

ŽAndlid, T., Vazquez-Juarez, R., Gustafsson, L., 1995. Yeast colonizing the intestine of rainbow trout Salmo
. Ž .gairdneri and turbot Scophthalmus maximus . Microb. Ecol. 30, 321–334.

Austin, B., 1998. Biotechnology and diagnosis and control of fish pathogens. J. Mar. Biotechnol. 6, 1–2.
Ž .Austin, B., Allen, D.A., 1982. Microbiology of laboratory-hatched brine shrimp Artemia . Aquaculture 26,

369–383.
Austin, B., Stuckey, L.F., Robertson, P.A.W., Effendi, I., Griffith, D.R.W., 1995. A probiotic strain of Vibrio

alginolyticus effective in reducing diseases caused by Aeromonas salmonicida, Vibrio anguillarum and
Vibrio ordalii. J. Fish Dis. 18, 93–96.

Austin, B., Austin, D.A., Blanch, A.R., Cerda, M., Grimont, F., Grimont, P.A.D., Jofre, J., Koblavi, S.,´
Larsen, J.L., Pedersen, K., Tiainen, T., Verdonck, L., Swings, J., 1997. A comparison of methods for the
typing of fish-pathogenic Vibrio spp. system. Appl. Microbiol. 20, 89–101.

Bailey, J.S., Blankenship, L.C., Cox, N.A., 1991. Effect of fructooligosaccharide on Salmonella colonization
of the chicken intestine. Poult. Sci. 70, 2433–2438.

Bengmark, S., 1998. Ecological control of the gastrointestinal tract. The role of probiotic flora. Gut 42, 2–7.
Bergh, Ø., 1995. Bacteria associated with early life stages of halibut, Hippoglossus hippoglossus L., inhibit

growth of a pathogenic Vibrio sp. J. Fish Dis. 18, 31–40.
ŽBergh, Ø., Naas, K.E., Harboe, T., 1994. Shift in the intestinal microflora of Atlantic halibut Hippoglossus

.hippoglossus larvae during first feeding. Can. J. Fish. Aquat. Sci. 51, 1899–1903.
Bertone, S., Giacomini, M., Ruggiero, C., Piccarolo, C., Calegari, L., 1996. Automated systems for

identification of heterotrophic marine bacteria on the basis of their fatty acid composition. Appl. Environ.
Microbiol. 62, 2122–2132.

Blanch, A.R., Alsina, M., Simon, M., Jofre, J., 1997. Determination of bacteria associated with reared turbot´
Ž .Scophthalmus maximus larvae. J. Appl. Microbiol. 82, 729–734.

ŽBogut, I., Milakovic, Z., Bukvic, Z., Brkic, S., Zimmer, R., 1998. Influence of probiotic Streptococcus
. Ž .faecium M74 on growth and content of intestinal microflora in carp Cyprinus carpio . Czech J. Anim.

Sci. 43, 231–235.
Brock, T.D., 1974. Biology of Microorganisms, 2nd edn., Prentice-Hall, Englewood Cliffs, NJ, 852 pp.
Byun, J.W., Park, S.C., Benno, Y., Oh, T.K., 1997. Probiotic effect of Lactobacillus sp. DS-12 in flounder

Ž .Paralichthys oliÕaceus . J. Gen. Appl. Microbiol. 43, 305–308.
Clements, K.D., 1997. Fermentation and gastrointestinal microorganisms in fishes. In: Mackie, R.I., Withe,

Ž .B.A., Isaacson, R.E. Eds. , Gastrointestinal Microbiology, Vol. 1, Gastrointestinal Ecosystems and
Fermentations. Chapman & Hall Microbiology Series, International Thomson Publishing, New York, pp.
156–198.

Colorni, A., 1985. A study on the bacterial flora of giant prawn, Macrobrachium rosenbergii larvae fed with
Artemia salina nauplii. Aquaculture 49, 1–10.

Ž .Crittenden, R.G., 1999. Prebiotics. In: Tannock, G.W. Ed. , Probiotics: A Critical Review. Horizon Scientific
Press, Wymondham, England, pp. 141–156.

Direkbusarakom, S., Yoshimizu, M., Ezura, Y., Ruangpan, L., Danayadol, Y., 1998. Vibrio spp., the dominant
flora in shrimp hatchery against some fish pathogenic viruses. J. Mar. Biotechnol. 6, 266–267.

