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A B S T R A C T

The horizontal transmission of lymphocystis disease virus (LCDV) through contaminated water and feed (using
artemia as vehicle) and the associated immune gene expression profiles in Senegalese sole post-larvae were
investigated. All specimens analyzed were positive for LCDV DNA detection at 1-day post-challenge (1 dpc) with
the highest viral levels in specimens infected through the immersion route. However, the percentage of LCDV-
positive animals and number of viral DNA copies dropped progressively at 2 and 7 dpc. The histological analysis
identified structural changes in the skin, muscle and gills of sole post-larvae LCDV-challenged by immersion. In
situ hybridization confirmed a wide distribution of LCDV in the skin, gut, surrounding vessels in trunk muscle
and head kidney in the immersion route, while the signals were restricted to the liver and lamina propria in the
feeding treatment. Expression analysis using a set of 22 genes related to innate immune defense system de-
monstrated clear differences in the time-course response to LCDV as function of the infection route. Most an-
tiviral defense genes, the proinflammatory cytokines, the complement c3, g-type lysozyme and T-cell markers
cd4 and cd8a were rapidly induced in the feeding-infected post-larvae, and they were remained activated at 2
dpc. In contrast, in the immersion-infected post-larvae the induction of most defensive genes was delayed, with a
low intensity at 2 dpc. All these data demonstrate that LCDV can horizontally infect Senegalese sole post-larvae
through the water or feed although with different patterns of histopathological disorders, virus distribution and
route-specific expression profiles.

1. Introduction

The lymphocystis disease (LCD) is a viral pathology that affects
more than one hundred fish species worldwide both in freshwater and
marine environments (reviewed in Ref. [1]). The causative agent is the
lymphocystis disease virus (LCDV) that belongs to the genus Lympho-
cystivirus, family Iridoviridae, and exhibits a marked tropism towards
dermal fibroblasts. The typical lesions, known as lymphocysts, have a
nodular aspect that in massive infections can spread and cover most of
the skin body surface including fins [2]. In the Mediterranean basin and
European South Atlantic coasts, LCDV infections are mainly identified
in hatcheries producing gilthead seabream (Sparus aurata) appearing as
self-limiting episodes with a high morbidity and low mortality, unless
secondary infections or exacerbated cannibalism occur [3]. In most

cases, the infected animals remain as asymptomatic carriers and only
develop the disease under stress conditions. Experimental infections
showed a long incubation time (∼one month) before first detection of
the characteristic lesions [1,4]. The integumentary lesions fully dis-
appear in a few weeks, depending on the environmental temperature,
and the recovered animals remain as asymptomatic carriers that con-
vert the LCD in a chronic and recurrent problem in aquaculture
hatcheries. Although LCDV has been detected in a wide range of fish
species including the Senegalese sole (Solea senegalensis), the reported
outbreaks of LCD in this species are still scarce [5,6].

The high rates of LCDV prevalence have been associated with both
vertical and horizontal viral transmission [7]. Embryos from infected
brooders were demonstrated to carry the LCDV on the egg surface [7].
However, the horizontal transmission by direct contact with infected
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a b s t r a c t

In the present study, the pathogenesis of lymphocystis disease virus (LCDV) and the immune gene
expression patterns associated with this viral infection were determined in the flatfish Senegalese sole.
The results indicate that LCDV spreads rapidly from the peritoneal cavity through the bloodstream to
reach target organs such as kidney, gut, liver, and skin/fin. The viral load was highest in kidney and
reduced progressively thorough the experiment in spite of the viral major capsid protein gene was
transcribed. The LCDV injection activated a similar set of differentially expressed transcripts in kidney
and intestine although with some differences in the intensity and time-course response. This set
included antiviral-related transcripts (including the mx and interferon-related factors irf1, irf2, irf3, irf7,
irf8, irf9, irf10), cytokines (il1b, il6, il8, il12 and tnfa) and their receptors (il1r, il8r, il10r, il15ra, il17r),
chemokines (CXC-type, CC-type and IL-8), prostaglandins (cox-2), g-type lysozymes, hepcidin, comple-
ment fractions (c2, c4-1 and c4-2) and the antigen differentiation factors cd4, cd8a, and cd8b. The
expression profile observed indicated that the host triggered a systemic defensive response including
inflammation able to cope with the viral challenge.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Fish farming requires adequate management and control mea-
sures to cope with disease outbreaks specially for those of viral
aetiology due to the lack of effective therapies [1]. The lymphocystis
disease (LCD) is aworldwide disease reported in several fish species
both in wild and cultured populations [2]. In the Mediterranean
aquaculture, LCD is mainly observed in gilthead seabream (Sparus
aurata) and secondary in other species such as Senegalese sole
(Solea senegalensis) [3,4]. The typical sign of LCD is the presence of
small pearl-like nodules (known as lymphocysts) on the skin and
fins, which may occur singly or more generally grouped in
raspberry-like clusters of tumorous appearance [5]. Mortality rates
are normally low and the recovered fish remain as asymptomatic
hosts without clinical signs that could shed viral particles into the
environment to infect new fish [3,4]. In spite of this low mortality,
the LCD imposes important economic losses to the aquaculture
industry since animals with the typical lesions appear unsightly
and cannot be commercialized [2]. Moreover, LCD outbreaks in-
crease the susceptibility to secondary bacterial infections,

