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Abstract

For most marine aquaculture species, one of the main bottlenecks is the stable 
production of high quality juveniles. The high and unpredictable mortality in 
the first weeks after hatching of marine fish larvae remains a challenging prob
lem that needs to be solved. The severity of the problem differs between spe
cies, but cannot be considered adequately solved for any species. Both scientific 
evidence and experience in hatcheries for a variety of fish, shrimp and shellfish 
species are accumulating as support for the hypothesis that detrimental fish- 
microbe interactions are the cause of these problems. Host-m icrobe interac
tions in reared fish are still poorly understood, except for a few pathogens, and 
empirical data of the quality required to test this hypothesis, are lacking. This 
article provides an overview on the current knowledge of the microbial envi
ronm ent of fish larvae, including methodological aspects to characterize the 
microbial community (both using culture-dependent and culture-independent 
methods). Further, the current knowledge of the immunology of fish larvae is 
reviewed, including recent advances in the understanding of toll-like receptors, 
inflammatory cytokines, mast cells and piscidins, and the ontogeny of the 
adaptive imm une system. Finally, we provide an overview of the state of the 
art with respect to steering of microbial communities associated with fish lar
vae -  both steering of community composition and of its activity (e.g. by 
quorum sensing interference).

K ey w o rd s: h ost-m lcrobe Interaction, m ast cell, microbial ecology, plscldln, quorum  sensing.

Introduction

For a lot of aquatic species, the cost effective commercial 
production of larvae is still a bottleneck. In general, 
symptoms associated with bottlenecks can be observed, 
whereas the causal relationships may be ‘hidden’. In 
aquaculture, bottlenecks exist at all life stages, i.e. 
throughout the production cycle. However, for most m ar
ine aquaculture species one of the main bottlenecks is the 
stable production of high quality juveniles. The main 
symptoms observed are poor growth of individuals, a 
sudden decrease in survival, malformation, and a lack of

reproducibility both between independent trials and repli
cates within the same trial, even with full sibling groups 
(Stottrup 1993; Vadstein et al. 2004). Some of the prob
lems associated with juvenile quality are visible only in 
later stages (Logue et al. 2000). This emphasizes how 
im portant the first feeding stage is for the rearing process 
in total.

The raising of marine fish larvae has only become feasi
ble on a commercial scale because of major advances in the 
knowledge of nutritional requirements (e.g. Coutteau et aí 
1997; Merchie et al. 1997; Sorgeloos et al. 2001). However, 
the high and unpredictable mortality (sometimes more
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than 80%) in the first weeks after hatching remains a chal
lenging problem that needs to be solved. The severity of 
the problem differs between species, but cannot be consid
ered adequately solved for any species.

Different factors have been proposed to cause the 
observed symptoms, including the quality of gametes, 
inadequate nutrition, suboptimal physicochemical condi
tions and detrimental fish-microbe interactions (Vadstein 
et a í  1993). Traditionally, the focus has been on the first 
three factors. Considerable progress has been achieved 
related to these factors during the past decades, and for 
some species, such as sea bass, this progress has made the 
industry viable. However, performance still varies consid
erably for identical treatments, even between replicates of 
the same sibling group. The fact that some rearing units 
perform well indicates that egg quality, nutrition and 
physiochemical conditions which are fairly well controlled 
and kept identical, are adequate. As these conditions are 
kept constant, they cannot explain the variability between 
replicates and thus, one may hypothesize that detrimental 
fish-microbe interaction is the only proposed factor that 
can explain the lack of reproducibility between replicate 
treatments with full sibling groups. Both scientific evi
dence (cf. Vadstein et a í 2004) and experience in hatch
eries for a variety of fish, shrimp and shellfish species are 
accumulating supporting this hypothesis. For instance, 
bacteria play an im portant role in the early survival of 
turbot larvae, as demonstrated by the relatively high tu r
bot survival rates in the absence of culturable bacteria 
(55% after 14 days feeding on axenic rotifers) (Munro 
et al. 1995). Similar results were obtained in the study of 
Tinh et al. (2008), where a high survival (with low vari
ability) of turbot larvae was observed in the first week 
due to the addition of the antibiotic rifampicin. H ost- 
microbe interactions in reared fish are still poorly under
stood, except for a few pathogens, and empirical data of 
the quality required to test this hypothesis are lacking 
(Vadstein et al. 2004). This article aims at reviewing the 
state of the art on microbiological interference in 
larviculture, focusing both on the microbial and 
immunological aspects.

The microbial environm en t o f  fish larvae

W hen compared with land-based animals, aquatic animals 
live in a ‘hostile’ environment with a high bacterial load 
(Verschuere et al. 2000). Typically, 10s bacteria and IO8 
viruses are found in 1 mL of seawater, but densities are 
normally considerably higher in environments with higher 
input of organic matter (e.g. aquaculture systems). The 
situation is aggravated due to the fact that fish, feed and 
excretion products are present in the same matrix, namely 
the rearing water. Hence, this environment is conducive

to the proliferation of microorganisms (beneficial, neutral 
or pathogenic). In the past, the focus has been on patho
genic bacteria and their role in disease. However, 
although detrimental effects have been found to be related 
to the bacterial biota during first feeding of fish, few 
pathogens have been identified (Vadstein et a í 1993; 
Skjermo & Vadstein 1999; Sandlund & Bergh 2008). This 
is in contrast to the on-growing stage, where most of the 
problems can be related to specific pathogens.

Generally, microbes can be transferred or interact with 
the larvae in a number of ways (Fig. 1). The bacterial 
sources can be divided in two main categories, external 
and internal. To what extent external sources influence 
the microbial conditions in the rearing environment 
depends on the openness of the system. For indoor first 
feeding tank systems, microbes coming from the live feed 
cultures, including algae, are the main external input of 
microbes. Traditionally there has been more focus on 
microbes in intake water, and water treatment to reduce 
the density of bacteria is more or less a standard proce
dure. Control measures directed towards microbes associ
ated with the live feed (Zooplankton and algae) has, on 
the other hand, mostly been neglected. This is in spite of 
the fact that detrimental effects due to bacteria associated 
with live feed are well known (Perez-Benavente & Gate- 
soupe 1988; Olsen et al. 2000).

The outer surface of the fish is colonized by bacteria in 
the water, whereas the intestine is generally affected by 
bacteria entering via active uptake from the water (Reitan 
et al. 1998) and by bacteria associated with the feed. The 
number of microbes associated with live feed may exceed 
IO10 cells g-1 (Skjermo & Vadstein 1993). However, there 
is also a significant enrichment of microbes inside the 
rearing tanks, which is mainly based on organic material

External
Internal

Live feed

□ □ Micro;»algae <0= =&C> Water

Figure 1 Im portant microbial sources interacting w ith mucosal sur
faces of larval fish. Various external sources of m icrobes (b lue /g rey  
arrows) such as w a ter, live feed  and m icroalgae, en te r the  rearing 
environm ent and  Interact w ith the  fish (red /b lack  arrows). Internally, 
the  rearing environm ent is enriched by m icrobes due to  defaecation  
by fish or live feed , or indirectly th rough  grow th  based on organic 
m atte r released by defaecation  by animals or exudation by 
m icroalgae. A fter Vadstein e ta / .  (2004).
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released in the tanks. Particularly the defaecation pro
cesses of both fish and live feed may constitute a signifi
cant input to the water of both microbes and substrates 
for microbial growth. Bacterial growth in first feeding 
tanks may be fairly high, with growth rates in the range 
of 0.5-2 divisions per day (Vadstein et al. unpublished). 
The dynamics of the microbial population in the tanks is 
also evident from the fact that the bacterial biota of live 
feed changes after transfer to the tanks. This includes 
both a reduction in the numbers and a change in the 
composition of the bacterial biota (0 ie  et al. 1994; Olsen 
et al. 2000). One may hypothesize that live feed represents 
the heaviest load of bacteria to the larvae, except for the 
first days after opening of the m outh when active uptake 
directly from the water is significant (Reitan et al. 1998). 
It is im portant to be aware that the direct, active uptake 
is 2-3 orders of magnitude higher than the drinking rate 
(Reitan et al. 1998), which may be explained by the 
DLVO theory (Hermansson 1999).

It appears that the microbiota of newly hatched larvae 
is largely established in a non-selective manner, even 
though host preference and competitive ability also seem 
to be of importance (Makridis et al. 2000a; Verschuere 
et al. 2000). Most previous studies on characterization of 
the microbiota have pooled individuals to one composite 
sample and used culture dependent approaches. A com
plication of the general picture is indicated by a study on 
approximately 18 day-old Atlantic cod larvae, where it 
was found that the individual variation in the composi
tion of the microbiota within one tank was as comparable 
to the variation between rearing facilities with large differ
ences in cultivation regime (Fjellheim et al. 2012). Similar 
observations have been made with various mammals 
(Vanhoutte et a í 2004; Eckburg et al. 2008). Moreover, 
for the cod larvae a low correlation was found between a 
culture-dependent and a culture-independent approach, 
in terms of both quantity and diversity of microbes. It 
still needs to be verified whether this large individual var
iation also exists in other species and developmental 
stages, and more importantly, to what extent this varia
tion has biological implications for the host.

The discussion thus far has mainly considered quantita
tive aspects. However, the identity of the microbes that 
are present and dominating is probably more im portant 
than the actual numbers. Currently applied intensive 
production methods tend to increase the carrying capacity 
for microbes of aquaculture systems (increase in bacterial 
load) and to select for opportunistic microbes. The 
reasons for such an unfavourable development are the 
presence of a high load of organic matter, with large 
oscillations in this load in time and space, and direct 
perturbations of the microbial community. Critical factors 
that sustain such a negative development are the

decimation of bacteria in in-flowing water w ithout con
trolled re-colonization of the microbial community, the 
addition of high loads of bacteria and organic matter to 
the system together with the feed, and the presence of 
high levels of organic matter as faeces from live feed and 
larvae or as dead larvae (Vadstein et a í  2004). According 
to the r/K-concept (cf. Andrews & Harris 1986), such 
oscillating conditions select for r-strategists; i.e. opportu
nistic species that can multiply rapidly. Pathogens are 
often characterized as r-strategists (Andrews 1984), 
together with a large number of non-pathogenic, oppor
tunistic species that may cause some of the problems 
experienced in the rearing of marine larvae.

Apart from practical problems, the stochastic coloniza
tion of larvae by micro-organisms also creates experimen
tal problems as it is very hard to establish reproducible 
experimental conditions. Basically, under normal experi
mental conditions, the microbial community of larvae 
used in experiments repeated in time cannot be consid
ered identical in composition and /o r in activity. Hence, 
from a microbiological point of view, repeating experi
ments is almost impossible. This problem can be solved 
by starting with axenic larvae and subsequently adding 
known micro-organisms. However, this also creates limi
tations as only characterized and culturable micro-organ
isms can be tested in this way. Such experimental 
gnotobiotic conditions have been used in the past (for a 
review, see Marques et a í  2006a), and have been devel
oped recently for larvae of European sea bass 
(.Dicentrarchus labrax) and Atlantic cod (Gadus morhua) 
(Marques et al. 2006b; Dierckens et al. 2009; Forberg et 
al. 201 la,b). It can be expected that such experimental 
approaches will be instrumental in further unravelling 
host-microbial interactions in the early larval stages.

M ethodologica l aspects  o f  microbial com m unity  
characterization

Prior to the advent of culture-independent molecular bio
logical tools, the characterization of the microbiota asso
ciated with fish eggs and larvae was dependent on the 
more ‘conventional’ microbiological cultivation tech
niques. In a pioneering paper, Oppenheimer (1955) dem
onstrated the presence of bacteria on the surface of live 
cod (Gadus morhua) eggs, and suggested that the bacteria 
accumulated on the eggs until present in sufficient num 
bers to be injurious. This phenomenon had already been 
partly described by Dannevig (1919) who noticed that 
cod eggs could become overgrown with filamentous 
organisms, which according to his description probably 
were Leucothrix mucor. The genera Pseudomonas, Aeromo
nas and Flavobacterium were found by Hansen and 
Olafsen (1989) to be dom inant on cod and halibut
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(Hippoglossus hippoglossus) eggs. They also found m em 
bers of the genera Moraxella and Alcaligenes on halibut 
eggs, but in contrast to cod eggs, halibut eggs showed 
only sparse presence of L. mucor. The composition of the 
bacterial microbiota adhering to eggs was variable among 
egg batches of halibut (Hansen et a í 1992; Bergh 1995).

Studies of the intestinal microbiota of larval and adult 
fish were questioned in the 1960s and 1970s, but later 
studies demonstrated the presence of a specialized micro
biota in fish (reviewed by Cahill 1990). A range of cul
ture-dependent studies was performed describing the 
taxonomic composition of fish intestinal microbiota and 
its roles (reviewed by Hansen and Olafsen (1999) and 
Ringo and Birkbeck (1999)). A two-step pattern of colo
nization has been demonstrated in fish that possess a dis
tinct yolk sac stage and where no exogenous feeding 
occurs (Ringo et al. 1995). In halibut, the introduction of 
the second level of colonization was characterized by a 
shift from a non-fermentative microbiota dominated by 
the Cytohaga/Flexibacter/Flavobacterium group to a fer
mentative microbiota dominated by the Vibrio/Aeromonas 
group) (Bergh et al. 1994; Bergh 1995).

Today, the utilization of culture-dependent methods is 
partly replaced by molecular methods such as denaturing 
gradient gel electrophoresis of PCR amplified 16S rDNA 
(PCR/DGGE). However, for specific purposes, such as 
the search for probiotic candidates (Hjelm et al. 2004) 
or disinfectants (Salvesen & Vadstein 1995), culture- 
dependent methods provide advantages and are still used. 
After all, it is still often necessary to be able to study the 
organisms of interest in culture.

One of the most popular fingerprinting techniques to 
characterize the composition and diversity of a microbial 
community is the PCR/DGGE m ethod (Muyzer et aí
1996). DGGE enables us rapidly to screen multiple sam
ples and to obtain valuable information about community 
changes and differences, distinguishing between com mu
nities and identifying community members. For instance, 
comparisons between groups with high mortality and low 
mortality will be facilitated, as PCR/DGGE enables a 
rapid overview of the presence or absence of certain 
bands, representing microbial species or subspecies. DNA 
from the bands can be sequenced and used for identifica
tion. Im portant bands can be used to design specific 
primers or probes, which in turn  can be used in PCR 
protocols for the detection and quantification of certain 
microorganisms or for fluorescent in situ hybridization to 
determine the location of these species on the fish. Stud
ies from a hatchery for Great Scallop (Pecten maximus) 
larvae revealed that suspected opportunistic pathogens 
were present in larval cultures experiencing high mortality 
(Sandaa et al. 2003). The PCR/DGGE technique has pro
ven to be an efficient tool for m onitoring the presence
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and the proliferation of opportunistic pathogens in aqua
culture systems (Sandaa et al. 2008). PCR/DGGE has also 
been used to describe the intestinal microbiota of halibut 
larvae from different geographical origins and different 
ontogenetic stages (Jensen et a í 2004), and of the micro
biology of developing cod larvae (Brunvold et a í  2007; 
McIntosh et al. 2008).

Microbial ecologists have definitely shifted from the 
use of culture-dependent techniques to culture-indepen
dent techniques. However, a sound interpretation of the 
results of culture-independent techniques is as im portant 
as for culture-dependent techniques. Quantitative errors 
might be introduced both in nucleic acid extraction and 
PCR; bacterial cells in nature exhibit different degrees of 
resistance to cell lysis, which is necessary for nucleic acid 
extraction, and PCR is a technique for which biases have 
been shown to exist (Wintzingerode et al. 1997). This 
makes PCR/DGGE unsuitable for quantitative measure
ments and extraction protocols need to be evaluated.

Bands at the same position in the gel have the same 
melting behaviour, but not necessarily the same sequence 
(Muyzer et al. 1993). PCR amplification of 16S rDNA 
also involves the problem that some species have m ulti
ple, heterogenous copies of 16S rDNA on the bacterial 
genome. This may result in heteroduplex formation and 
possibly multiple bands of amplified 16S rDNA fragments 
from one species. In the DGGE profiles of bacterial iso
lates sampled at a Norwegian cod hatchery, all isolates 
displayed multiple bands (Brunvold et a í  2007). Similar 
results were obtained by Dahllof et a í (2000), where eight 
of 14 bacterial isolates displayed multiple bands for 16S 
rDNA when analysed by PCR/DGGE.