Dolfing, J., Gottschal, J.C., 1997. Microbe–microbe interactions. In: Mackie, R.I., Withe, B.A., Isaacson, R.E.
Ž .Eds. , Gastrointestinal Microbiology, Vol. 2, Gastrointestinal Microbes and Host Interactions. Chapman &
Hall Microbiology Series, International Thomson Publishing, New York, pp. 373–433.

Donovan, T.J., van Netten, P., 1995. Culture media for the isolation and enumeration of pathogenic Vibrio
species in foods and environmental samples. Int. J. Food Microbiol. 26, 77–91.

Dopazo, C.P., Lemos, M.L., Lodeiros, C., Bolinches, J., Barja, J.L., Toranzo, A.E., 1988. Inhibitory activity of
antibiotic-producing marine bacteria against fish pathogens. J. Appl. Bacteriol. 65, 97–101.

ŽDouillet, P.A., 1994. Use of a probiotic for the culture of larvae of the Pacific oyster Crassostrea gigas
.Thundberg . Aquaculture 119, 25–40.

Ž .Evelyn, T.P.T., 1996. Infection and disease. In: Iwama, G., Nakanishi, T. Eds. , The Fish Immune System:



( )F.J. GatesouperAquaculture 180 1999 147–165 161

Organism, Pathogen, and Environment. Fish Physiol. Series 15, Academic Press, San Diego, CA, USA, pp.
339–366.

Flint, K.P., 1985. A note on a selective agar medium for the enumeration of FlaÕobacterium species in water.
J. Appl. Bacteriol. 59, 561–566.

Fuller, R., 1989. Probiotics in man and animals. J. Appl. Bacteriol. 66, 365–378.
Garcia, T., Otto, K., Kjelleberg, S., Nelson, D.R., 1997. Growth of Vibrio anguillarum in salmon intestinal

mucus. Appl. Environ. Microbiol. 63, 1034–1039.
Gaskins, H.R., 1997. Immunological aspects of hostrmicrobiota interactions at the intestinal epithelium. In:

Ž .Mackie, R.I., Withe, B.A., Isaacson, R.E. Eds. , Gastrointestinal Microbiology, Vol. 2, Gastrointestinal
Microbes and Host Interactions. Chapman & Hall Microbiology Series, International Thomson Publishing,
New York, pp. 537–587.

Gatesoupe, F.J., 1989. Further advances in the nutritional and antibacterial treatments of rotifers as food for
Ž .turbot larvae, Scophthalmus maximus L. In: De Pauw, N., Jaspers, E., Ackefors, H., Wilkins, N. Eds. ,

Aquaculture — A Biotechnology in Progress. European Aquaculture Society, Bredene, Belgium, pp.
721–730.

Gatesoupe, F.J., 1991. The effect of three strains of lactic bacteria on the production rate of rotifers,
Brachionus plicatilis, and their dietary value for larval turbot, Scophthalmus maximus. Aquaculture 96,
335–342.

Gatesoupe, F.J., 1993. Bacillus sp. spores as food additive for the rotifer Brachionus plicatilis: improvement
of their bacterial environment and their dietary value for larval turbot, Scophthalmus maximus L. In:

Ž .Kaushik, S.J., Luquet, P. Eds. , Fish Nutrition in Practice. Institut National de la Recherche Agronomique,
Paris, France, Les Colloques, Vol. 61, pp. 561–568.

Gatesoupe, F.J., 1994. Lactic acid bacteria increase the resistance of turbot larvae, Scophthalmus maximus,
against pathogenic vibrio. Aquat. Living Resour. 7, 277–282.

Gatesoupe, F.J., 1997. Siderophore production and probiotic effect of Vibrio sp. associated with turbot larvae,
Scophthalmus maximus. Aquat. Living Resour. 10, 239–246.

Gatesoupe, F.J., Arakawa, T., Watanabe, T., 1989. The effect of bacterial additives on the production rate and
dietary value of rotifers as food for Japanese flounder, Paralichthys oliÕaceus. Aquaculture 83, 39–44.

Gatesoupe, F.J., Zambonino Infante, J.L., Cahu, C., Quazuguel, P., 1997. Early weaning of seabass larvae,
Dicentrarchus labrax: the effect on microbiota, with particular attention to iron supply and exoenzymes.
Aquaculture 158, 117–127.

Gibson, G.R., Roberfroid, B., 1995. Dietary modulation of the human colonic microbiota: introducing the
concept of prebiotics. J. Nutr. 125, 1401–1412.

Gibson, L.F., Woodworth, J., George, A.M., 1998. Probiotic activity of Aeromonas media on the Pacific
oyster, Crassostrea gigas, when challenged with Vibrio tubiashii. Aquaculture 169, 111–120.

Ž .Gildberg, A., Mikkelsen, H., 1998. Effects of supplementing the feed to Atlantic cod Gadus morhua fry with
lactic acid bacteria and immuno-stimulating peptides during a challenge trial with Vibrio anguillarum.
Aquaculture 167, 103–113.

Ž .Gildberg, A., Johansen, A., Bøgwald, J., 1995. Growth and survival of Atlantic salmon Salmo salar fry
given diets supplemented with fish protein hydrolysate and lactic acid bacteria during a challenge trial with
Aeromonas salmonicida. Aquaculture 138, 23–34.

Gildberg, A., Mikkelsen, H., Sandaker, E., Ringø, E., 1997. Probiotic effect of lactic acid bacteria in the feed
Ž .on growth and survival of fry of Atlantic cod Gadus morhua . Hydrobiologia 352, 279–285.

Gill, H.S., 1998. Stimulation of the immune system by lactic cultures. Int. Dairy J. 8, 535–544.
Gil-Turnes, M.S., Hay, M.E., Fenical, W., 1989. Symbiotic marine bacteria chemically defend crustacean

embryos from a pathogenic fungus. Science 246, 116–118.
Gournier-Chateau, N., Larpent, J.P., Castellanos, I., Larpent, J.L., 1994. Les Probiotiques en Alimentation

Animale et Humaine. Technique et Documentation Lavoisier, Paris, 192 pp.
Gram, L., 1993. Inhibitory effect against pathogenic and spoilage bacteria of Pseudomonas strains isolated

from spoiled and fresh fish. Appl. Environ. Microbiol. 59, 2197–2203.
Gram, L., Melchiorsen, J., 1996. Interaction between fish spoilage bacteria Pseudomonas sp. and Shewanella

putrefaciens in fish extracts and on fish tissue. J. Appl. Bacteriol. 80, 589–595.
Gram, L., Melchiorsen, J., Spanggaard, B., Huber, I., Nielsen, T.F., 1999. Inhibition of Vibrio anguillarum by

Pseudomonas fluorescens AH2, a possible probiotic treatment of fish. Appl. Environ. Microbiol. 65,
969–973.



( )F.J. GatesouperAquaculture 180 1999 147–165162

Griffith, D.R.W., 1995. Microbiology and the role of probiotics in Ecuadorian shrimp hatcheries. In: Lavens,
Ž .P., Jaspers, E., Roelants, I. Eds. , Larvi ’95 — Fish and Shellfish Larviculture Symposium. European

Aquaculture Society, Special Publication, Vol. 24, Gent, Belgium, p. 478.
Grisez, L., Chair, M., Sorgeloos, P., Ollevier, F., 1996. Mode of infection and spread of Vibrio anguillarum in

turbot Scophthalmus maximus larvae after oral challenge through live feed. Dis. Aquat. Org. 26, 181–187.
Hamid, A., Sakata, T., Kakimoto, D., 1978. Microflora in the alimentary tract of grey mullet: 2. A comparison

of the mullet intestinal microflora in fresh and sea water. Bull. Jpn. Soc. Sci. Fish. 44, 53–57.
Hansen, G.H., Sorheim, R., 1991. Improved method for phenotypical characterization of marine bacteria. J.

Microbiol. Methods 13, 231–241.
Holt, J.G., Krieg, N.R., Sneath, P.H.A, Staley, J.T., Williams S.T., 1994. Bergey’s Manual of Determinative

Bacteriology, 9th edn. Williams and Wilkins, Baltimore, MD, 787 pp.
Howard, M.D., Gordon, D.T., Garleb, K.A., Kerley, M.S., 1995. Dietary fructooligosaccharide, xylooligosac-

charide and gum arabic have variable effects on cecal and colonic microbiota and epithelial cell
proliferation in mice and rats. J. Nutr. 125, 2604–2609.