Other genes than 16S rDNA should be included in the 
DGGE work Dahllof et al. (2000). Santos and Ochman
(2004) evaluated 10 genes spanning an array of genomic 
locations and functional categories, and also developed 
primer sets that targeted each gene, including rpoB, recA 
and gyrB. The gene for the RNA polymerase beta subunit 
(rpoB) has been used in DGGE studies of various envi
ronmental bacteria (Peixoto et a í  2002; Da M ota et al. 
2004; Bourne & M unn 2005). rpoB-based PCR and DGGE 
were used by Reid et a í (2009) to characterize Vibrio spe
cies in developing cod larvae, arguing that rpoB is a more 
variable gene than 16S rDNA, allowing to discriminate 
between species of vibrios. DGGE profiles based on rpoB 
amplification of bacterial isolates displayed single bands. 
However, the use of rpoB may present a taxonomic disad
vantage: the database of the sequence is less documented 
than that of the 16S rRNA gene and consequently DGGE 
bands cannot easily be attributed to a genus or species 
(Renouf et a í  2006). On the other hand, Peixoto et a í 
(2002) reported that the rpoB DGGE profiles comprised 
fewer bands than the 16S rDNA profiles and were easier
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to delineate and therefore to analyse. Comparison of the 
community profiles revealed that 16S rDNA-based and 
rpoB-based DGGE were complementary. The use of recA, 
involved in recombination as an alternative phylogenetic 
marker in the family Vibrionaceae, was evaluated by 
Thompson et al. (2004). The database of this gene is rap
idly increasing, facilitating PCR-DGGE targeted identifica
tion of bacteria within the Vibrionaceae.

Another drawback of these fingerprinting techniques is 
that only the most dom inant species are examined and 
that the less dom inant members of the microbial com mu
nity can be missed. These methods generally allow the 
detection of a phylogenetic group or a bacterial species 
only if it represents at least 1% of the total microbiota 
(Seksik et al. 2003). Studies of the hum an intestinal mic
robiota show that many of the species comprising smaller 
populations in the intestine, including E. coli and Staphy
lococcus aureus, are known to play a significant role in 
health (Wislinghoff et al. 2004). In order to detect less 
abundant populations, specific fingerprints for relevant 
microbial groups can be obtained, for example for Clos
tridium coccoides-Euhacterium rectale group, Lactobacilli, 
Bifidobacteria, Bacteroides, Veillonella and Enterococci in 
the case of hum an intestinal microbiota (Van de Wiele et 
al. 2004). In addition to this, other, more advanced tech
niques with a higher resolution, such as the combination 
of phylogenetic and functional gene arrays (PhyloChip 
and GeoChip), can allow a more in-depth analysis of the 
microbial community, both based on 16S rDNA and on 
functional genes. Recent high-throughput sequencing 
platforms such as 454 FLX pyrosequencing, will allow for 
sequence-driven metagenomic approaches, and could help 
to characterize the entire microbiota of an individual 
and /o r a culture system.

One of the main problems using molecular techniques 
is the interpretation of the data and their link with eco
system functionality. A setting-independent theoretical 
interpretation of these fingerprint data has recently been 
proposed, based on a straightforward processing on three 
levels of analysis: (i) the richness (Rr) reflecting the carry
ing capacity of the system; (ii) the dynamics of change 
(Dy) reflecting the specific rate of species coming to sig
nificance; and (iii) community organization (Co), 
describing the evenness of the microbial community by 
Lorenz curves (Marzorati et al. 2008).

The richness parameter Rr is an estimation of ‘who is 
there’ and informs on the carrying capacity of an envi
ronment, i.e. whether an environment is very habitable or 
adverse/exclusive (Verstraete et al. 2007). The Rr value 
can be determined by counting the different bands or 
peaks in fingerprinting data, by defining the unique Oper
ational Taxonomic Units (OTU), by sequencing or by the 
num ber of spots on phylogenetic microarrays. Bell et al.
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(2005) stated that rich microbial communities contribute 
to high ecosystem functioning because overall more 
resources are used. Losure et al. (2007) described this as 
the fact that increased richness leads to increased niche 
complementarity. More different species imply a more 
efficient use of resources. The opportunities for an inva
der to find a niche in a highly diverse ecosystem is thus 
considerably decreased. Alternatively, Bell et al. (2005) 
related ecosystem functioning to high microbial richness 
because it is more likely that species are present that have 
a large effect on the functioning. In rich communities it 
is more likely that at least one of the community mem
bers has an antagonistic activity against pathogenic invad
ers. The beneficial effect of a higher richness on pathogen 
invasion resistance was described by Roberts et al. (2004). 
It seemed that a lower diversity in the microbial rhizo- 
sphere community in dwarf wheat led to a higher suscep
tibility to invasion by Pseudomonas.

The community organization (Co) is an estimation of 
the evenness of the microbial community and relates to 
the relative abundances of the different species (Read et aí 
2011). It can be hypothesized that a balanced Co will con
tribute to the well-being of the larvae as it is more difficult 
for a pathogen to invade a community with several equal 
players relative to a situation with a few dom inant species 
(Ley et al. 2006). This corresponds to the observations of 
van Elsas et al. (2002), who found that a more uneven dis
tribution of bacteria in soils resulting from agricultural 
practices decreased the capacity of the soils to deal with 
the invasion of pathogens. Wittebolle et al. (2009) also 
mentioned that species evenness can be an im portant ele
ment in managing invasions. Unfortunately, as far as 
known, no information is available concerning the effect 
of microbial evenness on the resistance against infections 
in the intestinal environment of aquatic larvae.

The community dynamics value Dy is an estimation of 
the rate of change of a microbial community and informs 
on the num ber of species that on average come to signifi
cant dominance in a given habitat, during a defined time 
interval (Marzorati et al. 2008). Stable communities (low 
Dy values) represent small reservoirs that limit the influx 
of new propagules and they might be useful in terms of 
technical performance, but dangerous in terms of overall 
adaptability (Verstraete et al. 2007). Rr, Do and Dy values 
that are beneficial to fish larvae are not established yet, as 
too little systematic data are available on their microbial 
communities. Hence in the future, processing fingerprint
ing data as described above will need to prove its value.

Path ogen s and ch allenge m odels

A considerable number of studies have been published 
testing the virulence of various pathogens to marine fish
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larvae of different species. Testing of virulence through 
challenge experiments provides useful information on a 
given bacterium, for instance on whether it should be 
considered a primary pathogen (i.e. the cause of the dis
ease) or a secondary invader (i.e. opportunists unable to 
be the primary cause of the investigated condition). Anec
dotal information about bacteria being isolated from dis
eased marine larvae has limited value as evidence for 
virulence. A screening of a wide range of bacterial strains 
isolated from cod for virulence towards yolk sac larvae of 
cod revealed that, apart from Vibrio anguillarum, no 
strains could cause significant mortality (Sandlund & 
Bergh 2008).The authors concluded that anecdotal infor
mation about bacteria being isolated from diseased m ar
ine larvae is of limited value as evidence for virulence.

Challenge studies can be divided according to the 
method of administration of pathogens, depending on 
whether oral challenge or bath challenge has been used. 
Bath challenge assays involve bathing the target organism 
in a suspension of bacterial or viral pathogen (Hansen & 
Olafsen 1989). Challenge experiments with unfed fish lar
vae (i.e. yolk sac larvae) are today often conducted in m ul
tiwell assays (Bergh et al. 1992, 1997; Hjelm et al. 2004; 
Sandlund & Bergh 2008; Sandlund et al. 2010). A multi
well assay is relatively simple, provides a high number of 
replicates with one larva per well. However, such assays 
are limited to administration by bath, and must be term i
nated at the point of first feeding. Oral challenge of fish 
larvae during the first feeding stages includes experimen
tally manipulating a model food chain. Muroga et aí 
(1990) used bioencapsulation in rotifers and brine shrimp, 
followed by uptake in flounder (Paralichthys olivaceus) lar
vae, with subsequent development of pathology. Such oral 
challenge methods have been further developed by various 
research groups (Gatesoupe 1994, 1997; M unro et al. 
1995; Grisez et al. 1996; Planas et al. 2006). In addition to 
virulence studies, such methods have also been used for 
efficacy studies with probiotics (Makridis et al. 2000a, 
2001; Planas et al. 2006) and immunostimulants (Skjermo 
& Bergh 2004).

Challenge experiments need to be complemented by 
other methods in order to provide inform ation on pro
cesses related to virulence, such as adhesion, penetration 
and proliferation in larval tissues. Histological methods, 
supplemented with tools that can identify the pathogen, 
such as immunofluorescence and immunohistochemistry 
can provide such information. Uptake and processing of 
Vibrio anguillarum in fish larvae have been investigated 
by immunohistochemistry in turbot (Scophthalmus maxi
mus) (Grisez et al. 1996), halibut (Sandlund et al. 2010) 
and in cod larvae (Engelsen et al. 2008).

In situ methods are means to verify the presence of the 
pathogen in given larval tissues. In situ hybridization
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techniques detect not only the presence of a pathogen, 
but the active transcription of its genes. In challenges 
with viral pathogens, this method provides im portant 
additional information, as evidence of viral replication. 
For instance, Biering and Bergh (1997) studied infectious 
pancreatic necrosis virus (IPNV) in halibut, using im m u
nohistochemistry to detect the presence of the virus in 
different larval organs, and in situ hybridization to detect 
transcription, hence viral replication. Sequential sampling, 
followed by histological and immunohistochemical pro
cessing of the sections can provide similar information on 
uptake, spreading and proliferation within the host. Grot- 
mol et al. (1999) used immunohistochemistry of sequen
tially sampled individuals to describe the uptake and 
pathogenesis of nodavirus infections in halibut yolk sac 
larvae, demonstrating intestinal uptake, followed by 
spreading to different parts of the central nervous system.

Use of transformed bacteria with fluorescent reporter 
genes combined with methods such as confocal micros
copy of whole larvae has been suggested by several 
researchers. Such methods could provide higher sensitiv
ity than immunofluorescence, and could also be adapted 
to viral pathogens. Finally, the above mentioned m ethod
ological approaches can in the future eventually be com
bined with a gnotobiotic challenge, such as recently 
described for Vibrio anguillarum in seabass (Dierckens 
et al. 2009), to provide more rigorously controlled experi
mental conditions.

Im m unology o f  fish larvae

Evolutionary aspects o f innate immunity in fish
Teleostei is one of three infraclasses in the class Actin
opterygii, which roughly makes up half of the extant ver
tebrate species, with high biodiversity, and they occupy a 
key evolutionary position in the development of immune 
responses. They are the earliest class of vertebrates pos
sessing the elements of both innate and adaptive im m u
nity. It is known that early fish protection is achieved 
through a mixed passive imm unity transmitted from 
maternal sources to offspring during vitellogenesis and 
oogenesis (Mulero et al. 2007a; Swain & Nayak 2009). In 
most fish, passive imm unity is characterized by the pres
ence of lytic enzymes, mainly lysozyme, and adaptive fac
tors such as hormones and immunoglobulin. However, 
many of these maternally transferred factors usually per
sist only for a very limited duration and completely dis
appear thereafter in the late larval stage (Hanif et al. 
2004), when the adaptive system can correctly operate. 
Thus, it is well recognized that along all the early stages 
of fish development, innate imm unity plays a continuous 
role in orchestrating quick imm une responses and pro
tects larvae against the hostile environment, even when
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their own immunological capacity is still severely limited. 
In regard to fish larvae, innate defences are of particular 
commercial relevance. In many im portant cultured spe
cies such as the Mediterranean gilthead sea bream (Spa
rus aurata) and European sea bass, a delayed maturation 
of lymphomyeloid organs is observed (Scapigliati et a í 
1995; H anif et a í  2004). Delayed production of thymo
cytes makes fish unable to synthesize specific antibodies 
until several weeks after hatching (Swain & Nayak 2009). 
To overcome this immunological limitation, the evolu
tionary processes have provided fish innate imm unity 
with wide capacities and mechanisms of protection that 
are activated just after egg fecundation, and become fully 
functional by the time of hatching. Thus, protection in 
developing embryos and further larval stages is driven by 
a complex network of innate defence mechanisms that 
include but are not limited to physical barriers, humoral 
factors, cellular defences and inflammatory processes 
(Secombes & Fletcher 1992; Zapata et a í  1996; Mulero & 
Meseguer 1998; Bols et al. 2001; Ellis 2001; Galindo-Ville- 
gas & Hosokawa 2005; Whyte 2007; Aoki et al. 2008).

Physical barriers, the first line of defence

The mucosal tissues, including mucus, epithelial cells lin
ing the skin, gills and digestive tract of fish larvae, pro
vide an initial barrier to the entry of disease-causing 
microorganisms like bacteria and viruses (Press & Even
sen 1999). It is generally accepted that physical barriers 
are critical in maintaining osmotic equilibrium, in avoid
ing invading pathogens reaching the circulation and in 
triggering an extensive network of secondary innate 
imm une responses. Several studies have been conducted 
on the nature and functionality of mucosal secretion. 
Dezfuli et al. (2002) reported that a mucous blanket is 
secreted from goblet cells in the epithelium immediately 
after the first contact with pathogens. However, it was 
only recently demonstrated through histological, histo- 
chemical and biochemical techniques that carp skin 
mucosa responds rapidly to high bacterial loads, even if 
the bacteria involved are considered to be non-patho- 
genic, with an increased secretion of mucin molecules, 
especially low glycosylated ones (van der Marei et al.
2010). Leknes (2010) recently reported that mucin-type 
molecules excreted by intestinal goblet cells seem to be 
highly species-specific, e.g. sulphated mucins in shi drum  
( Umbrina cirrosa), or neutral mucins in common dentex 
(.Dentex dentex), both belonging to the order of Perci- 
forms.

Among the physical barriers is the digestive tract, 
which, in addition to being a barrier against infections 
and environmental toxins, is actively involved in digestion, 
nutrient absorption, horm one secretion and immune

function. Therefore, plasticity of this barrier shall be high 
and cells making up the gut must be highly specialized to 
discriminate among the huge am ount of antigens that a 
fish may encounter throughout its life. Interestingly, Rawls 
et al. (2004) found that the molecular foundations of 
host-m icrobe interactions in zebrafish have a profound 
impact on larvae raised under germ-free conditions, 
manifested as decreased epithelial renewal and altered 
enterocyte morphology. Furthermore, in the teleost 
embryo, the close interaction of the gills with the external 
environment renders them susceptible to infection and 
they can serve as portals of entry for most bacterial patho
gens. It is worthwhile remembering that thymus also 
develops from the anterior part of the digestive tract or 
pharynx, and the developmental processes of the digestive 
tract and the gills are indirectly linked, because the gili 
arches develop at the anterior part of the digestive tract, 
the pharynx. The innate imm une system of epidermal 
structures relies on a wide diversity of imm une cells and 
several biologically active glycoproteins strategically 
released in tissues directly exposed to the environment. 
Antibacterial peptides, complement proteins, lectins and 
pentraxins are among the most powerful biological com
ponents included in the previously mentioned structures 
(Gomez & Balcázar 2008).

Professional phagocytes and other myeloid cells

Fish imm une cells show the same main features as those 
of other vertebrates, and lymphoid and myeloid cell fami
lies have been determined. Innate cellular defences of fish 
involve a variety of leukocytes, such as mononuclear 
phagocytes, polymorphonuclear leukocytes, and nonspe
cific cytotoxic cells (Buoncore & Scapigliati 2009). The 
so-called professional phagocytes are among the most 
intensively studied imm une cells in fish and comprise the 
granulocytes, functionally equivalent to the neutrophils of 
higher vertebrates, macrophages, and lymphocytes. The 
cellular component exhibits interesting features such as 
the capacity to quickly start recognition of danger signals 
(either or not associated to molecular patterns), migra
tion to the site in which relevant threats are detected and 
response using different strategies to fix any disruption of 
immunological significance (Galindo-Villegas et al. 2006). 
Studies on mobile phagocytes found in blood and sec
ondary lymphoid tissue established the particular im por
tance of these cells in inflammation, which is the 
characteristic cell response to microbial invasion and/or 
tissue injury leading to the local accumulation of leuko
cytes and fluid (Secombes 1996). Recently, innate cellular 
mechanisms have been elegantly demonstrated in real 
time using transgenic zebrafish larvae with green or red 
fluorescent protein-expressing myeloid cell lines, allowing
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the in vivo assessment of myeloid cell development and 
function, including recruitment to sites of tissue injury 
(Renshaw et al. 2006; Haii et al. 2007, 2009; Martin & 
Renshaw 2009). Regarding the ontogeny and morphology 
of imm une cells and lymphomyeloid organs (thymus, 
spleen, head kidney and the gut associated lymphoid tis
sue), early studies have been conducted in several teleost 
species using mainly light and /o r electron microscopy 
(Ellis 1977; Grace & Manning 1980; Botham & Manning 
1981; O’Neill 1989; Chantanachookhin et al. 1991; Mese- 
guer et al. 1991; Nakanishi 1991; Jósefsson & Tatner 
1993; Quesada et al. 1994; Padrós & Crespo 1996; Zapata 
et al. 1997; Liu et al. 2004; Patel et al. 2009). Although 
informative, these methods rely upon researchers’ abilities 
to look for key differences among related cell types. As a 
consequence, the development of comparative im m unol
ogy in fish has been hampered by the lack of appropriate 
markers unequivocally to identify, isolate and functionally 
characterize the different im m une cell types present in 
different species. In this way, several difficulties in pro
ducing effective antibodies against fish professional 
phagocytes have been identified, and for a long time only 
antibodies against macrophages from common carp 
(Rombout et al. 1993) and rainbow trout (Köllner et al. 
2001) were available. However, most of these antibodies 
have been shown to recognize other imm une cells differ
ent from the main target as well. So far, two highly spe
cific antibodies have been generated that unequivocally 
recognize both professional phagocytes, acidophilic granu
locytes (Sepulcre et al. 2002) and macrophages (Mulero et 
a í 2008b) of the gilthead sea bream. Using these innate 
cellular probes (G7 and Mcsf, respectively) in microscopi
cal, immunohistochemical and automated flow cytometric 
analyses allowed correctly to establish the distribution, 
localization and relative abundance of positive cells dur
ing the ontogeny of lymphomyeloid organs in gilthead 
sea bream. Together with well-established techniques, 
these novel tools provided a unique approach to demon
strate that although the basic developmental mechanisms 
of teleosts are largely similar, there are differences with 
respect to the timing of developmental events and with 
respect to the role each professional phagocyte is playing.