Hugenholtz, P., Pitulle, C., Hershberger, K.L., Pace, N.R., 1998. Novel division level bacterial diversity in a
Yellowstone hot spring. J. Bacteriol. 180, 366–376.

Ž .Hume, I.D., 1997. Fermentation in the hindgut of mammals. In: Mackie, R.I., Withe, B.A. Eds. , Gastroin-
testinal Microbiology, Vol. 1, Gastrointestinal Ecosystems and Fermentations. Chapman and Hall Microbi-
ology Series, International Thomson Publishing, New York, pp. 84–115.

Ivanova, E.P., Nicolau, D.V., Yumoto, N., Taguchi, T., Okamoto, K., Tatsu, Y., Yoshikawa, S., 1998. Impact
of conditions of cultivation and adsorption on antimicrobial activity of marine bacteria. Mar. Biol. 130,
545–551.

Jeppesen, C., 1995. Media for Aeromonas spp., Plesiomonas shigelloides and Pseudomonas spp. from food
and environment. Int. J. Food Microbiol. 26, 25–41.

Joborn, A., Olsson, C., Westerdahl, A., Conway, P.L., Kjellberg, S., 1997. Colonization in the fish intestinal¨
tract and production of inhibitory substances in intestinal mucus and faecal extract by Carnobacterium sp.
strain K. J. Fish Dis. 20, 383–392.

Kamei, Y., Yoshimizu, M., Ezura, Y., Kimura, T., 1987. Screening of bacteria with antiviral activity against
Ž .infectious hematopoietic necrosis virus IHNV from estuarine and marine environments. Bull. Jpn. Soc.

Sci. Fish. 53, 2179–2185.
Kamei, Y., Yoshimizu, M., Ezura, Y., Kimura, T., 1988. Screening of bacteria with antiviral activity from

fresh water salmonid hatcheries. Microbiol. Immunol. 32, 67–73.
Kennedy, S.B., Tucker, J.W., Neidig, C.L., Vermeer, G.K., Cooper, V.R., Jarrell, J.L., Sennett, D.G., 1998.

Bacterial management strategies for stock enhancement of warm water marine fish: a case study with
Ž .common snook Centropomus undecimalis . Bull. Mar. Sci. 62, 573–588.

Kihara, M., Ohba, K., Sakata, T., 1995. Trophic effect of dietary lactosucrose on intestinal tunica muscularis
and utilization of this sugar by gut microbes in red seabream Pagrus major, a marine carnivorous teleost,
under artificial rearing. Comp. Biochem. Physiol. 112A, 629–634.

Ž .Kozasa, M., 1986. Toyocerin Bacillus toyoi as growth promotor for animal feeding. Microbiol. Aliment.
Nutr. 4, 121–135.

Lemos, M.L., Toranzo, A.E., Barja, J.L., 1985. Antibiotic activity of epiphytic bacteria isolated from intertidal
seaweeds. Microb. Ecol. 11, 149–163.

Lesel, R., 1990. Thermal effect on bacterial flora in the gut of rainbow trout and African catfish. In: Lesel, R.´ ´
Ž .Ed. , Microbiology in Poecilotherms. Elsevier, Amsterdam, pp. 33–38.

Maeda, M., Liao, I.C., 1992. Effect of bacterial population on the growth of a prawn larva, Penaeus monodon.
Bull. Natl. Res. Inst. Aquacult. 21, 25–29.

Maeda, M., Nogami, K., Kanematsu, M., Hirayama, K., 1997. The concept of biological control methods in
aquaculture. Hydrobiologia 358, 285–290.

Marty, P., Martin, Y., 1992. Bacteries heterotrophes aerobies isolees d’invertebres benthiques des eaux´ ´ ´ ´ ´ ´ ´
cotieres mediterraneennes: caracteristiques des souches, production d’exoenzymes et d’agentsˆ ` ´ ´ ´
antibacteriens. Mar. Life 1, 1–8.´

Ž .McCracken, V.J., 1999. Identification of lactobacilli and bifidobacteria. In: Tannock, G.W. Ed. , Probiotics:
A Critical Review. Horizon Scientific Press, Wymondham, England, pp. 85–112.

Metchnikoff, E., 1907. The Prolongation of Life. Optimistic Studies. William Heinemann, London.



( )F.J. GatesouperAquaculture 180 1999 147–165 163

Metchnikoff, E., 1908. The Nature of Man. Studies in Optimistic Philosophy. William Heinemann, London.
Moriarty, D.J.W., 1990. Interactions of microorganisms and aquatic animals, particularly the nutritional role of

Ž .the gut flora. In: Lesel, R. Ed. , Microbiology in Poecilotherms. Elsevier, Amsterdam, pp. 217–222.´
Moriarty, D.J.W., 1997. The role of microorganisms in aquaculture ponds. Aquaculture 151, 333–349.
Moriarty, D.J.W., 1998. Control of luminous Vibrio species in penaeid aquaculture ponds. Aquaculture 164,

351–358.
Munro, P.D., Birkbeck, T.H., Barbour, A., 1993. Influence of rate of bacterial colonisation of the gut of turbot

Ž .larvae on larval survival. In: Reinertsen, H., Dahle, L.A., Jørgensen, L., Tvinnereim, K. Eds. , Fish
Farming Technology. A.A. Balkema, Rotterdam, pp. 85–92.

Munro, P.D., Barbour, A., Birkbeck, T.H., 1995. Comparison of the growth and survival of larval turbot in the
absence of culturable bacteria with those in the presence of Vibrio anguillarum, Vibrio alginolyticus, or a
marine Aeromonas sp. Appl. Environ. Microbiol. 61, 4425–4428.

Nair, S., Tsukamoto, K., Shimidu, U., 1985. Distribution of bacteriolytic bacteria in the coastal marine
environment of Japan. Bull. Jpn. Soc. Sci. Fish. 51, 1469–1473.

Ž .Nedoluha, P.C., Westhoff, D., 1995. Microbiological analysis of striped bass Morone saxatilis grown in
flow-through tanks. J. Food Prot. 58, 1363–1368.

Nogami, K., Maeda, M., 1992. Bacteria as biocontrol agents for rearing larvae of the crab Portunus
trituberculatus. Can. J. Fish. Aquat. Sci. 49, 2373–2376.

Nogami, K., Hamasaki, K., Maeda, M., Hirayama, K., 1997. Biocontrol method in aquaculture for rearing the
swimming crab larvae Portunus trituberculatus. Hydrobiologia 358, 291–295.

Noh, S.H., Han, K., Won, T.H., Choi, Y.J., 1994. Effect of antibiotics, enzyme, yeast culture and probiotics on
the growth performance of Israeli carp. Korean J. Anim. Sci. 36, 480–486.

Olsson, J.C., 1995. Bacteria with inhibitory activity and Vibrio anguillarum in the fish intestinal tract. Fil. Dr.
thesis, Goteborg University, Sweden, 141 pp.¨

Olsson, J.C., Westerdahl, A., Conway, P.L., Kjelleberg, S., 1992. Intestinal colonization potential of turbot
Ž . Ž .Scophthalmus maximus - and dab Limanda limanda -associated bacteria with inhibitory effects against
Vibrio anguillarum. Appl. Environ. Microbiol. 58, 551–556.

Olsson, J.C., Joborn, A., Westerdahl, A., Blomberg, L., Kjelleberg, S., Conway, P.L., 1996. Is the turbot,¨
Ž .Scophthalmus maximus L. , intestine a port of entry for the fish pathogen Vibrio anguillarum?. J. Fish

Dis. 19, 225–234.
Oli, M.W., Petschow, B.W., Buddington, R.K., 1998. Evaluation of fructooligosaccharide supplementation of

oral electrolyte solutions for treatment of diarrhea: recovery of the intestinal bacteria. Dig. Dis. Sci. 43,
138–147.

Ž .O’Sullivan, D.J., 1999. Methods of analysis of the intestinal microflora. In: Tannock, G.W. Ed. , Probiotics:
A Critical Review. Horizon Scientific Press, Wymondham, England, pp. 23–44.