Signaling in pattern recognition

The responses of innate imm unity cells are driven by a 
diverse array of pattern recognition receptors (PRRs) that 
bind molecular motifs, conserved within all classes of 
microbes. However, these structures are widely known as 
‘pathogen-associated molecular patterns’ (PAMPs) as they 
have traditionally only been associated with pathogens. 
PAMPs are recognized by C-type lectins, complement 
receptors, scavenger receptors and Toll-like receptors
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(TLRs), in all classes of fish studied so far. Very recently, 
it has been demonstrated that, in mammals, cellular 
injury can release endogenous ‘damage-associated molec
ular patterns’ (DAMPs) that also activate innate im m u
nity (Zhang et al. 2010). The activation of a similar 
response by DAMPs and PAMPs could be explained 
through evolutionary processes in which mitochondria 
were evolved from endosymbionts that in turn  were 
derived from bacteria (Sagan 1967) and so might bear 
bacterial, non-pathogenic, molecular motifs (e.g. the CpG 
repeats contained in mitochondrial DNA). Therefore, it 
would be expected that any cellular disruption by trauma, 
releases mitochondrial DAMPs into the circulation with 
potential to achieve a high concentration and trigger an 
uncontrolled downstream innate imm une signaling 
response. It might be interesting to test whether the rec
ognition of endogenous danger signals is conserved in fish 
and how the recognition mechanisms affect fish innate 
immunity.

PRRs specificity in fish
Fish innate imm unity signaling pathways show a higher 
level of complexity than those in mammals. Zebrafish 
genes corresponding to many mammalian PRRs, have 
been identified and are often present with several para- 
logs. For example, zebrafish show about 50% more diver
sity in TLRs than mammals, most likely a consequence of 
the early genome duplication of the teleost lineage. As a 
consequence, this may allow for the recognition of a lar
ger repertoire of PAMPs, or for more specific responses 
to individual molecular motifs. Furthermore, there is evi
dence that not all zebrafish TLRs have the same PAMP 
specificity or signaling activity as their mammalian coun
terparts. To point-out this feature, it has been reported 
recently for the first time the positive identification of 
TLR4 as a negative regulator of TLR signaling in fish, 
explaining in part the strange resistance of fish to the toxic 
effects of bacterial lipopolysaccharide (LPS) and the high 
concentrations of this substance required to activate the 
imm une cells of these animals (Sepulcre et a í 2009).

Toll-like receptors
Toll-like receptors (TLR) are a highly conserved multi- 
genic family which comprises several transmembrane and 
endosomal proteins first described in Drosophila (Ander
son et al. 1985). In fish (as in mammals) these receptors 
are mainly involved in host defence, and TLR family 
members share the same structure, defined by the pres
ence of leucine-rich repeats in their extracellular domain 
and by the presence of a Toll/IL-1 receptor domain in 
the C-terminal, the cytosolic part of the protein that initi
ates signal transduction (Sepulcre et al. 2009). TLRs rec
ognize a variety of highly conserved pathogen-associated
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molecular patterns and play a pivotal role in modulating 
the immune response against invading pathogens. The 
interaction of a given PAMP with its specific TLR acti
vates a signaling cascade leading to the expression of 
inflammatory cytokines and chemokines and to the acti
vation of antimicrobial host defence mechanisms, such as 
the production of reactive nitrogen and oxygen radicals 
and antimicrobial peptides (Fig. 2). To date, 17 teleost 
TLRs (TLR1, 2, 3, 4, 5, 5S, 7, 8, 9, 13, 14, 18, 19, 20, 21, 
22, 23) have been identified by genome and transcriptom- 
e analysis and remarkably distinct features of the TLR 
cascades among fish species have been reported. Most of 
this information is summarized in four major reviews 
about piscine TLRs (Bricknell 8c Dalmo 2005; Rebl et al. 
2010; Takano et al. 2010; Palti 2011).

TLRs in larval fish
Recent molecular evidence has clearly identified the pres
ence of TLRs in more than a dozen teleost species (Palti
2011). However, information on the functional ontogeny 
is limited. To clarify this issue, some laboratory trials 
have been conducted at the embryo and larval stages on 
selected fish species. Results of such trials successfully 
established the TLRs timing of functionality in the follow
ing species: zebrafish TLR 3, 4, 5 and 8 in the first 
1-3 days post fertilization (Maijer et al. 2004; Phelan
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Figure 2 Simplified schem e of fish innate im m une TLRs signaling 
pathw ays. Fish de tects  microbial invaders th rough  highly specific p a t
tern  recognition receptors, called TLRs. Fish TLRs according to  their 
transm em brane  or endosom al location recruit th e  ad ap to r protein 
MyD88 or TICAM, respectively, to  activate th e  m aster regulator NF-tcB 
leading to  th e  transcription of several po ten t inflam m atory m ediators. 
Toll-like receptors (TLRs), myeloid differentiation primary response 
gene  (MyD88), Toll-like receptor ad ap to r molecule (TICAM).
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et al. 2005; Sepulcre et al. 2009; Stockhammer et al.
2009); rainbow trout TLR 5S all along the early ontogeny 
(Li et al. 2011), and carp TLR2 throughout the whole 
embryonic developmental stages (Samanta et al. 2012). 
Together, these results demonstrate that most TLRs sig
nalling mechanisms start their functional activity mostly 
in the first few hours after fecundation which indicates 
the im portant role these PRRs play in fish larva immune 
surveillance.

Inflammatory cytokines and antimicrobial responses

Cytokines are the key regulators of the immune system. 
Their role in initiating inflammatory events in response 
to bacterial exposure is well-known in mammals, where a 
cytokine cascade leads to attraction of particular leuko
cytes and activation of their antimicrobial pathways. 
Tumor necrosis factor-alpha (TNF-a) is the first cytokine 
released in this cascade and leads to the downstream 
expression of interleukin-1 ß (IL-lß) and several chemo
kines (Secombes et al. 2009). Following infection with 
viruses, cytokines can activate again various cellular path
ways but also have direct effects on cells that lead to an 
antiviral state, as seen with the interferons (López-Muñoz 
et al. 2009). In fish, such molecules represent a crucial 
component of the innate defences, although cross-talk 
and activation of adaptive immunity may also be trig
gered in the medium term. However, detailed studies 
should be conducted, mostly in molecular biology but 
including functional in vivo analyses, before making 
definitive conclusions. In the past few years, a huge 
increase in the knowledge of the cytokine network has 
been reported, mainly based on cDNA libraries, EST, and 
sequenced fish genomes of pufferfish, green spotted puf- 
ferfish, medaka, stickleback and zebrafish. Thus, applying 
homology cloning as the main tool, specific cytokines in 
different species has been described (Zou et al. 1999; 
Pelegrin et al. 2001; Garcia-Castillo et al. 2002; Corripio- 
Miyar et al. 2007; Roca et al. 2008).

Insiders of im m unity in Teleost fish, the mast cells

Recent evidence from several laboratories has dem on
strated that mast cells (MCs) are a key cell type of the 
haematopoietic lineage that has evolutionary conserved 
functions in pathogen surveillance (Abraham 8c St John
2010). The presence of MCs has been reported in all clas
ses of vertebrates, including fish, amphibians, reptiles, 
birds, and mammals. Furthermore, current observations 
in fish point out the crucial location of MCs in connec
tive tissue such as the gili filaments and the intestinal 
submucosa layer, suggesting these cells have an active task 
on pathogen recognition or other signs of infection (Reite
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& Evensen 2006; Mulero et al. 2007b; Dezfuli et al. 2010). 
Just recently, fish MCs have been noted to respond by 
migration and degranulation (Fig. 3) (Mulero et al 
2008a), giving support to previous suppositions that MCs 
were involved in host defence mechanisms in teleosts and 
are critical in fighting many infectious diseases (Reite
1997). In zebrafish larvae, beginning at 24 h post-fertiliza- 
tion, a significant role of MCs through the expression of 
carboxypeptidase A5 (cpa5), a MC-specific enzyme, has 
been observed in haematopoietic cells located at the ante
rior lateral paraxial mesoderm and in smaller numbers 
around the intermediate cell mass (Dobsson et al. 2008). 
However, a definite functional characterization of fish 
MCs has not been published yet. So far, fish MCs consti
tute a heterogeneous cell population exemplified by their 
heterogeneous morphology, granular content, sensitivity 
to fixatives and response to drugs (Crivellato & Ribatti 
2010). Nevertheless, a controversial aspect in different fish 
species is the staining properties of the cytoplasmic gran
ules of MCs, which are frequently described as either 
basophilic or eosinophilic, a characteristic expressed also 
by some amphibian and reptile MCs (Sottovia-Filho & 
Taga 1973). This characteristic has made different authors 
refer to them as mast cells, basophilic granular cells or 
acidophilic/eosinophilic granular cells. Besides basic simi
larities, granules of fish MCs were believed until few years 
ago to contain components common to their mammalian

counterparts such as antimicrobial peptides, lytic enzymes 
or serotonin, but lack the presence of histamine. Mulero 
et a í  (2008b) attempted to clarify this controversy using 
the monoclonal antibody G7 specific to acidophilic gran
ulocytes (AGs) (Sepulcre et al. 2002) in gilthead sea 
bream. From the negative fraction of the analysed popula
tion, two different eosinophilic cell types were found in 
connective tissue, although neither eosinophilic cell types 
nor acidophilic granulocytes of gilthead seabream showed 
the metachromatic staining characteristic of mammalian 
MCs after being stained with toluidine blue at low pH. 
Using antibodies and immunostaining techniques, Mulero 
et al. (2007b) demonstrated the presence of histamine in 
fish MCs. Surprisingly, this was true only in species 
belonging to the largest and most evolutionary advanced 
order of teleosts, the Perciformes. Furthermore, functional 
studies indicated that fish professional phagocyte function 
may be regulated by the release of histamine from MCs 
upon H I and H2 receptor engagement. These observa
tions indicate that histamine is biologically active and can 
regulate the inflammatory response of fish by acting on 
professional phagocyte signaling. Recently, in mammalian 
MCs, many signaling mediators upstream of degranula
tion have been identified and these converge to a com
m on requirement for generating a Ca2+ flux into the 
responding cell (Kalesnikoff & Galli 2008). A similar 
pathway has not been reported in fish so far.
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Mast cell antimicrobial peptides: the piscidins

Antimicrobial peptides (AMPs) are host defence effector 
molecules that probably occur in all life forms, and start
ing from birth play a key role in fish innate immunity. 
Since long ago, they have been reported effectively to 
combat infections caused by viruses, bacteria, fungi and 
parasites (Yano 1996). However, recently, an increasing 
num ber of AMPs produced by fish (e.g. paradoxins, pleu- 
rocidins or hepcidins) have been reported to be able to 
act as general disinfectants. Antimicrobial peptides are 
typically present in fish mucosal surfaces and skin, which 
represent major routes of entry of pathogens (see Smith 
and Fernandes (2009) for a review). Silphaduang and 
Noga (2001) reported for the first time the successful iso
lation of a cationic piscidins from Acanthopterygii fish 
MCs through modified acid-urea polyacrylamide-gel elec
trophoresis. Initially, the family of piscidins comprised 
three broad-spectrum AMPs (piscidin 1, 2 and 3), which 
are 22 amino acids long and have a highly conserved, his
tidine- and phenylalanine-rich N-terminus combined with 
a much more variable C-terminus. just recently, a new 
member of the piscidins family, piscidin 4, was isolated 
and characterized (Noga et al. 2009). All type of piscidins 
known so far, disinfect exposed surfaces and kill micro
organisms that could enter the host through injuries, pre
venting them from proliferating until they are sequestered 
and eliminated by the phagocytes and other components 
of the systemic im m une system. So far, piscidines have 
been immunolocalized in healthy and infected MCs of the 
skin, gills, gut and lining blood vessels in the viscera 
(Dezfuli & Giari 2008; Dezfuli et al. 2010). Thus, it can 
be expected that among AMPs, piscidins shall be a funda
mental innate strategy in controlling host-microbial inter
actions at the early larval stages.

The ontogeny of the adaptive immune system

The study of the ontogeny of the imm une system in fish 
is relevant for two reasons. First, the comparison of the 
ontogeny of the fish imm une system with that of higher 
Vertebrates offers new insights into developmental biol
ogy in general, and more specifically, the generation of a 
functional imm une system. Teleost fish are a unique bio
logical model for studies on the development of immune 
system of Vertebrate species, since they have larval stages 
during which they rely solely on innate responses, a tran
sition phase in which components of acquired responses 
appear, and an ‘adult’ stage characterized by fully func
tional innate and acquired responses. Secondly, knowl
edge of the developmental sequence of imm une function 
is imperative to design preventative measures against 
problems concerning infectious diseases in aquaculture, in

Reviews in Aquaculture (2013) 5 (Suppl. 1), S1-S25
©  201 3  W iley  Publishing Asia Pty Ltd

particular to avoid vaccination at a too early stage. A 
variety of haematopoietic genes have been sequenced, 
generating a more detailed picture of the development of 
the distinct leukocytes and their precursors. Despite this 
information, basic questions including the identification 
of the first lympho-haematopoietic sites, the origin of 
T- and B-lymphocytes and the acquisition of full im m u
nological capacities remain to be resolved (Zapata et aí 
2006).

Maternal transfer o f IgM
It is known that mature eggs of fish species contain IgM 
(Olsen & Press 1997; Seppola et al. 2009), although the 
presence of antibody molecules related to a transfer of 
specific im m unity is still a m atter of speculation (Hanif 
et a í 2004; Haines et a í 2005). Previous studies revealed 
that in sea bream, fluctuations of serum IgM concentra
tion relate to the onset of the reproductive cycle and 
to gender, and could be detected in the released eggs 
(Picchietti et a í 2001). In mature sea bass eggs, Ig protein 
was detected corresponding to 6 /ig g-1 egg weight and 
immunocytochemical analysis of paraffin sections from 
5-day post-hatched embryos revealed an accumulation of 
material immunoreactive with the anti-IgM monoclonal 
antibody DLIg3 in the yolk sac (Scapigliati et a í 1999), as 
well as IgM gene transcripts in ovarian follicles through
out oogenesis (Picchietti et a í  2004). After fertilization, 
the mRNA coding for IgM disappears from sea bass 
embryos after 3-4 days, and IgM transcripts start to be 
detected again after 45 days. From these studies, it is evi
dent that sea bass and sea bream transfer IgM to the egg 
through active processes, and that IgM undergo a rapid 
decay after fertilization. There is no clear understanding 
on the IgM presence in fish eggs, and considering their 
am ount reported above, it is reasonable to speculate that 
unspecific IgM could be useful as antigen-opsonizing 
molecules during early stages of sea bass development. To 
reinforce this latter hypothesis, it should be remembered 
that fish eggs also contain complement system compo
nents (Huttenhuis et al. 2006c; Lovoll et al. 2006).

Development o f T cells and T cell-associated molecules 
The knowledge on the ontogenetic development of lym
phocytes has been acquired in carp (Huttenhuis et al. 
2006a,b), but mainly in sea bass for marine species for 
which monoclonal antibodies are available for thymocytes 
and peripheral T cells (Scapigliati et a í  1995) and for 
IgM and B cells (Scapigliati et a í 1996). The combined 
use of these cellular probes permitted to define the timing 
of appearance of lymphocytes during ontogenic develop
m ent of sea bass, extensively reviewed in a previous work 
(Rombout et a í 2005). Indeed, by using these antibodies 
in immunohistochemistry of sea bass larval sections, a
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dramatic difference in the timing of the appearance of 
lymphocytes emerged, with T cells preceding B cells by 
about 20 days (at 18°C).