Parker, R.B., 1974. Probiotics. The other half of the antibiotics story. Anim. Nutr. Health 29, 4–8.
Porubcan, R.S., 1991a. Reduction of ammonia nitrogen and nitrite in tanks of Penaeus monodon using

floating biofilters containing processed diatomaceous earth media pre-inoculated with nitrifying bacteria.
Program and Abstracts of the 22nd Annual Conference and Exposition, 16–20 June 1991, San Juan, Puerto
Rico. World Aquaculture Society.

Porubcan, R.S., 1991b. Reduction in chemical oxygen demand and improvement in Penaeus monodon yield in
ponds inoculated with aerobic Bacillus bacteria. Program and Abstracts of the 22nd Annual Conference
and Exposition, 16–20 June 1991, San Juan, Puerto Rico. World Aquaculture Society.

Pouwels, P.H., Leer, R.J., Shaw, M., den Bak-Glashouwer, M.J.H., Tielen, F.D., Smit, E., Martinez, B., Jore,
J., Conway, P.L., 1998. Lactic acid bacteria as antigen delivery vehicles for oral immunization purposes.
Int. J. Food Microbiol. 41, 155–167.

Pratt, D.B., Reynolds, J.W., 1973. The use of selective and differential media in the analysis of marine and
Ž .estuarine bacterial populations. In: Stevenson, L.H., Colwell, R.R. Eds. , Estuarine Microbial Ecology,

Ž .Proceedings of the Estuarine Microbial Ecology Meeting, Columbia, SC USA , 7 July 1971, pp. 37–44.
Prieur, D., Mevel, G., Nicolas, J.L., Plusquellec, A., Vigneulle, M., 1990. Interactions between bivalve´

molluscs and bacteria in the marine environment. Oceanogr. Mar. Biol. Annu. Rev. 28, 277–352.
Pybus, V., Loutit, M.W., Lamont, I.L., Tagg, J.R., 1994. Growth inhibition of the salmon pathogen Vibrio

ordalii by a siderophore produced by Vibrio anguillarum strain VL4355. J. Fish Dis. 17, 311–324.
Queiroz, J.F., Boyd, C.E., 1998. Effects of a bacterial inoculum in channel catfish ponds. J. World Aquacult.

Soc. 29, 67–73.



( )F.J. GatesouperAquaculture 180 1999 147–165164

Raskin, L., Capman, W.C., Sharp, R., Poulsen, L.K., Stahl, D.A., 1997. Molecular ecology of gastrointestinal
Ž .ecosystems. In: Mackie, R.I., Withe, B.A., Isaacson, R.E. Eds. , Gastrointestinal Microbiology, Vol. 2,

Gastrointestinal Microbes and Host Interactions. Chapman & Hall Microbiology Series, International
Thomson Publishing, New York, pp. 243–298.

Rengpipat, S., Phianphak, W., Piyatiratitivorakul, S., Menasveta, P., 1998. Effects of a probiotic bacterium on
black tiger shrimp Penaeus monodon survival and growth. Aquaculture 167, 301–313.

Rico-Mora, R., Voltolina, D., Villaescusa-Celaya, J.A., 1998. Biological control of Vibrio alginolyticus in
Ž .Skeletonema costatum Bacillariophyceae cultures. Aquacult. Eng. 19, 1–6.

Ž .Ringø, E., 1993. Does dietary linoleic acid affect intestinal microflora in Arctic charr, SalÕelinus alpinus L. ?.
Aquacult. Fish. Manage. 24, 133–135.

Ž .Ringø, E., Strøm, E., 1994. Microflora of Arctic charr, SalÕelinus alpinus L. : gastrointestinal microflora of
free-living fish and effect of diet and salinity on intestinal microflora. Aquacult. Fish. Manage. 25,
623–629.

Ringø, E., Gatesoupe, F.J., 1998. Lactic acid bacteria in fish: a review. Aquaculture 160, 177–203.
Ringø, E., Vadstein, O., 1998. Colonization of Vibrio pelagius and Aeromonas caÕiae in early developing

Ž .turbot Scophthalmus maximus L. larvae. J. Appl. Microbiol. 84, 227–233.
Ringø, E., Strøm, E., Tabachek, J.A., 1995. Intestinal microflora of salmonids: a review. Aquacult. Res. 26,

773–789.
Ringø, E., Birkbeck, T.H., Munro, P.D., Vadstein, O., Hjelmeland, K., 1996. The effect of early exposure to

Ž .Vibrio pelagius on the aerobic bacterial flora of turbot, Scophthalmus maximus L. larvae. J. Appl.
Bacteriol. 81, 207–211.