Recently, Picchietti et al. (2008, 2009) applied RT-PCR 
to investigate in sea bass the developmental appearance of 
TCR/Î, CD8a and CD4, three im portant genes involved in 
T cell functions (keeping in m ind that in general, gene 
expression does not always mean that a complex system 
is functional). For this purpose, total RNA was extracted 
from released eggs and pools of specimens sampled at dif
ferent time points (2, 4, 8, 13, 16, 21, 25, 32, 51, 62, 75 
and 92 days post-hatch) and from the thymus of 1 year- 
old specimens, reared at 15 + 1°C. RT-PCR detected the 
first appearance of TCR/Î in larvae between 21 and 
25 days post-hatch, which is well before the first expres
sion of CD8a and CD4 (i.e. between 40 and 50 days post 
hatch). The early TcRß expression confirmed data 
obtained in other Teleost species such as rainbow trout 
(Oncorhynchus mykiss) (Hansen & Zapata 1998; Fischer 
et a í  2005) and was in concert with the early develop
ment of the thymus, which is the first organ to become 
lymphoid in Teleosts (Botham & Manning 1981; Abelli 
et al. 1996; Padrós & Crespo 1996; Schroder et al. 1998). 
Further, the expression of CD8tx and CD4 was detected in 
sea bass between 40 and 50 days post-hatch (Picchietti et 
a í 2008, 2009), when the thymus is characterized by a 
distinctive lymphoid composition (Abelli et al. 1996) 
whose normal development is dependent upon cell 
interactions with thymic stroma and secreted molecules 
(Zapata et al. 1997) as previously reported in Mammals 
(Maddox et al. 1987). In sea bass, real time PCR also 
demonstrated that transcripts of TCRjS, CD8a and CD4 
increased until 92 dph. At this stage, the TCR/Î and 
CD8a transcripts were significantly increased compared 
with all previous stages, while CD4 transcripts were sig
nificantly higher when compared with day 25 and day 51

post-hatch, suggesting that the critical events of differenti
ation and selection of T-lymphocytes are strongly corre
lated to the histological maturation of the sea bass 
thymus. In addition, in the thymus of 1-year-old sea bass, 
the amounts of CD4 and CD8 transcripts are not statisti
cally different, while CD4 transcripts are significantly 
lower than TCR/Î transcripts, suggesting that a higher 
number of TCR/1+ thymocytes than CD4+ subpopulations 
could be located in the thymus, or that a fraction of 
CD8+ thymocytes could express different TCR chains 
(most likely y<5).

In situ hybridization with digoxigenin (DIG)-labeled 
RNA probes showed that at 51 days post-hatch the TCRjS, 
CD8a and CD4 mRNAs were localized in thymocytes of 
the outer and lateral zones of the thymic paired glands 
that were not yet lobulated, while the parenchyma was 
regionalized. Already at day 51 and from day 75 post
hatch on, an active lymphopoiesis was observed in the 
gland resulting in a cortex/medulla demarcation in which 
the signal was restricted to cortical thymocytes (Fig. 4). 
At 92 days post-hatch, the histology of the thymus was 
well established and TCR/1+, CD8a+ and CD4+ cells were 
mainly localized in the cortex at the cortico-medullary 
junction, providing new data on the understanding of the 
thymic microenvironment and evidence relating to the 
positive selection and differentiation of T cells.

Recently 0vergârd et al. (2011) investigated the expres
sion of RAG1, TCRa, TCRjS, CD3y<5, CD3e, CD3Ç, CD4, 
CD4-2, CD8a, CD8/Î, Lck and ZAP-70 in larval and juve
nile stages of Atlantic halibut. An increase in mRNA tran
scripts for the genes was seen at different time points, 
from 38 days post-hatching (dph) about the time when 
the first anlage of thymus is found, and onwards. The 
transcription patterns of the 12 mRNAs were found to be 
similar throughout the developmental stages tested. 
In situ hybridization on larval cross-sections showed that

(a) » (b)

c M
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Figure 4  TCRjS in situ  hybridization of developing thym us aged  75 days post-hatch , (a) TCR/fi cells w ere  clearly concen tra ted  In cortical region. 
Bar = 20 pem. (b) Negative control of ISH w ith a sense RNA probe. Bar = 20 pcm. GC, gili cham ber; C, cortex; M, medulla.
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RAG1 and Lck could be detected in lymphocyte-like cells 
within the thymus at 42 dph. CD4 expression could not 
be detected within the thymus before 66 dph, however, 
positive cells were restricted to the cortical region. At 
87 dph, the zonation of the thymus in a cortical, cortico- 
medullary, and a medullary region seemed to be more 
evident with CD8a expressing cells found in all regions, 
indicating the presence of mature T-cells. This correlates 
with previous results by Patel et a í  (2009), describing 
thymus development and the appearance of IGM+ cells 
during halibut ontogenesis.

In teleosts, nothing is known yet about the origin of 
lymphoid progenitors that colonize the thymic rudiment, 
while a new hypothesis of positive selection and differen
tiation of T cells was recently proposed in sea bass juve
niles (Picchietti et al. 2008, 2009). At this stage, the 
thymus retained a superficial localization and was more 
extensively lobulated when compared with previous devel
opmental stages. TCR/Î, CD8a and CD4 expression was 
detected by in situ hybridization in the cortex and at the 
cortico-medullary junction, in each lobe of juveniles, evi
dencing the compartmentalization of the parenchyma in 
which a network of stromal epithelial cells was established 
and in the meshes of which thymocytes are located. The 
regions housing CD8+ and CD4+ cells were largely over
lapping. In fact, their density was nearly equal, suggest
ing that the cortex could be the site of double positive 
cells. CD4 and CD8 thymocytes were significantly less 
numerous in the medulla than in the cortex, while their 
relative numbers were not different in the medulla. In 
this district, large cords of CD8+ cells extended in the 
gland, whereas CD4 transcripts were detected in isolated 
thymocytes reflecting the occurrence of SP single positive 
thymocytes in the medulla. Furthermore, the presence of 
a CD8a- , CD4“ and TCR/1+ subcapsular lymphoid zone 
is worth noting, where the thymocytes do not express the 
two co-receptors and thus can be regarded as double neg
ative (DN). This pattern of localization of thymic subsets 
in distinct anatomical compartments is consistent with an 
out and in pattern of thymocyte migration. As evidenced 
in mammals, each of the T-cell maturation events takes 
place in a discrete region of the thymus and relies on 
interactions with specialized resident cells found in each 
of these anatomical regions (Ladi et a í 2006). Although 
thymocyte migrations are not defined in teleosts, the data 
suggested high similarity in the morpho-functional orga
nization of the teleost thymus compared with mammals. 
An interesting finding was the lack of a CD8a-  lymphoid 
zone in the cortical thymic parenchyma contacting the 
pharyngeal epithelium which is related to the absence of a 
connective capsule (Abelli et a í  1996) and hence to the 
lack of limiting epithelial cells that likely play a role in 
attracting double negative thymocytes.

Taken together, from data available in the literature it 
can be evidenced that each fish species possesses its own 
ontogenetic developmental pattern, likely related to evolu
tionary-acquired habits (Langenau & Zon 2005; H ut
tenhuis et al. 2006b,c; Zapata et al. 2006; Corripio-Miyar 
et al. 2007; Patel et al. 2009) and, importantly, it has been 
confirmed in fish that T cell development precedes B cell 
development. Based on the available data it is conceivable 
to assume that in sea bass the acquired imm une system, 
in its main known components, namely lymphocytes 
bearing TcRs or IgM, MHC, RAGs and T cell coreceptors 
could be ready to perform full activities from day 45 
post-hatching onwards.

Steering larval microbial com m unities  to  the  
b en efit  o f  th e  host

The information in relation to microbial community 
composition (including pathogens) and activity on one 
hand and the developing imm une system on the other 
hand has progressed considerably the last two decades, 
but a comprehensive insight is still lacking. In particular, 
there is ample room  for scientific advancements if 
research fields such as larval microbiology and larval 
immunology could interact. Despite the lack of sufficient 
and sound tools (both at the microbiological and im m u
nological level), a vast am ount of literature is available on 
microbial interference with the host, e.g. at the level of 
microbial contribution to larval nutrition and on the 
effect of probiotics and prebiotics.

Microbial contributions to larval nutrition and 
physiology

The beneficial contribution of bacteria to digestion in fish 
was first acknowledged with the fermentative processes 
that occur in the long intestine of some species, especially 
in warm waters (Clements 1997). The nutritional im por
tance of microbiota in the short and imm ature intestine 
of fish larvae seemed less obvious. The am ount of sus
pended bacteria ingested by carp larvae was estimated to 
be 105-106 cells per individual within 45 min (Matena 
et al. 1995), which may support the assumption of a 
direct nutritive contribution of bacterioplankton. How
ever, the data of Reitan et a í  (1998) suggest ingestion 
rates of bacteria by turbot larvae to be 1-3 orders of mag
nitude lower. These and other early speculations were 
reviewed by Hansen and Olafsen (1999) and Ringo and 
Birkbeck (1999). However, it was not proven that fish 
larvae could digest bacteria in the intestinal lumen. 
Olafsen and Hansen (1992) observed the uptake of bacte
ria in enterocytes of cod and herring larvae, and they 
hypothesized that such endocytosis could provide some
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exogenous nutrients at the yolk sac stage, besides its role 
in imm une stimulation. Another hypothesis was the con
tribution of bacterial enzymes to the digestive process, 
but this is difficult to evaluate in most cases. The fact that 
bacteria are rich in mineral nutrients has so far not been 
considered (Vadstein 2000).

The essential role of the associated microbiota on early 
gut development and nutrient metabolism in fish larvae is 
evident in gnotobiotic zebrafish. Rawls et al. (2004) 
showed that intestinal epithelial proliferation and gene 
expression were modulated depending on the presence 
and composition of the gut microbiota. These authors 
compared fish reared conventionally, in axenic condi
tions, and after re-contamination of the bacteria-free lar
vae with ‘conventional’ microbiota. Briefly, enterocyte 
proliferation in germ-free larvae was lower than in those 
reared with microbiota. Some transcriptional responses of 
the axenic animals were similar to those caused by fast
ing, with respect to fatty acid oxidation and neoglucog- 
enesis. Genes involved in cholesterol metabolism and in 
amino acid transport were also affected by the absence of 
gut microbiota. A follow-up study (Rawls et al. 2006) 
showed that the entire microbial community induced the 
modulation of such gene expression, whereas the response 
was less marked with individual strains, bacterial consor
tia and m urine intestinal microbiota. The influence of gut 
microbiota on gut differentiation in zebrafish was also 
studied by Bates et al. (2006), who found slow intestinal 
motility in germ-free animals and the maintenance of 
immature epithelial features in their gut, such as poor 
alkaline phosphatase activity and up-regulation of glyco- 
conjugate expression. This impaired development could 
be amended by exposure to single strains of bacteria. The 
experiments of Rawls et al. (2004, 2006) provide the first 
insight in microbial interference in host gene expression 
and development. Experiments with gnotobiotic cod lar
vae confirm several of the observations from zebrafish, 
including microbial specificity of the host response and 
types of genes upregulated (Forberg et al. 2011b, 2012). 
These cod experiments have also demonstrated that also 
dead bacteria result in a significant upregulation of genes, 
but the difference between live and dead bacteria varies 
for genes dependent on functionality (Forberg et aí
2012). The types of responses found in zebrafish are 
partly confirmed in cod and are similar to those in mice, 
suggesting a broad evolutionary conserved response. 
Flowever, it would be useful to perform more gene exper
iments aimed at boosting our knowledge on host- 
microbe interactions in commercially im portant aquacul
ture species, including both vertebrates and invertebrates. 
The ultimate goal would be to use a combination of zoo- 
technical, nutritional, genetic and immunological tools. 
W ith respect to the experiments published by Rawls et aí

(2004, 2006) further experimental improvement could be 
generated by the use of purified diets (Carvalho et al. 
2006), rather than commercial diets. The latter might 
contain uncharacterized microbial cellular compounds 
that might have an effect on, for example, the innate 
imm une response, blurring the early microbial response 
in the host.

In standard rearing conditions with the presence of 
‘conventional’ microbiota, many beneficial effects caused 
by the microbiota have been documented, with impact on 
both fish health and nutrition. Practical consequences for 
survival, growth or development have been documented. 
For example, with the Microbial M aturation Concept (see 
‘Steering the microbial community composition and /o r 
activity’) several positive effects on larvae have been doc
umented, including increased feeding rate, stress toler
ance, survival and growth (Vadstein et al. 1993; Skjermo 
et al. 1997; Salvesen et al. 1999). Plante et al. (2007) 
noted that the administration of Arthrobacter sp. RSXII 
increased the level of reserves of lipids and essential fatty 
acids, and thus improved the nutritional status of had
dock larvae. Some microbes seem particularly helpful to 
stimulate the digestive system in fish larvae. Tovar- 
Ramirez et al. (2002) showed that the onset of digestive 
enzyme activities in the enterocytic brush border m em 
branes was accelerated in sea bass larvae fed a compound 
diet with live Debaryomyces hansenii HF1, but not in 
another group fed Saccharomyces cerevisiae X2180. This 
difference between the efficiency of both microorganisms 
was paralleled to their polyamine production. It has also 
been shown that purified spermine induced sea bass gut 
m aturation (Pères et al. 1997). A compound diet contain
ing IO6 CFU g-1 of live D. hansenii improved growth, 
survival and conformation of sea bass larvae (Tovar- 
Ramirez et al. 2004). This dietary yeast also stimulated 
the protection system against oxidative stress in the larvae 
(Tovar-Ramirez et al. 2010). In rainbow trout fry 
D. hansenii naturally colonized the intestine during the 
first m onth of feeding, and an early artificial introduction 
of S. cerevisiae var. boulardii accelerated gut maturation 
(Waché et al. 2006). A commercial preparation of lactic 
acid bacteria also strengthened the activity of digestive 
enzymes in sea bream larvae (Suzer et al. 2008). Avelia et 
al. (2010) investigated the metabolic pathways that could 
be modulated by the introduction of Lactobacil
lus rhamnosus during the larval rearing of clownfish. In 
particular, these authors analysed the regulation of the 
expression of some receptors involved in the pathways 
between nutrients and cell differentiation, which were 
reviewed elsewhere (Zambonino Infante & Cahu 2007). 
However, such molecular biomarkers should be inter
preted cautiously. For example, the up-regulation of 
peroxisome proliferator-activated receptor a was regarded
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as a positive indicator of development in whole clownfish 
larvae by Avelia et al. (2010), while Rawls et al. (2004) 
considered this as a sign of compromised ability to use 
nutrients in the digestive tract of zebrafish larvae.

Besides beneficial microbes and virulent pathogens, 
many strains may exhibit opportunistic behaviour, which 
can exert adverse effects due to, for example, competition 
for nutrients between the strains and the host. Iron sup
ply is crucial in this interaction, and the presence of 
siderophores or siderophore-producing probiotics could 
reduce the incidence of opportunistic Vibrio sp. in sea 
bass larvae (Gatesoupe 1997). The composition of the diet 
should take into account the bacterial interference, in 
order to meet the requirement of the host, while avoiding 
iron overload (Gatesoupe 1997). The response of the host 
could be assessed by measuring the expression of genes 
encoding iron-binding proteins and hepdicin antimicro
bial peptides, which seem related to the regulation of iron 
uptake in fish larvae (Andersen 1997; Martin-Antonio 
et a í  2009). Microbes can compete with the host for 
many other substrates, such as the peptides that are 
required by fish larvae, favouring the dominance of Vibrio 
sp. (Kotzamanis et a í 2007). Some microbes can also 
cause nutritional pathologies, such as Paenibacillus thia- 
minolyticus, whose thiaminase activity was suspected to 
cause early mortality in lake trout (Salvelinus namaycush), 
due to vitamin B! deficiency (Richter et a í 2009).

The interaction between microbiota and the nutri
tion/physiology of fish larvae appears complex, but the 
information available is still fragmentary. It is essential to 
further investigate the effects of dietary components and 
feeding methods with improvement of microbial manage
ment in fish hatchery as motivation. In that respect, the 
use of purified diets in combination with a gnotobiotic 
environment might be instrumental.

Steering the microbial community composition and/or 
activity

Steering microbial community composition 
Several review articles have been written about the proce
dures to isolate probiotic micro-organisms (Gatesoupe 
1999; Balcazar et al. 2006; Vine et al. 2006). They include 
isolation and verification in vitro of, for example, the pos
sibility to inhibit the growth of a pathogen or the ability 
to attach or grow in mucus. However, these in vitro fea
tures neither ensure a positive effect in vivo (but should 
be verified) nor guarantee that the mode of action in vivo 
is related to the phenotypes described in vitro (Tinh et al. 
2007a). In fact, little inform ation is available on the mode 
of action of putative probiotics in vivo. In order to move 
away from the largely empirical approach in the identifi
cation and use of probiotic bacteria, novel tools should

be employed. Those might include gnotobiotic models, 
gene expression in wild type and mutants, and gene 
expression in the host (e.g. those involved in innate 
immunity, cell proliferation or nutrient metabolism, see 
above).