Ringø, E., Bendiksen, H.R., Gausen, S.J., Sundsfjord, A., Olsen, R.E., 1998. The effect of dietary fatty acids
on lactic acid bacteria associated with the epithelial mucosa and from faecalia of Arctic charr, SalÕelinus

Ž .alpinus L. . J. Appl. Microbiol. 85, 855–864.
Riquelme, C., Hayashida, G., Araya, R., Uchida, A., Satomi, M., Ishida, Y., 1996. Isolation of a native

bacterial strain from the scallop Argopecten purpuratus with inhibitory effects against pathogenic vibrios.
J. Shellfish Res. 15, 369–374.

Riquelme, C., Araya, R., Vergara, N., Rojas, A., Guaita, M., Candia, M., 1997. Potential probiotic strains in
Ž .the culture of the Chilean scallop Argopecten purpuratus Lamarck, 1819 . Aquaculture 154, 17–26.

Roth, F.J., Ahearn, D.G., Fell, J.W., Meyers, S.P., Meyer, S.A., 1962. Ecology and taxonomy of yeasts
isolated from various marine substrates. Limnol. Oceanogr. 7, 178–185.

Ruangpan, L., Naanan, P., Direkbusarakom, S., 1998. Inhibitory effect of Vibrio alginolyticus on the growth
of V. harÕeyi. Fish Pathol. 33, 293–296.

Ruiz, C.M., Roman, G., Sanchez, J.L., 1996. A marine bacterial strain effective in producing antagonisms of
other bacteria. Aquacult. Int. 4, 289–291.

Ruiz-Ponte, C., Samain, J.F., Nicolas, J.L., 1998. Antibacterial activity exhibited by the marine strain
Ž .Roseobacter sp. In: Le Gal, Y., Muller-Feuga, A. Eds. , Marine Microorganisms for Industry. Proceedings

of a Meeting, 17–19 September 1997, Brest, France. Actes Colloq. IFREMER No. 21, IFREMER,
Plouzane, France, pp. 166–168.´

Sadhukhan, P.C., Ghosh, S., Chaudhuri, J., Ghosh, D.K., Mandal, A., 1997. Mercury and organomercurial
resistance in bacteria isolated from freshwater fish of wetland fisheries around Calcutta. Environ. Pollut.
97, 71–78.

Ž .Sakata, T., 1990. Microflora in the digestive tract of fish and shell-fish. In: Lesel, R. Ed. , Microbiology in´
Poecilotherms. Elsevier, Amsterdam, pp. 171–176.

Sakata, T., Okabayashi, J., Kakimoto, D., 1980. Variations in the intestinal microflora of Tilapia reared in
fresh and sea water. Bull. Jpn. Soc. Sci. Fish. 46, 313–317.

Sharmila, R., Abraham, T.J., Sundararaj, V., 1996. Bacterial flora of semi-intensive pond-reared Penaeus
Ž .indicus H. Milne Edwards and the environment. J. Aquacult. Trop. 11, 193–203.

Shiri Harzevili, A.R., Van Duffel, H., Dhert, P., Swings, J., Sorgeloos, P., 1998. Use of a potential probiotic
Ž .Lactococcus lactis AR21 strain for the enhancement of growth in the rotifer Brachionus plicatilis Muller .¨

Aquacult. Res. 29, 411–417.
Smith, P., Davey, S., 1993. Evidence for the competitive exclusion of Aeromonas salmonicida from fish with

stress-inducible furunculosis by a fluorescent pseudomonad. J. Fish Dis. 16, 521–524.
Stewart, C.S., 1997. Microorganisms in hindgut fermentors. In: Mackie, R.I., Withe, B.A., Isaacson, R.E.



( )F.J. GatesouperAquaculture 180 1999 147–165 165

Ž .Eds. , Gastrointestinal Microbiology, Vol. 2, Gastrointestinal Microbes and Host Interactions. Chapman
and Hall Microbiology Series, International Thomson Publishing, New York, pp. 142–186.

Strøm, E., 1988. Melkesyrebakterier i fisketarm. Isolasjon, karakterisering og egenskaper. MS thesis, The
Ž .Norwegian College of Fishery Science, 88 pp. in Norwegian .