Keeping in m ind the shortcomings of much of the sci
entific research on probiotics in aquaculture, especially in 
relation to the interpretation of the mode of action 
in vivo, it is of interest to review the results reported thus 
far. The use of probiotic microorganisms in the rearing of 
marine fish larvae, molluscs and shrimps has been 
reported in several experimental studies in the past dec
ade (Vine et al. 2006). The way of application in first life 
stages can be divided into three main approaches: addi
tion of bacterial cultures to the water (Ringo & Vadstein 
1998; Lauzon et al. 2010), encapsulation in the diet (Mak- 
ridis et al. 2001; Planas et al. 2006; Swain & Nayak 2009) 
(or combined; Makridis et al. 2000a), and modulation of 
the microbiota in the biofilter (when such a device is 
applied in the experimental system) (Prol-Garcia et aí
2010). Addition of probiotics in the live food has a dual 
purpose: on one hand replacing opportunistic bacteria 
that normally proliferate in live food cultures and on the 
other hand, providing bacteria that have a beneficial effect 
on the larvae (Skjermo & Vadstein 1999). Bioencapsula
tion of bacteria in rotifers or brine shrimp offers the pos
sibility to influence to a high degree the microbiota 
associated with live feed (Verschuere et al. 1999; Makridis 
et al. 2000b). The use of fresh cultures of probiotics and 
the possibility to bioencapsulate them in live feed have 
been shown in several studies directly to influence the 
microbiota of the reared larvae, and in several cases the 
larval microbiota was dominated by the added probiotic 
bacteria (Suzer et al. 2008). The dosing of probiotics at 
this stage is critical, as superfluous numbers of bacteria 
could accumulate in the rearing system and deteriorate 
the environmental conditions for the larvae. On the con
trary, the addition of probiotic bacteria in the feed of 
postlarvae and juveniles, where the stomach barrier has 
already been established, has shown that the presence of 
bacteria in the gut is dependent on the continuous addi
tion of bacteria via the feed, so that the true colonization 
of intestinal epithelium is under question (Makridis et aí 
2008).

Another way of altering the composition of the intesti
nal microbial community is by using prebiotics, substrates 
that cannot be digested by the host but promote benefi
cial intestinal bacteria. The interest for prebiotics in larvi- 
culture is currently emerging (for reviews see Gatesoupe 
2005; Ringo et al. 2010). Dietary oligofructose, for exam
ple, increased the growth rate of metamorphosing turbot, 
while changing the composition of the intestinal micro
biota (Mahious et al. 2006). However, as research on the
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use of prebiotics for aquaculture is still in its infancy, 
more research is needed fully to conclude the effects of 
adding prebiotics in fish diets.

The third way of controlling the composition of the 
microbiota is by setting up selection regimes (Vadstein et 
a í 1993). The first attempts were by setting up a selection 
for K-strategists to avoid opportunists according to what 
has been named the Microbial M aturation Concept (Vad
stein et al. 1993; Skjermo et al. 1997; Salvesen et aí
1999). This method secures a continuous supply of likely 
beneficial bacteria and thus circumvents some of the 
problems with how lasting the addition of probiotics is. 
Recently it has been proposed and tested that recirculated 
aquaculture systems also have positive effects on larvae 
through K-selection regimes on microbes mediated 
through the biofilters (Attramadal et al. 2012).

Steering microbial activity
Q uorum  sensing, bacterial cell-to-cell communication, is 
a candidate target to modulate microbial activity to the 
benefit of the host. The aquaculture pathogen Vibrio har
veyi has been found to use a three-channel quorum sens
ing system, mediated by the signal molecules HAI-1, AI-2 
and CAI-1, respectively (for a review see Defoirdt et aí 
2008). The signals are detected at the cell surface by 
membrane-bound, two-component receptor proteins 
channeling the signal into a common phosphoryla
tion/dephosphorylation signal transduction cascade (Taga 
& Bassler 2003). Phenotypes found to be controlled by 
this quorum  sensing system in vitro include biolumines
cence (Bassler et al. 1993) and the production of several 
virulence factors such as a type III secretion system (Hen
ke & Bassler 2004), extracellular toxin (Manefield et aí
2000), metalloprotease (Mok et al. 2003), chitinase (Defo
irdt et al. 2010) and a siderophore (Lilley & Bassler 
2000). Making use of the possibility to culture brine 
shrimp (Artemia franciscana) larvae under gnotobiotic 
conditions, the importance of quorum  sensing in relation 
to Vibrio virulence was verified. Here the gnotobiotic 
conditions provide the opportunity to eliminate interfer
ence eventually created by the production of quorum 
sensing molecules synthesized by microorganisms not 
under study. It was found that Vibrio harveyi inactivated 
in the AI-2 channel were considerably less virulent, 
whereas inactivation of the HAI-1 channel had no effect. 
Yet, in gnotobiotic rotifers (Brachionus plicatilis), in 
which the effect of Vibrio on the growth rate was mea
sured, it appeared that the AI-1 and AI-2 system need to 
be inactivated simultaneously in order to mitigate the 
negative effect of the bacterium (Tinh et al. 2007b). These 
findings suggest that the way in which quorum  sensing 
regulates the virulence of a specific pathogen might 
depend on the host. It also suggested that the involve

m ent of quorum  sensing in negative host-microbial inter
actions might be valid for other larval aquatic organisms 
of importance to aquaculture. Additional evidence was 
produced under non-gnotobiotic conditions in the larvi- 
culture of turbot and giant river prawn (Macrobrachi
um rosenbergii) (Tinh et al. 2008; Nhan et al. 2010). 
These authors could demonstrate that the addition of a 
mixture of N-acylhomoserine lactone quorum sensing 
molecules (daily addition of 1 mg L-1) to the culture 
water had a detrimental effect on survival. Interestingly, 
this negative effect could be mitigated through the addi
tion of a microbial community able to degrade the added 
quorum sensing molecules. So far, very few studies have 
been performed on the impact of quorum  sensing on the 
virulence of fish pathogens. In one report, Rasch et al.
(2004) showed that a quorum sensing-disrupting bromi- 
nated furanone protected rainbow trout (Oncorhyn
chus mykiss) from vibriosis caused by Vibrio anguillarum. 
Moreover, quorum  sensing regulation of virulence factor 
expression has been reported in many fish pathogens, 
including Aeromonas hydrophila, A. salmonicida, Edward
siella tarda, Vibrio anguillarum, V. ichthyoenteri, V. sal
monicida and Yersinia ruckeri (for a review, see Natrah 
et al. (2011)). In order to firmly establish the importance 
of quorum  sensing in larval fish and shellfish disease, 
gnotobiotic model systems would be instrumental, e.g. 
allowing verifying the in vivo production of quorum  sens
ing molecules at the mom ent of infection. For sea bass 
larvae, a gnotobiotic system has recently been described 
(Dierckens et al. 2009), also demonstrating that certain 
Vibrio anguillarum strains can cause accelerated mortality. 
Such zootechnical tools will definitely help to provide 
evidence for the involvement of quorum  sensing in host- 
microbial interactions.

A ck n o w led g em en ts

This work was supported in part by the cost action 
FAO801 LARVANET: Critical success factors for fish lar
val production in European Aquaculture: a multidisci
plinary network, and by the European FP7 project 
‘Promicrobe -  Microbes as positive actors for more sus
tainable aquaculture’ (Project Reference: 227197), and by 
Research Foundation of Flanders (FWO) project ‘Probi- 
ont induced functional responses in aquatic organisms’.

References

Abelli L, Picchietti S, Rom ano N, M astrolia L, Scapigliati G
(1996) Im m unocytochem ical detection o f thymocyte an ti
genic determ inants in developing lym phoid organs o f  sea 
bass Dicentrarchus labrax L. Fish and Shellfish Immunology 6: 
493-505.

S16
Reviews in Aquaculture (2013) 5 (Suppl. 1), S1-S25

©  201 3  W iley  Publishing Asia Pty Ltd



Microbiology and im m unology o f fish larvae

Abraham  SN, St John AL (2010) M ast cell-orchestrated im m u
nity to pathogens. Nature Reviews Immunology 10: 440-452.

Andersen 0  (1997) A ccum ulation o f waterborne iron and 
expression o f ferritin and transferrin in early developmental 
stages o f brow n tro u t (Salmo trutta). Fish Physiology and 
Biochemistiy 16: 223-231.

Anderson KV, Jurgens G, Nusslein-Volhard C (1985) Estab
lishm ent o f dorsal-ventral polarity in the Drosophila 
embryo: genetic studies on the role o f  the Toll gene product. 
Cell 42: 779-789.

Andrews JH (1984) Relevance o f r- and K-theory to the ecol
ogy o f p lant pathogens. In: Klug MJ, Reddy CA (eds) Cur
rent Perspectives in Microbial Ecology, pp. 1-7. American 
Society for Microbiology, W ashington, DC.

Andrews JH, H arris RF (1986) r- and K-selection in  microbial 
ecology. Advances in Microbial Ecology 9: 99-147.

Aoki T, Takano T, Santos MD, Kondo H, H irono I (2008) 
M olecular innate im m unity  in teleost fish: review and future 
perspectives. In: Tsukam oto K, Kawamura T, Takeuchi T, 
Beard TD Jr, Kaiser MJ (eds) Fisheries for Global Welfare 
and Environm ent, 5th W orld Fisheries Congress, pp. 263- 
276; 20-24 Oct 2008, Yokohama, Japan. TERRAPUB, Tokyo.

Attram adal KJK, Salvesen I, Xue R, Oie G, Storseth TR, Vad
stein O et al. (2012) Recirculation as a possible microbial 
control strategy in p roduction  o f m arine larvae. Aquacul- 
tural Engineering 46: 27-39.

Avelia MA, Olivotto I, Silvi S, Place AR, Carnevali O (2010) 
Effect o f  dietary probiotics on  clownfish: a molecular 
approach to define how  lactic acid bacteria m odulate develop
m ent in  a m arine fish. American Journal o f Physiology-Regula- 
tory Integrative and Comparative Physiology 298: R359-R371.

Balcazar JL, de Bias I, Ruiz-Zarzuela I, C unningham  D, Vend- 
rell D, M uzquiz JL (2006) The role o f probiotics in aquacul
ture. Veterinary Microbiology 114: 173-186.

Bassler BL, W right M, Showalter RE, Silverman MR (1993) 
Intercellular signaling in Vibrio harveyi -  sequence and func
tion  o f genes regulating expression o f luminescence. Molecu
lar Microbiology 9: 773-786.

Bates JM, M ittge E, K uhlm an J, Baden KN, Cheesman SE, Gu- 
illemin K (2006) D istinct signals from  the m icrobiota p ro 
m ote different aspects o f zebrafish gut differentiation. 
Developmental Biology 297: 374-386.

Bell T, Newm an JA, Silverman BW, Turner SL, Lilley AK
(2005) The contribution  o f species richness and com position 
to bacterial services. Nature  436: 1157-1160.

Bergh 0  ( 1995) Bacteria associated w ith early life stages o f hal
ibut, Hippoglossus hippoglossus L., inhibit growth o f a patho
genic Vibrio sp. Journal o f Fish Diseases 18: 31-40.

Bergh 0 ,  Hansen GH, Taxt RE (1992) Experim ental infection 
of eggs and yolk sac larvae o f halibut, Hippoglossus hippog
lossus L. Journal o f Fish Diseases 15: 379-391.

Bergh 0 ,  Naas KE, H arboe T (1994) Shift in  the intestinal 
m icroflora o f  Atlantic halibut (Hippoglossus hippoglossus) lar
vae during first feeding. Canadian Journal o f Fisheries and 
Aquatic Sciences 51: 1899-1903.

Bergh 0 ,  Hjeltnes B, Skiftesvik AB (1997) Experim ental infec
tion  o f turbot, Scophtalmus maximus and halibut Hippoglo
ssus hippoglossus yolk sac larvae w ith Aeromonas salmonicida 
subsp. salmonicida. Diseases o f Aquatic Organisms 29: 13-20.

Biering E, Bergh 0  (1997) Experim ental infection o f Atlantic 
halibut, Hippoglossus hippoglossus L., yolk-sac larvae with 
infectious pancreatic necrosis virus: detection of virus by 
im m unohistochem istry and in situ hybridization. Journal o f 
Fish Diseases 19: 405-413.

Bois NC, Brubacher JL, Ganassin RC, Lee LEJ (2001) Ecotoxi- 
cology and innate im m unity  in fish. Developmental and  
Comparative Immunology 25: 853-873.

B otham  JW, M anning MJ (1981) Histogenesis o f the lym phoid 
organs in the carp Cyprinus carpio L. and the ontogenic 
developm ent o f allograft reactivity. Journal o f Fish Biology 
19: 403-414.

Bourne DG, M unn C (2005) Diversity o f bacteria associated 
with the coral Pocillopora damicornis from  the Great Barrier 
Reef. Environmental Microbiology 7: 1162-1174.

Bricknell I, Dalmo RA (2005) The use o f im m unostim ulants 
in  fish larval aquaculture. Fish and Shellfish Immunology  19: 
457-472.

Brunvold L, Sandaa RA, Mikkelsen H, W elde E, Bergh 0  
(2007) Characterisation o f bacterial com m unities associated 
with intensively reared cod (Gadus morhua) larvae using 
denaturating gradient gel electrophoresis (DGGE). Aqua cul
ture 272: 319-327.

Buoncore F, Scapigliati G (2009) Im m une defence mechanism s 
in  the sea bass Dicentrarchus labrax L in: Zaccone G, Meseguer 
J, Garcia-Ayala A, Kapoor BG (eds) Fish Defenses. Vol. 1: 
Immunology, pp. 1-36. Science Publishers, New Ham pshire.

Cahill M M  (1990) Bacterial flora o f fishes: a review. Microbial 
Ecology 19: 21-41.

Carvalho AP, Araujo L, Santos M M  (2006) Rearing zebrafish 
(Danio rerio) larvae w ithout live food: evaluation o f a com 
mercial, a practical and a purified starter diet on  larval per
formance. Aquaculture Research 37: 1107-1111.

C hantanachookhin C, Seikai T, Tanaka M (1991) Comparative 
study o f the ontogeny o f the lym phoid organs in three spe
cies o f  m arine fish. Aquaculture 99: 143-155.

Clements KD (1997) Ferm entation and gastrointestinal m icro
organisms in fishes. In: Mackie RI, W hite BA (eds) Gastroin
testinal Microbiology, Vol. 1, Gastrointestinal Ecosystems and  
Fermentations, pp. 156-198. C hapm an 8c Haii, New York.

C orripio-M iyar Y, Bird S, Tsam opoulos K, Secombes CJ 
(2007) Cloning and expression analysis o f  two pro- 
inflam m atory cytokines, IL-1 beta and IL-8, in haddock 
(Melanogrammus aeglefinus). Molecular Immunology  44: 
1361-1373.

C outteau P, Geurden I, Cam ara MR, Bergot P, Sorgeloos P
(1997) Review on  the dietary effects o f phospholipids in  fish 
and crustacean larviculture. Aquaculture 155: 149-164.

Crivellato E, Ribatti D (2010) The m ast cell: an evolutionary 
perspective. Biological Reviews o f the Cambridge Philosophical 
Society 85: 347-360.

Reviews in Aquaculture (2013) 5 (Suppl. 1), S1-S25
©  201 3  W iley  Publishing Asia Pty Ltd S17



O. V a d s te in  e t  al.

Da M ota FF, Gomes EA, Paiva E, Rosado AS, Seldin L (2004) 
Use o f rpoB gene analysis for identification o f nitrogen-fix
ing Paenibacillus species as an alternative to the 16S rRNA 
gene. Letters in Applied Microbiology 39: 34-40.

Dahllof I, Baillie Fi, Kjelleberg S (2000) rpoB-based microbial 
com m unity analysis avoids lim itations inherent in 16S rRNA 
gene intraspecies heterogeneity. Applied and Environmental 
Microbiology 66: 3376-3380.

Dannevig A (1919) Biology o f Atlantic Waters o f Canada. Cana
dian Fish-Eggs and Larvae. Canadian Fisheries Expedition 
1914—1915. D epartm ent o f Naval Services, Ottawa, ON.

Defoirdt T, Boon N, Sorgeloos P, Verstraete W, Bossier P (2008) 
Q uorum  sensing and quorum  quenching in Vibrio harveyi: 
lessons learned from  in vivo work. LSME Journal 2: 19-26.

Defoirdt T, Ruwandeepika HAD, Karunasagar I, Boon N, 
Bossier P (2010) Q uorum  sensing negatively regulates 
chitinase in Vibrio harveyi. Environmental Microbiology 
Reports 2: 44-49.