Strøm, E., Olafsen, J.A., 1990. The indigenous microflora of wild-captured juvenile cod in net-pen rearing. In:
Ž .Lesel, R. Ed. , Microbiology in Poecilotherms. Elsevier, Amsterdam, pp. 181–185.´

Ž .Strøm, E., Ringø, E., 1993. Changes in bacterial flora in developing cod, Gadus morhua L. , larvae after
Ž .inoculation of Lactobacillus plantarum in the water. In: Walther, B., Fyhn, H.J. Eds. , Physiological and

Biochemical Aspects of Fish Larval Development. University of Bergen, Norway, pp. 226–228.
Sugita, H., Tanaami, H., Kobashi, T., Deguchi, Y., 1981. Bacterial flora of coastal bivalves. Bull. Jpn. Soc.

Sci. Fish. 47, 655–661.
Sugita, H., Matsuo, N., Shibuya, K., Deguchi, Y., 1996a. Production of antibacterial substances by intestinal

bacteria isolated from coastal crab and fish species. J. Mar. Biotechnol. 4, 220–223.
Sugita, H., Shibuya, K., Shimooka, H., Deguchi, Y., 1996b. Antibacterial abilities of intestinal bacteria in

freshwater cultured fish. Aquaculture 145, 195–203.
Sugita, H., Hirose, Y., Matsuo, N., Deguchi, Y., 1998. Production of the antibacterial substance by Bacillus

sp. strain NM 12, an intestinal bacterium of Japanese coastal fish. Aquaculture 165, 269–280.
Tanasomwang, V., Muroga, K., 1989. Intestinal microflora of rockfish Sebastes schlegeli, tiger puffer

Takifugu rubripes and red grouper Epinephelus akaara at their larval and juvenile stages. Nippon Suisan
Gakkaishi 55, 1371–1377.

Tanasomwang, V., Nakai, T., Nishimura, Y., Muroga, K., 1998. Vibrio-inhibiting marine bacteria isolated
from black tiger shrimp hatchery. Fish Pathol. 33, 459–466.

Tannock, G.W., 1997. Modification of the normal microbiota by diet, stress, antimicrobial agents, and
Ž .probiotics. In: Mackie, R.I., Withe, B.A., Isaacson, R.E. Eds. , Gastrointestinal Microbiology, Vol. 2,

Gastrointestinal Microbes and Host Interactions. Chapman and Hall Microbiology Series, International
Thomson Publishing, New York, pp. 434–465.

Ž .Tannock, G.W., 1999. Identification of lactobacilli and bifidobacteria. In: Tannock, G.W. Ed. , Probiotics: A
Critical Review. Horizon Scientific Press, Wymondham, England, pp. 45–56.

Timmermans, L.P.M., 1987. Early development and differentiation in fish. Sarsia 72, 331–339.
Vadstein, O., 1997. The use of immunostimulation in marine larviculture: possibilities and challenges.

Aquaculture 155, 401–417.
Vanderhoof, J.A., 1998. Immunonutrition: the role of carbohydrates. Nutrition 14, 595–598.
Vazquez-Juarez, R., 1996. Factors involved in the colonization of fish intestine by yeasts. Fil. Dr. thesis,

Goteborg University, Sweden, 134 pp.¨
Vazquez-Juarez, R., Andlid, T., Gustafsson, L., 1997. Adhesion of yeast isolated from fish gut to crude

intestinal mucus of rainbow trout, Salmo gairdneri. Molec. Mar. Biol. Biotechnol. 6, 64–71.
Vitkovic, L., Sadoff, H.L., 1977. In vitro production of bacitracin by proteolysis of vegetative Bacillus

licheniformis cell protein. J. Bacteriol. 131, 897–905.
Wallner, G., Fuchs, B., Spring, S., Beisker, W., Amann, R., 1997. Flow sorting of microorganisms for

molecular analysis. Appl. Environ. Microbiol. 63, 4223–4231.
Westerdahl, A., Olsson, J.C., Kjelleberg, S., Conway, P.L., 1991. Isolation and characterization of turbot

Ž .Scophthalmus maximus -associated bacteria with inhibitory effects against Vibrio anguillarum. Appl.
Environ. Microbiol. 57, 2223–2228.