Dezfuli BS, Giari L (2008) M ast cells in  the gills and intestines 
o f naturally infected fish: evidence o f m igration and degran
ulation. Journal o f  Fish Diseases 31: 845-852.

Dezfuli BS, Pironi F, Giari L, D om eneghini C, Bosi G (2002) 
Effect o f Pomphorhynchus laevis (Acanthocephala) on  pu ta
tive neurom odulators in the intestine o f  naturally infected 
Salmo trutta (L.). Diseases o f Aquatic Organisms 51: 27-35.

Dezfuli BS, Pironi F, Giari L, Noga EJ (2010) Im m unocyto- 
chemical localization o f piscidin in m ast cells o f infected 
seabass gili. Fish and Shellfish Immunology 28: 476-482.

Dierckens K, Rekecki A, Laureau S, Sorgeloos P, Boon N, Van 
den Broeck W  et al. (2009) Developm ent o f a bacterial chal
lenge test for gnotobiotic sea bass (Dicentrarchus labrax) lar
vae. Environmental Microbiology 11: 526-533.

Dobson JT, Seibert J, Teh EM, D a’as S, Fraser RB, Paw BH 
et al. (2008) Carboxypeptidase A5 identifies a novel m ast 
cell lineage in  the zebrafish providing new insight into m ast 
cell fate determ ination. Blood 112: 2969-2972.

Eckburg PB, Bik EM, Bernstein CN, Purdom  E, Dethlefsen L, 
Sargent M et al. (2008) Diversity o f  the hum an intestinal 
m icrobial flora. Science 308: 1635-1638.

Ellis AE (1977) Ontogeny o f the im m une response in Salmo 
salar. Histogenesis o f  the lym phoid organs and appearance 
o f m em brane im m unoglobulin and m ixed leucocyte reactiv
ity. In: Solom on JB, H orton  JD (eds) Developmental Im m u 
nobiology, pp. 225-231.. Elsevier, Am sterdam .

Ellis AE (2001) Innate host defence m echanism s o f fish against 
viruses and bacteria. Developmental and Comparative Im m u 
nology 25: 827-839.

van Elsas JD, Garbeva P, Salles J (2002) Effects o f agronomical 
measures on  the m icrobial diversity o f  soils as related to the 
suppression o f soil-borne p lant pathogens. Biodégradation 
13: 29-40.

Engelsen AR, Sandlund N, Fiksdal IU, Bergh 0  (2008) Im m u
nohistochem istry o f Atlantic cod larvae Gadus morhua 
experimentally infected w ith Vibrio anguillarum. Diseases o f  
Aquatic Organisms 80: 13-20.

S18

Fischer U, Dijkstra JM, Kollner B, Kiryu I, Koppang EO, 
H ordvik I et al. (2005) The ontogeny o f M HC class I 
expression in  rainbow  tro u t (Oncorhynchus mykiss). Fish and 
Shellfish Immunology  18: 49-60.

Fjellheim AJ, Playfoot KJ, Skjermo J, Vadstein O (2012) In ter
individual variation in the dom inant intestinal m icrobiota 
o f reared Atlantic cod (Gadus morhua L) larvae. Aquaculture 
Research, doi: 10.1111/j.l365-2109.2011.02952.x.

Forberg T, Arukwe A, Vadstein O (2011a) A protocol and cul
tivation system for gnotobiotic Atlantic cod larvae (Gadus 
morhua L.) as a tool to study host microbe interactions. 
Aquaculture 315: 222-227.

Forberg T, Arukwe A, Vadstein O (2011b) Two strategies to 
unravel gene expression responses o f host-m icrobe interac
tions in cod (Gadus morhua) larvae. Aquaculture Research 
42: 664-676.

Forberg T, V estrum  RI, Arukwe A, Vadstein O (2012) Bacterial 
com position and activity determines host gene-expression 
responses in gnotobiotic Atlantic cod (Gadus morhua) lar
vae. Veterinary Microbiology 157: 420-427.

Galindo-Villegas J, Hosokawa H  (2005) Im m unostim ulants in 
m arine fish diets. International Aquafeed 8: 30-39.

Galindo-Villegas J, Fukada H, M asum oto T, Hosokawa H
(2006) Effect o f  dietary im m unostim ulants on  some innate 
im m une responses and disease resistance against Edwardsiel
la tarda infection in Japanese flounder (Paralichthys olivac
eus). Aquaculture Science 54: 153-162.

Garcia-Castillo J, Pelegrin P, M ulero V, Meseguer J (2002) 
M olecular cloning and expression analysis o f tum or necro
sis factor alpha from  a m arine fish reveal its constitutive 
expression and ubiquitous nature. Lmmunogenetics 54: 200- 
207.

Gatesoupe FJ ( 1994) Lactic acid bacteria increase the resistance 
o f tu rbo t larvae, Scophthalmus maximus, against pathogenic 
Vibrio. Aquatic Living Resources 7: 277-282.

Gatesoupe FJ (1997) Siderophore p roduction  and probiotic 
effect o f Vibrio sp. associated with tu rbo t larvae, Scophthal
mus maximus. Aquatic Living Resources 10: 239-246.

Gatesoupe FJ (1999) The use o f probiotics in aquaculture. 
Aquaculture 180: 147-165.

Gatesoupe FJ (2005) Probiotics and prebiotics for fish culture, 
at the parting o f the ways. Aqua Feeds: Formulation and 
Beyond 2: 3-5.

Gomez GD, Balcázar JL (2008) A review on the interactions 
between gut m icrobiota and innate im m unity  o f fish. FEMS 
Immunology and Medical Microbiology 52: 145-154.

Grace MF, M anning MJ (1980) Histogenesis o f  the lym phoid 
organs in rainbow  trou t, Salmo gairdneri. Developmental and 
Comparative Immunology 4: 255-264.

Grisez L, Chair M, Sorgeloos P, Ollevier F (1996) M ode of 
infection and spread o f Vibrio anguillarum  in  turbot, Scoph
thalmus maximus larvae after oral challenge through live 
feed. Diseases o f Aquatic Organisms 26: 181-187.

Grotm ol S, Bergh 0 ,  Totland GK (1999) Transm ission o f viral 
encephalopathy and retionopathy (VER) to yolk sac larvae

Reviews in Aquaculture (2013) 5 (Suppl. 1), S1-S25
©  201 3  W iley  Publishing Asia Pty Ltd



Microbiology and im m unology o f fish larvae

of the Atlantic halibut Hippoglossus hippoglossus: occurence 
of nodavirus in various organs and a possible route o f infec
tion. Diseases o f Aquatic Organisms 36: 95-106.

Haines AN, Flajnik MF, Rumfelt LL, W ourm s JP (2005) 
Im m unoglobulins in the eggs o f  the nurse shark, Ginglymos
toma cirratum. Developmental and Comparative Immunology 
29: 417-430.

Haii C, Flores MV, Storm  T, Crosier K, Crosier P (2007) The 
zebrafish lysozyme C prom oter drives myeloid-specific 
expression in transgenic fish. BM C Developmental Biology 7: 
42.

Haii C, Flores MV, Crosier K, Crosier P (2009) Live cell imag
ing o f zebrafish leukocytes. Methods in Molecular Biology 
546: 255-271.

H anif A, Bakopoulos V, D im itriadis GJ (2004) M aternal trans
fer o f  hum oral specific and non-specific im m une param eters 
to sea bream  (Sparus aurata) larvae. Fish and Shellfish 
Immunology 17: 411-435.

H ansen GH, Olafsen JA (1989) Bacterial colonization o f cod 
(Gadus morhua L.) and halibut (Hippoglossus hippoglossus) 
eggs in m arine aquaculture. Applied and Environmental 
Microbiology 55: 1435-1446.

H ansen GH, Olafsen J (1999) Bacterial interactions in  early 
life stages o f m arine cold water fish. Microbial Ecology 38: 
1-26.

H ansen JD, Zapata AG (1998) Lymphocyte developm ent in 
fish and amphibians. Immunology Reviews 166: 199-220.

H ansen GH, Bergh 0 ,  Michaelsen J, Knappskog D (1992) Flex
ibacter ovolyticus sp. nov., a pathogen o f eggs and larvae o f 
Atlantic halibut, Hippoglossus hippoglossus L. International 
Journal o f Systematic Bacteriology 42: 451-458.

Henke JM, Bassler BL (2004) Q uorum  sensing regulates type 
III secretion in  Vibrio harveyi and  Vibrio parahaemolyticus. 
Journal o f Bacteriology 186: 3794-3805.

Herm ansson M (1999) The DLVO theory in m icrobial adhe
sion. Colloids and Smfaces B: Biointeifaces 14: 105-119.

Hjelm M, Bergh 0 ,  Riaza A, Nielsen J, M elchiorsen J, Jensen S 
et al. (2004) Selection and identification o f autochtonous 
potential probiotic bacteria from  turbo t larvae (Scopthalmus 
m axim us) rearing units. Systematic and Applied Microbiology 
27: 360-371.

H uttenhuis HB, G rou CP, Taverne-Thiele AJ, Taverne N, 
R om bout JH (2006a) Carp (Cyprinus carpio) innate im m une 
factors are present before hatching. Fish and Shellfish Im m u 
nology 20: 586-596.

H uttenhuis HB, Rom ano N, Van O osterhoud CN, Taverne- 
Thiele AJ, M astrolia L, Van Muiswinkel WB et al. (2006b) 
The ontogeny o f mucosal im m une cells in com m on carp 
(Cyprinus carpio L.). Anatom y and Embryology 211: 19-29.

H uttenhuis HB, Taverne-Thiele AJ, Grou CP, Bergsma J, Saeij 
JP, Nakayasu C et al. (2006c) O ntogeny o f the com m on 
carp (Cyprinus carpio L.) innate im m une system. Develop
mental and Comparative Immunology  30: 557-574.

Jensen S, Ovreâs L, Bergh 0 ,  Torsvik V (2004) Phylogenetic 
analysis o f bacterial com m unities associated with larvae of

the Atlantic halibut propose succession from  a uniform  no r
mal flora. Systematic and Applied Microbiology 27: 728-736.

Jósefsson S, Tatner MF (1993) Histogenesis o f the lym phoid 
organs in  sea bream  (Sparus aurata L.). Fish and Shellfish 
Immunology 3: 35-49.

Kalesnikoff J, Galli SJ (2008) New developm ents in m ast cell 
biology. Nature Immunology  9: 1215-1223.

Köllner B, Blohm U, Kotterba G, Fischer U (2001) A m ono
clonal antibody recognising a surface m arker on  rainbow 
tro u t (Oncorhynchus mykiss) m onocytes. Fish and Shellfish 
Immunology 11: 127-142.

Kotzamanis YP, Gisbert E, Gatesoupe FJ, Infante JZ, Cahu C
(2007) Effects o f  different dietary levels o f fish protein  hy
drolysates on  growth, digestive enzymes, gut m icrobiota, 
and resistance to Vibrio anguillarum  in European sea bass 
(Dicentrarchus labrax) larvae. Comparative Biochemistry and  
Physiology -  Part A: Molecular and Integrative Physiology 
147: 205-214.

Ladi E, Yin XY, Chtanova T, Robey EA (2006) Thymic m icro
environm ents for T cell differentiation and selection. Nature  
Immunology 7: 338-343.

Langenau DM, Zon LI (2005) The zebrafish: a new m odel o f 
T-cell and thymic developm ent. Nature Reviews Immunology 
5: 307-317.

Lauzon HL, G udm undsdottir S, Steinarsson A, Oddgeirsson 
M, Petursdottir SK, Reynisson E et al. (2010) Effects o f bac
terial treatm ent at early stages o f  Atlantic cod (Gadus mor
hua L.) on  larval survival and development. Journal o f 
Applied Microbiology 108: 624-632.

Leknes IL (2010) Histochem ical study on the intestine goblet 
cells in cichlid and poecilid species (Teleostei). Tissue and  
Cell 42: 61-64.

Ley RE, Peterson DA, G ordon JI (2006) Ecological and evolu
tionary forces shaping m icrobial diversity in the hum an 
intestine. Cell 124: 837-848.

Li M, Russell SK, Lumsden JS, Leatherland JF (2011) The 
influence o f oocyte cortisol on the early ontogeny o f intelec- 
tin  and TLR-5, and changes in lysozyme activity in rainbow 
tro u t (O ncorhynchus mykiss) embryos. Comparative Bio
chemistry and Physiology Part B: Biochemistry and Molecular 
Biology 160: 159-165.

Lilley BN, Bassler BL (2000) Regulation o f quorum  sensing in 
Vibrio harveyi by LuxO and c54. Molecular Microbiology 36: 
940-954.

Liu Y, Zhang S, Jiang G, Yang D, Lian J, Yang Y (2004) The 
developm ent o f  the lym phoid organs o f flounder, Paralich
thys olivaceus, from  hatching to 13 m onths. Fish and Shell
fish Immunology 16: 621-632.

Logue JA, Howell BR, Bell JG, Cossins AR (2000) Dietary n-3 
long-chain polyunsaturated fatty acid deprivation, tissue 
lipid com position, ex vivo prostaglandin production, and 
stress tolerance in juvenile Dover sole (Solea solea L.). Lipids 
35: 745-755.

López-M uñoz A, Roca FJ, Meseguer J, M ulero V (2009) New 
insights into the evolution o f IFNs: Zebrafish group II IFNs

Reviews in Aquaculture (2013) 5 (Suppl. 1), S1-S25
©  201 3  W iley  Publishing Asia Pty Ltd S19



O. V a d s te in  e t  al.

induce a rapid and transient expression of IFN -dependent 
genes and display powerful antiviral activities. Journal o f 
Immunology 182: 3440-3449.

Losure DA, Wilsey BJ, M oloney KA (2007) Evenness-invasibi 
lity relationships differ between two extinction scenarios in 
tallgrass prairie. Oikos 116: 87-98.

Lovoll M, Kilvik T, Boshra H, Bogwald J, Sunyer JO, Dalmo RA
(2006) M aternal transfer o f com plem ent com ponents C3-1, 
C3-3, C3-4, C4, C5, C7, Bf, and D f to offspring in rainbow 
tro u t (Oncorhynchus mykiss). Immunogenetics 58: 168-179.

M addox JF, Mackay CR, B randon M R (1987) Ontogeny of 
ovine lymphocytes. 1. An im m unohistochem ical study on 
the developm ent o f lymphocytes-T in the sheep embryo and 
fetal thymus. Immunology 62: 97-105.

M ahious AS, Gatesoupe FJ, Hervi M, Métailler R, Ollevier F
(2006) Effect o f dietary inulin and oligosaccharides as prebi
otics for turbot, Psetta maxima  (Linnaeus, C. 1758). A qua
culture International 14: 219-229.

M akridis P, Fjellheim JA, Skjermo J, Vadstein O (2000a) Colo
nization o f the gut in first feeding tu rbo t by bacterial strains 
added to the water o r bioencapsulated in rotifers. Aquacul
ture International 8: 367-380.

M akridis P, Fjellheim A, Skjermo J, Vadstein O (2000b) C on
trol o f the bacterial flora o f Brachionus plicatilis and Artemia  
franciscana by incubation in bacterial suspensions. Aquacul
ture 185: 207-218.

M akridis P, Bergh 0 ,  Skjermo J, Vadstein O (2001) Addition 
o f bacteria bioencapsulated in Artemia  m etanauplii to a 
rearing system for halibut larvae. Aquaculture International 
9: 225-235.

M akridis P, M artins S, Reis J, Dinis MT (2008) Use o f p rob i
otic bacteria in  the rearing o f Senegalese sole (Solea senegal
ensis) larvae. Aquaculture Research 39: 627-634.

Manefield M, H arris L, Rice SA, de Nys R, Kjelleberg S (2000) 
Inhibition o f luminescence and virulence in the black tiger 
prawn (Penaeus monodon) pathogen Vibrio harveyi by in ter
cellular signal antagonists. Applied and Environmental Micro
biology 66: 2079-2084.

van der Marei M, Caspari N, Neuhaus H, Meyer W , Enss M- 
L, Steinhagen D (2010) Changes in skin m ucus o f com m on 
carp, Cyprinus carpio L., after exposure to water with a high 
bacterial load. Journal o f Fish Diseases 33: 431-439.

M arques A, Ollevier F, Verstraete W, Sorgeloos P, Bossier P 
(2006a) Gnotobiotically grown aquatic animals: o pportun i
ties to investigate host-m icrobe interactions. Journal o f 
Applied Microbiology 100: 903-918.

M arques A, T hanh TH, Verstraete W , D hont J, Sorgeloos P, 
Bossier P (2006b) Use o f selected bacteria and yeast to p ro 
tect gnotobiotic Artemia  against different pathogens. Journal 
o f Experimental M arine Biology and Ecology 334: 20-30.

M artin JS, Renshaw SA (2009) Using in vivo zebrafish models 
to understand the biochem ical basis o f neutrophilic respira
tory disease. Biochemical Society Transactions 37: 830-837.

M artin-A ntonio B, Jim énez-Cantizano RM, Salas-Leiton E, 
Infante C, M anchado M (2009) Genomic characterization

and gene expression analysis o f four hepcidin genes in the 
redbanded seabream (Pagrus auriga). Fish and Shellfish 
Immunology  26: 483-491.

M arzorati M, W ittebolle L, Boon N, Daffonchio D, Verstraete 
W  (2008) H ow  to get m ore ou t o f  molecular fingerprints: 
practical tools for m icrobial ecology. Environmental Micro
biology 10: 1571-1581.

M atena J, Simek K, Fernando CH (1995) Ingestion o f sus
pended bacteria by fish: a m odified approach. Journal o f Fish 
Biology 47: 334-336.

M cIntosh D, Ji B, Forward BS, Puvanendran V, Boyce D, Rith- 
chie R (2008) C ulture-independent characterization o f the 
bacterial populations associated with cod (Gadus morhua L.) 
and live feed at an experimental hatchery facility using 
denaturing gradient gel electrophoresis. Aquaculture 275: 
42-50.

Meijer AH, Gabby Krens SF, M edina Rodriguez IA, He S, 
Bitter W, Ewa Snaar-Jagalska B et al. (2004) Expression 
analysis o f the Toll-like receptor and TIR dom ain adaptor 
families o f zebrafish. Molecular Immunology 40: 773-783.

Merchie G, Lavens P, Sorgeloos P (1997) Optim ization o f die
tary vitam in C in fish and crustacean larvae: a review. Aqua- 
culture 155: 165-181.

M eseguer J, Esteban MA, Agulleiro B (1991) Strom al cells, 
macrophages and lym phoid cells in the head-kidney o f sea 
bass (Dicentrarchus labrax L.): an ultrastructural study. 
Archives o f Histology and Cytology 54: 299-309.

M ok KC, W ingreen NS, Bassler BL (2003) Vibrio harveyi quo
rum  sensing: a coincidence detector for two autoinducers 
controls gene expression. EMBO Journal 22: 870-881.

M ulero V, Meseguer J (1998) Functional characterization o f a 
m acrophage-activating factor produced by leucocytes o f gilt
head seabream (Sparus aurata L.). Fish and Shellfish Im m u 
nology 8: 143-156.

M ulero I, Garcia-Ayala A, Meseguer J, M ulero V (2007a) 
M aternal transfer o f im m unity  and ontogeny o f autologous 
im m unocom petence o f fish: a minireview. Aquaculture 268: 
244-250.

M ulero I, Sepulcre MP, Meseguer J, Garcia-Ayala A, M ulero V 
(2007b) H istam ine is stored in m ast cells o f m ost evolution- 
arily advanced fish and regulates the fish inflam m atory 
response. Proceedings o f the National Academy o f Sciences o f 
the United States o f America 104: 19434-19439.

M ulero I, Noga EJ, Meseguer J, Garcia-Ayala A, M ulero V 
(2008a) The antim icrobial peptides piscidins are stored in 
the granules o f professional phagocytic granulocytes o f  fish 
and are delivered to the bacteria-containing phagosome 
upon  phagocytosis. Developmental and Comparative Im m u 
nology 32: 1531-1538.

M ulero I, Sepulcre MP, Roca FJ, Meseguer J, Garcia-Ayala 
A, M ulero V (2008b) Characterization o f m acrophages 
from  the bony fish gilthead seabream using an antibody 
against the m acrophage colony-stim ulating factor receptor. 
Developmental and Comparative Immunology  32: 1151— 
1159.

S20
Reviews in Aquaculture (2013) 5 (Suppl. 1), S1-S25

©  201 3  W iley  Publishing Asia Pty Ltd



Microbiology and im m unology o f fish larvae

M unro PD, Barbour A, Birkbeck TH (1995) Com parison of 
the growth and survival o f  larval tu rbo t in  the absence of 
culturable bacteria with those in the presence o f Vibrio 
anguillarum, Vibrio alginolyticus, o r a m arine Aeromonas sp. 
Applied and Environmental Microbiology 61: 4425-4428.

M uroga K, Yasunobu H, Okada N, M asum ura K (1990) Bacte
rial enteritis o f cultured flounder Paralichthys olivaceus lar
vae. Diseases o f Aquatic Organisms 9: 121-125.

Muyzer G, de-W aal EC, U itterlinden AG (1993) Profiling of 
complex m icrobial populations by denaturing gradient gel 
electrophoresis analysis o f  polymerase chain reaction-am pli
fied genes coding for 16S rRNA. Applied and Environmental 
Microbiology 59: 695-700.

Muyzer G, H ottentrager S, Teske A, W awer C (1996) D entatuant 
gradient gel electrophoresis o f  PCR amplified 16S rDNA -  A 
new m olecular approach to analyse the genetic diversity o f 
m ixed m icrobial com m unities. In: Akkermans ADL, van Elsas 
JD, DeBruijn FJ (eds) Molecular Microbial Ecology M anual, 
pp. 1-23. Kluwer Academic Publishers, D or-drecht.

Nakanishi T (1991) Ontogeny o f the im m une system in Sebas
ticus marmoratus: histogenesis o f the lym phoid organs and 
effect o f  the thymectomy. Environmental Biology o f Fishes 
30: 135-145.

N atrah FMI, Defoirdt T, Sorgeloos P, Bossier P (2011) D isrup
tion  o f bacterial cell-to-cell com m unication by m arine 
organisms and its relevance to aquaculture. M arine Biotech
nology 13: 109-126.

N han DT, Cam DTV, Wille M, Defoirdt T, Bossier P, Sorge- 
loos P (2010) Application of N-acylhom oserine lactone- 
degrading bacteria in the larviculture o f the giant freshwater 
prawn (Macrobrachium rosenbergii). Journal o f Applied 
Microbiology 109: 1007-1016.

Noga EJ, Silphaduang U, Park NG, Seo JK, Stephenson J, 
Kozlowicz S (2009) Piscidin 4, a novel m em ber o f the pisci
din family o f antim icrobial peptides. Comparative Biochemis- 
tiy  and Physiology Part B: Biochemistry and Molecular 
Biology 152: 299-305.

0 ie  G, Reitan KI, Olsen Y (1994) Com parison o f rotifer cul
ture quality with yeast plus oil and algal-based cultivation 
diets. Aquaculture International 2: 225-238.

Olafsen JA, Hansen GH (1992) Intact antigen uptake in intes
tinal epithelial cells o f m arine fish larvae. Journal o f Fish 
Biology 40: 141-156.

Olsen YA, Press CM (1997) D egradation kinetics o f im m uno
globulin in the egg, alevin and fry o f A tlantic salmon, Salmo 
salar L., and the localisation o f im m unoglobulin in the egg. 
Fish and Shellfish Immunology  7: 81-91.

Olsen AI, Olsen Y, A ttram adal Y, Christie K, Birkbeck TH, 
Skjermo J et al. (2000) Effects o f short term  feeding of 
microalgae on the bacterial flora associated w ith juvenile 
Artemia fransiscana. Aquaculture 190: 11-25.

O ’Neill JG (1989) O ntogeny o f the lym phoid organs in an 
Antarctic teleost, Harpagifer antarcticus (Notothenioidei: 
Perciformes). Developmental and Comparative Immunology 
13: 25-33.

Reviews in Aquaculture (2013) 5 (Suppl. 1), S1-S25
©  201 3  W iley  Publishing Asia Pty Ltd

O ppenheim er CH (1955) The effect o f  m arine bacteria on  the 
developm ent and hatching o f pelagic fish eggs, and control 
o f  such bacteria by antibiotics. Copeia 1: 43-49.

Overgard AC, Fiksdal IU, Nerland AH, Patel S (2011) Expres
sion o f T-cell m arkers during  Atlantic halibut (Hippoglossus 
hippoglossus L.) ontogenesis. Developmental and Comparative 
Immunology 35: 203-213.

Padrós F, Crespo S (1996) O ntogeny o f the lym phoid organs 
in  the tu rbo t Scophthalmus maximus: a light and electron 
microscope study. Aquaculture 144: 1-16.

Palti Y (2011) Toll-like receptors in bony fish: from  genomics 
to function. Developmental and Comparative Immunology, 
35: 1263-1272.

Patel S, Sorhus E, Fiksdal IU, Espedal PG, Bergh O, Rodseth OM 
et al. (2009) O ntogeny o f lym phoid organs and developm ent 
o f  IgM -bearing cells in Atlantic halibut (Hippoglossus hippog
lossus L.). Fish and Shellfish Immunology 26: 385-395.

Peixoto RS, da  Costa C outinho HL, Rum janek NG, Macrae A, 
Rosado AS (2002) Use o f rpoB and 16S rRNA genes to 
analyse bacterial diversity o f a tropical soil using PCR and 
DGGE. Letters in Applied Microbiology 35: 316-320.

Pelegrín P, Garcia-Castillo J, M ulero V, Meseguer J (2001) 
Interleukin-1 beta isolated from  a m arine fish reveals up-reg- 
ulated expression in macrophages following activation with 
lipopolysaccharide and lymphokines. Cytokine 16: 67-72.

Peres A, Cahu CL, Zam bonino Infante JL (1997) Dietary sper
m ine supplem entation induces intestinal m aturation  in sea 
bass (Dicentrarchus labrax) larvae. Fish Physiology and Bio
chemistry 16: 479-485.

Perez-Benavente G, Gatesoupe FJ (1988) Bacteria associated 
with cultured rotifers and Artemia are detrim ental to larval 
turbot, Scophthalmus maximus L. Aquaculture Engineering 7: 
289-293.

Phelan PE, Mellon MT, Kim CH (2005) Functional characteri
zation o f full-length TLR3, IRAK-4, and TRAF6 in zebrafish 
(Danio rerio). Molecular Immunology  42: 1057-1071.

Picchietti S, Scapigliati G, Fanelli M, Barbato F, Canese S, 
M astrolia L et al. (2001) Sex-related variations o f serum  
im m unoglobulin during  reproduction  in gilthead sea bream  
and evidence for a transfer from  the female to the eggs. 
Journal o f Fish Biology 59: 1503-1511.

Picchietti S, Taddei AR, Scapigliati G, Buonocore F, Fausto AM, 
Rom ano N et al. (2004) Im m unoglobulin  protein  and gene 
transcripts in ovarian follicles throughout oogenesis in the 
teleost Dicentrarchus labrax. Cell Tissue Research 315: 259- 
270.

Picchietti S, Guerra L, Selleri L, Buonocore F, Abelli L, Scapi- 
gliati G et al. (2008) C om partm entalisation o f T cells 
expressing CD8a and TCRb in developing thym us o f sea 
bass D icentrarchus labrax (L.). Developmental and Compara
tive Immunology 32: 92-99.

Picchietti S, Guerra L, Buonocore F, Randelli E, Fausto AM, 
Abelli L (2009) Lymphocyte differentiation in sea bass thy
mus: CD4 and CD8-alpha gene expression studies. Fish and  
Shellfish Immunology 27: 50-56.

S21



O. V a d s te in  e t  al.

Planas M, Perez-Lorenzo M, Hjelm M, Gram L, Fiksdal IU, 
Bergh 0  et ah (2006) Probiotic effect in vivo o f Roseobacter 
strain 27-4 against Vibrio (Listonella) anguillarum  infections 
in tu rbo t (Scophthalmus maximus L.) larvae. Aquaculture 
255: 323-333.

Plante S, Pernet F, Hache R, Ritchie R, Ji BJ, M cIntosh D
(2007) Ontogenetic variations in lipid class and fatty acid 
com position o f haddock larvae Melanogrammus aeglefinus in 
relation to changes in  diet and m icrobial environm ent. 
Aquaculture 263: 107-121.

Press C, Evensen O ( 1999) The m orphology o f the im m une sys
tem  in teleost fishes. Fish and Shellfish Immunology  9: 309-318.

Prol-Garcia MJ, Planas M, Pintado J (2010) Different coloniza
tion  and residence tim e o f Listonella anguillarum  and Vibrio 
splendidus in the rotifer Brachionus plicatilis determ ined by 
real-tim e PCR and DGGE. Aquaculture 302: 25-36.

Quesada J, Villena MI, Navarro V (1994) Ontogeny o f the sea 
bass spleen (Dicentrarchus labrax): a light and electron 
microscopic study. Journal o f Morphology 221: 161-176.

Rasch M, Buch C, Austin B, Slierendrecht WJ, Ekm ann KS, 
Larsen JL et al. (2004) An inhibitor o f bacterial quorum  
sensing reduces m ortalities caused by vibriosis in rainbow 
tro u t (Oncorhynchus mykiss, W albaum ). Systematic and 
Applied Microbiology 27: 350-359.

Rawls JF, Samuel BS, G ordon JI (2004) Gnotobiotic zebrafish 
reveal evolutionarily conserved responses to the gut m icrobi
ota. Proceedings o f the National Academy o f Sciences o f the 
United States o f America 101: 4596-4601.

Rawls J, M ahowald M, Ley R, G ordon JI (2006) Reciprocal gut 
m icrobiota transplants from  zebrafish and mice to germ-free 
recipients reveal host habitat selection. Cell 127: 423-433.

Read S, M arzorati M, Guimaraes BCM, Boon N (2011) M icro
bial resource m anagem ent revisited: successful param eters 
and new concepts. Applied Microbiology and Biotechnology 
90: 861-871.

Rebl A, Goldam m er T, Seyfert HM  (2010) Toll-like receptor 
signaling in bony fish. Veterinary Immunology and Im m uno- 
pathology 134: 139-150.

Reid HI, Treasurer JW, Adam B, Birkbeck TH (2009) Analysis 
o f bacterial populations in the gut o f  developing cod larvae 
and identification of Vibrio logei, Vibrio anguillarum  and 
Vibrio splendidus as pathogens o f cod larvae. Aquaculture 
288: 36-43.

Reitan KI, Natvik C, Vadstein O (1998) D rinking rate, uptake 
o f bacteria and micro-algae in tu rbo t larvae. Journal o f Fish 
Biology 53: 1145-1154.

Reite OB (1997) M ast cells/eosinophilic granule cells o f  salmo- 
nids: staining properties and responses to noxious agents. 
Fish and Shellfish Immunology  7: 567-584.

Reite OB, Evensen O (2006) Inflam m atory cells o f teleostean 
fish: a review focusing on m ast cells/eosinophilic granule 
cells and rodlet cells. Fish and Shellfish Immunology 20: 
192-208.

Renouf V, Claisse O, M iot-Sertier C, Lonvaud-Funel A (2006) 
Lactic acid bacteria evolution during  winemaking: use o f

S22

rpoB gene as a target for PCR-DGGE analysis. Food Microbi
ology 23: 136-145.

Renshaw SA, Loynes CA, Trushell DM, Elworthy S, Ingham  
PW, W hyte MK (2006) A transgenic zebrafish m odel o f 
neutrophilic inflam m ation. Blood 108: 3976-3978.

Richter CA, W right-O sm ent MK, Zajicek JL, Honeyfield DC, 
Tillitt DE (2009) Quantitative polymerase chain reaction 
(PCR) assays for a bacterial thiam inase I gene and the thi- 
am inase-producing bacterium . Journal o f Aquatic Anim al 
Health 21: 229-238.

Ringo E, Birkbeck TH (1999) Intestinal m icroflora o f fish lar
vae and fry. Aquaculture Research 30: 73-93.

Ringo E, Vadstein O (1998) Colonization o f Vibrio pelagius 
and Aeromonas caviae in early developing turbot, Scophthal
mus maximus (L.) larvae. Journal o f Applied Microbioogy 84: 
227-233.

Ringo E, Strom  E, Tabacheck JA (1995) Intestinal m icro flora 
o f salmonids. Aquaculture Research 26: 773-789.

Ringo E, Olsen RE, Gifstad T 0 , Dalmo RA, Am lund H, Hem - 
re CI et al. (2010) Prebiotics in  aquaculture: a review. A qua
culture Nutrition  16: 117-136.

Roberts MS, Garland JL, Mills AL (2004) M icrobial astronauts: 
assembling m icrobial com m unities for advanced life support 
systems. Microbial Ecology 47: 137-149.

Roca FJ, M ulero I, López-Mufioz A, Sepulcre MP, Renshaw 
SA, Meseguer J et al. (2008) Evolution o f the inflam m atory 
response in vertebrates: fish TNF-alpha is a powerful activa
to r o f  endothelial cells bu t hardly activates phagocytes. Jour
nal o f Immunology 181: 5071-5081.

R om bout JH, Taverne-Thiele AJ, Villena MI (1993) The gut- 
associated lym phoid tissue (GALT) o f carp (Cyprinus carpio 
L.): an im m unocytochem ical analysis. Developmental and 
Comparative Immunology 17: 55-66.

R om bout JHW M , H uttenhuis HBT, Picchietti S, Scapigliati G
(2005) Phylogeny and ontogeny o f fish leucocytes. Fish and 
Shellfish Immunology  19: 441-455.

Sagan L (1967) On the origin o f  m itosing cells. Journal o f  The
oretical Biology 14: 255-274.

Salvesen I, Vadstein O ( 1995) Surface disinfection o f eggs from 
m arine fish: evaluation o f four chemicals. Aquaculture Inter
national 3: 155-171.

Salvesen I, Skjermo J, Vadstein O (1999) Growth o f tu rbo t 
(Scophthalmus maximus L.) during first feeding in relation 
to the p roportion  o f r/K -strategists in the bacterial com m u
nity o f the rearing water. Aquaculture 175: 337-350.

Sam anta M, Swain B, Basu M, Panda P, M ohapatra GB, Sahoo 
BR et al. (2012) M olecular characterization o f toll-like 
receptor 2 (TLR2), analysis o f its inductive expression and 
associated dow n-stream  signaling molecules following 
ligands exposure and bacterial infection in  the Indian m ajor 
carp, rohu  (Labeo rohita). Fish Shellfish Immunology 32: 
411-425.

Sandaa R-A, Magnesen T, Torkildsen L, Bergh 0  (2003) C har
acterisation o f bacterial com m unities associated with early 
life stages o f cultured great scallop (Pecten maximus), using

Reviews in Aquaculture (2013) 5 (Suppl. 1), S1-S25
©  201 3  W iley  Publishing Asia Pty Ltd



Microbiology and im m unology o f fish larvae

denaturing gradient gel electrophoresis (DGGE). Systematic 
and Applied Microbiology 26: 302-311.

Sandaa R-A, Brunvold L, Magnesen T, Bergh 0  (2008) M oni
toring opportunistic bacteria in a hatchery for great scallop, 
Pecten maximus by means o f denaturing gradient gel electro
phoresis (DGGE). Aquaculture 276: 14-21.

Sandlund N, Bergh 0  (2008) Screening and characterisation of 
potentially pathogenic bacteria associated w ith Atlantic cod 
Gadus morhua larvae: bath  challenge trials using a m ultidish 
system. Diseases o f Aquatic Organisms 81: 203-217.

Sandlund N, Rodseth OM, Knappskog DH, Fiksdal IU, Bergh 
0  (2010) Com parative susceptibility o f turbot, halibut and 
cod yolk-sac larvae to challenge w ith Vibrio spp. Diseases o f  
Aquatic Organisms 89: 29-37.

Santos SR, Ochm an H  (2004) Identification and phylogenetic 
sorting o f bacterial lineages w ith universally conserved genes 
and proteins. Environmental Microbiology 6: 754-759.

Scapigliati G, Mazzini M, M astrolia L, Rom ano N, Abelli L 
(1995) P roduction and characterisation o f a m onoclonal 
antibody against the thymocytes o f  the sea bass Dicentrar
chus labrax L. (Teleostea, Percicthydae). Fish and Shellfish 
Immunology 5: 393-405.

Scapigliati G, Rom ano N, Picchietti S, Mazzini M, M astrolia 
L, Scalia D et al. (1996) M onoclonal antibodies against sea 
bass Dicentrarchus labrax (L.) im m unoglobulins: im m unol- 
ocalization o f im m unoglobulin-bearing cells and applicabil
ity in  immunoassays. Fish and Shellfish Immunology 6: 383- 
401.

Scapigliati G, Scalia D, M arras A, M eloni S, Mazzini M (1999) 
Im m unoglobulin levels in the teleost sea bass Dicentrarchus 
labrax (L.) In relation to age, season, and water oxygenation. 
Aquaculture 174: 207-212.

Schroder MB, Vilena A, Jorgensen T 0  (1998) Ontogeny of 
lym phoid organs and im m unoglobulin producing cells in 
atlantic cod (Gadus morhua L.). Developmental and Compar
ative Immunology  22: 507-517.

Secombes CJ (1996) The nonspecific im m une system: cellular 
defenses. In: Iwam a G, Nakanishi T (eds) The Fish Im m une  
System. Organism, Pathogen and Environment, pp. 63-105. 
Academic Press, San Diego, CA.

Secombes CJ, Fletcher TC (1992) The role o f phagocytes in 
the protective mechanism s o f fish. Annual Review o f Fish 
Disease 2: 53-71.

Secombes CJ, Zou J, Bird S (2009) Fish cytokines: discovery, 
activities and potential applications. In: Zaccone G, Mese
guer J, Garcia-Ayala A, Kapoor BG (eds) Fish Defenses. Vol. 
1: Immunology, pp. 1-36. Science Publishers, Basingstoke, 
NH.

Seksik P, Rigottier-Gois L, Gram et G, Sutren M, Pochart P, 
M arteau P et al. (2003) Alterations o f the dom inant faecal 
bacterial groups in patients w ith C rohn’s disease o f  the 
colon. Gut 52: 237-242.

Seppola M, Johnsen H, M ennen S, Myrnes B, Tveiten H
(2009) M aternal transfer and transcriptional onset o f

im m une genes during  ontogenesis in Atlantic cod. Develop
mental and Comparative Immunology 33: 1205-1211.

Sepulcre MP, Pelegrin P, M ulero V, Meseguer J (2002) C har
acterisation o f gilthead seabream acidophilic granulocytes by 
a m onoclonal antibody unequivocally points to their 
involvem ent in fish phagocytic response. Cell and Tissue 
Research 308: 97-102.

Sepulcre MP, Alcaraz-Pérez F, López-M uñoz A, Roca FJ, Mese
guer J, Cayuela ML et al. (2009) Evolution o f lipopolysac- 
charide (LPS) recognition and signaling: fish TLR4 does not 
recognize LPS and negatively regulates NF-kappaB activa
tion. Journal o f Immunology 182: 1836-1845.

Silphaduang U, Noga EJ (2001) Peptide antibiotics in  mast 
cells o f fish. Nature  414: 268-269.

Skjermo J, Bergh 0  (2004) H igh-M  alginate im m unostim ula- 
tion  o f Atlantic halibut (Hippoglossus hippoglossus L.) larvae 
using Artemia  for delivery, increases resistance against vibri
osis. Aquaculture 238: 107-113.

Skjermo J, Vadstein O (1993) The effect o f microalgae on  skin 
and gut bacterial flora o f halibut larvae. In: Reinertsen H, 
Dahle LA, Jorgensen L, Tvinnereim  L (eds) Fish Farming 
Technology, pp. 61-67. A.A. Balkema Publishers, Rotterdam .

Skjermo J, Vadstein O (1999) Techniques for m icrobial control 
in  the intensive rearing o f m arine larvae. Aquaculture 177: 
333-343.

Skjermo J, Salvesen I, 0 ie  G, Olsen Y, Vadstein O (1997) 
M icrobially m aturated  water: a technique for selection o f a 
non-opportunistic  bacterial flora in water that m ay improve 
perform ance o f m arine larvae. Aquaculture International 5: 
13-28.

Sm ith JV, Fernandes M O (2009) Antim icrobial peptides o f  the 
innate im m une system. In: Zaccone G, Meseguer J, Garcia- 
Ayala A, Kapoor BG (eds) Fish Defenses. Vol. 1: Immunology, 
pp. 241-275. Science Publishers, Basingstoke, NH.

Sorgeloos P, D hert P, Candreva P (2001) Use o f the brine 
shrim p Artemia  spp. in m arine fish larviculture. Aquaculture 
200: 147-159.

Sottovia-Filho D, Taga R (1973) M orphological and histo- 
chemical study o f granular acidophilic cells in the connec
tive tissue o f some ophidians. Japanese Archives o f Histology 
36: 79-84.

Stockham m er O, Zakrzewska A, Hegedûs Z, Spaink HP, Meijer 
AH (2009) Transcriptom e profiling and functional analyses 
o f  the zebrafish embryonic innate im m une response to Sal
monella infection. Journal o f Immunology 182: 5641-5653.

S tottrup JG (1993) First feeding in m arine fish larvae: nu tri
tional and environm ental aspects. In: W alther BT, Fyhn HJ 
(eds) Physiological and Biochemical Aspects o f Fish Develop
ment, pp. 123-131. University o f Bergen, Bergen.

Suzer C, Coban D, Kamaci HO, Saka S, Firat K, Otgucuoglu 
O et al. (2008) Lactobacillus spp. bacteria as probiotics in 
gilthead sea bream  (Sparus aurata L.) larvae: effects on 
growth perform ance and digestive enzyme activities. Aqua
culture 280: 140-145.

Reviews in Aquaculture (2013) 5 (Suppl. 1), S1-S25
©  201 3  W iley  Publishing Asia Pty Ltd S23



O. V a d s te in  e t  al.

Swain P, Nayak SK (2009) Role o f  m aternally derived im m u 
nity in fish. Fish and Shellfish Immunology  27: 89-99.

Taga ME, Bassler BL (2003) Chemical com m unication am ong 
bacteria. Proceedings o f the National Academy o f Sciences o f 
the United States o f America 100: 14549-14554.

Takano T, Hwang SD, Kondo H, H irono I, Aoki T, Sano M
(2010) Evidence o f m olecular toll-like receptor m echanisms 
in teleosts. Fish Pathology 45: 1-16.

Thom pson CC, Thom pson FL, Vandemeulebroecke K, Hoste 
B, Dawyndt P, Swings J (2004) Use o f recA as an alternative 
phylogenetic m arker in the family Vibrionaceae. Interna
tional Journal o f Systematic and Evolutionary Microbiology 
54: 919-924.

T inh NTN, Gunasekara RAYSA, Boon N, Dierckens K, Sorge- 
loos P, Bossier P (2007a) N-acyl hom oserine lactone-degrad
ing m icrobial enrichm ent cultures isolated from  Penaeus 
vannamei shrim p gut and their probiotic properties in 
Brachionus plicatilis cultures. FEMS Microbiology Ecology 62: 
45-53.

T inh NTN, Linh ND, W ood TK, Dierckens K, Sorgeloos P, 
Bossier P (2007b) Interference w ith the quorum  sensing sys
tems in  a Vibrio harveyi strain alters the growth rate o f gno- 
tobiotically cultured rotifer Brachionus plicatilis. Journal o f  
Applied Microbiology 103: 194-203.

T inh NTT, Yen VHN, Dierckens K, Sorgeloos P, Bossier P
(2008) An acyl hom oserine lactone-degrading microbial 
com m unity improves the survival o f first-feeding tu rbo t lar
vae (Scophthalmus maximus L.). Aquaculture  285: 56-72.

Tovar-Ramirez D, Zam bonino J, Cahu C, Gatesoupe FJ, 
Vazquez-Juarez R, Lésel R (2002) Effect o f  live yeast incor
poration  in com pound diet on  digestive enzyme activity 
in sea bass (Dicentrarchus labrax) larvae. Aquaculture 204: 
113-123.

Tovar-Ramirez D, Infante JZ, Cahu C, Gatesoupe FJ, Vazquez- 
Juarez R (2004) Influence o f dietary live yeast on  European 
sea bass (Dicentrarchus labrax) larval developm ent. Aquacul
ture 234: 415-427.

Tovar-Ramirez D, M azurais D, Gatesoupe JF, Quazuguel P, 
Cahu CL, Z am bonino-Infante JL (2010) Dietary probiotic 
live yeast m odulates antioxidant enzyme activities and gene 
expression o f sea bass (Dicentrarchus labrax) larvae. Aqua- 
cidture 300: 142-147.

Vadstein O (2000) H eterotrophic, planktonic bacteria and 
cycling o f phosphorus: phosphorus requirem ents, com peti
tive ability and food web interactions. Advances in Microbial 
Ecology 16: 115-168.

Vadstein O, M o TA, Bergh 0  (2004) M icrobial interactions, 
prophylaxis and diseases. In: Moksness E, Kjorsvik E, Olsen 
Y (eds). Culture o f cold-water marine fish, pp. 28-72. Black- 
well Publishing, Oxford.

Vadstein O, 0 ie  G, Olsen Y, Salvesen I, Skjermo J, Skjâk-Bræk 
G (1993) A strategy to obtain m icrobial control during lar
val developm ent o f m arine fish. In: Reinertsen H, Dahle LA, 
Jorgensen L, Tvinnereim  K (eds). Fish Farming Technology, 
pp. 69-75. A.A. Balkema Publishers, Rotterdam .

Van de Wiele T, Boon N, Possemiers S, Jacobs H, Verstraete 
W  (2004) Prebiotic effects o f chicory inulin  in the sim ulator 
o f the hum an intestinal m icrobial ecosystem. FEMS Microbi
ology Ecology 51: 143-153.

V anhoutte T, Huys G, De Brandt E, Swings J (2004) Tem poral 
stability analysis o f the m icrobiota in hum an feces by dena
turing  gradient gel electrophoresis using universal and 
group-specific 16S rRNA gene primers. FEMS Microbiology 
Ecology 48: 437-446.

Verschuere L, Rom baut G, Huys G, D hont J, Sorgeloos P, Ver
straete W  (1999) M icrobial control o f  the culture o f  Artemia 
juveniles through preem ptive colonization by selected bacte
rial strains. Applied and Environmental Microbiology 65: 
2527-2533.

Verschuere L, R om bout G, Sorgeloos P, Verstraete W  (2000) 
Probiotic bacteria as biological contro l agents in aquacul
ture. Microbiology and Molecular Biology Reviews 64: 655- 
671.

Verstraete W, W ittebolle L, Heylen K, Vanparys B, de Vos P, 
van de Wiele T et al. (2007) M icrobial resource m anage
m ent: the road to go for environm ental biotechnology. Engi
neering in Life Sciences 7: 117-126.

Vine NG, Leukes W D, Kaiser H  (2006) Probiotics in m arine 
m arviculture. FEMS Microbiology Reviews 30: 404-427.

W aché Y, Auffray F, Gatesoupe FJ, Zam bonino J, Gayet V, 
Labbé L et al. (2006) Cross effects o f  the strain o f  dietary 
Saccharomyces cerevisiae and rearing conditions on  the 
onset o f  intestinal m icrobiota and digestive enzymes in 
rainbow  trout, Onchorhynchus mykiss, fry. Aquaculture  258: 
470-478.

W hyte SK (2007) The innate im m une response o f finfish -  a 
review of current knowledge. Fish and Shellfish Immunology  
23: 1127-1151.

W intzingerode FV, Göbel UB, Stackebrandt E (1997) D eterm i
nation  of m icrobial diversity in  environm ental samples: p it
falls o f PCR-based rRNA analysis. FEMS Microbiology 
Reviews 21: 213-229.

W islinghoff H, Bischoff T, Tallent SM, Seifert H, W enzel RP, 
Edm ond MB (2004) Nosocom ial bloodstream  infections in 
US hospitals: analysis o f 24,179 cases from  a prospective 
nationwide surveillance study. Clinical Infectious Diseases 39: 
309-317.

W ittebolle L, M arzorati M, Clem ent L, Balloi A, Daffonchio D, 
Heylen K et al. (2009) Initial com m unity evenness favors 
functionality under selective stress. Nature  458: 623-626.

Yano T (1996) The nonspecific im m une system: hum oral 
defenses. In: Iwama G, Nakanishi T (eds) The Fish Im m une  
System. Organism, Pathogen and Environment, pp. 105-157. 
Academic Press, San Diego, CA.

Zam bonino Infante JL, Cahu CL (2007) Dietary m odulation of 
some digestive enzymes and metabolic processes in  develop
ing m arine fish: applications to diet form ulation. Aquacul
ture 268: 98-105.

Zapata AG, Chiba A, Varas A (1996) Cells and tissues o f the 
im m une system of fish. In: Iwam a G, Nakanishi T (eds) The

S24
Reviews in Aquaculture (2013) 5 (Suppl. 1), S1-S25

©  201 3  W iley  Publishing Asia Pty Ltd



Microbiology and im m unology o f fish larvae

Fish Im m une System. Organism, Pathogen and Environment, 
pp. 1-62. Academic Press, San Diego, CA.

Zapata AG, Torroba M, Varas A, Jiménez E (1997) Im m unity 
in fish larvae. Developments in Biological Standardization 90: 
23-32.

Zapata A, Diez B, Cejalvo T, Gutiérrez-de Frías C, Cortés A
(2006) O ntogeny o f the im m une system o f fish. Fish Shell
fish Immunology  20: 126-136.

Zhang ZQ, Raoof M, Chen Y, Sumi Y, Sursal T, Junger 
W  et al. (2010) Circulating m itochondrial DAMPs 
cause inflam m atory responses to  injury. Nature  464: 104- 
107.

Z ou J, Grabowski PS, C unningham  C, Secombes CJ (1999) 
M olecular cloning of interleukin lbeta  from  rainbow  trou t 
Oncorhynchus mykiss reveals no evidence o f an ice cut site. 
Cytokine 11: 552-560.

Reviews in Aquaculture (2013) 5 (Suppl. 1), S1-S25
©  201 3  W iley  Publishing Asia Pty Ltd S25