cannibalism and/or parasitic infestations that negatively influence
fish performance and indirectly mortality [6].

The lymphocystis disease virus (LCDV) belongs to genus Lym-
phocystivirus, family Iridoviridae. According to the polymorphisms
in the gene encoding for the major capsid protein (MCP), the LCDV
isolates are classified into nine different genotypes, fromwhich the
genotype VII is routinely found in gilthead seabream and Sene-
galese sole [2,4]. Previous studies have demonstrated that this vi-
rus, after contacting the host, spreads rapidly to several internal
organs through the leukocytes to replicate in fibroblasts, hepato-
cytes and macrophages [7e9]. This rapid viral dissemination acti-
vates a systemic defensive response that comprises some interferon
regulatory factors (IRFs) (including irf3, irf5, irf7, irf8 and irf9) and
mx [10e14], the signal transducer and activator of transcription
(STAT) 2 and STAT3, and the hepcidin [15,16]. This early response
seems essential to cope with virus infection as demonstrated by
in vitro studies with clonal populations of transfected CHSE-
214 cells that stably express Mx proteins [17]. Once the virus by-
passes these defence mechanisms, the number of viral copies in-
creases and the typical lymphocystis lesion arises [18]. In Japanese
flounder, the lymphocyst formation implies changes in the
expression of genes related to apoptosis inhibition, cell cycle arrest
and alterations of collagen fibres with the proliferation of macro-
phages, granulocytes and epithelioid cells in the dermis [8,18,19].
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A B S T R A C T

The microalgae are an important source of bioactive molecules including β-glucans that can be used as im-
munostimulants in aquaculture. In the present study, the antioxidant capacity, cytotoxicity and im-
munomodulatory activity of a chrysolaminarin-enriched extract obtained from the diatom Phaeodactylum tri-
cornutum was evaluated. The extract showed a higher total antioxidant activity as determined by ORAC and
FRAP assays and a lower DPPH scavenging activity than particulate yeast-β-glucan. The cytotoxicity test in-
dicated that extract concentrations higher than 0.01% w/v could impair cell viability of human dermal fibro-
blasts. To evaluate the immunomodulatory activity, juvenile soles were intraperitoneally injected with the
chrysolaminarin-enriched extract suspended in coconut oil (1 mg/fish) followed by a reinjection at 7 days. A
sham group injected with the carrier solution was maintained as a negative control. Cumulated mortality of fish
injected with the chrysolaminarin-enriched extract was 29.4% after six days and no mortality was recorded after
extract reinjection. Expression analyses of fifteen genes related to the innate immune system in kidney, spleen
and intestine showed temporal and organ-specific responses. A rapid (2 days post-injection; dpi) and strong
induction of the pro-inflammatory il1b and the antimicrobial peptide hamp1 in the three immunological organs,
the hsp90aa in kidney and spleen, irf3 in intestine and c3 in spleen was observed indicating a potent in-
flammatory response. The recovery of steady-state levels for all activated genes at 5 dpi, and the down-reg-
ulation of c-lectin receptor as well as some interferon-related genes (ifn1, irf1, irf3, irf8, irf9 and mx) in kidney
and cxc10 in spleen indicated that the soles were able to activate a homeostatic response against the β-glucan
insult. The reinjection of the chrysolaminarin-enriched extract did not activate a new inflammatory response but
reduced the mRNA levels of hsp90aa and irf3 indicating that soles developed some resistance to β-glucans.
Overall, these results reveal this enriched extract as a novel and potent source of β-glucans with antioxidant and
immunomodulatory capacity suitable for immunostimulation in aquaculture.

1. Introduction

The β-glucans are considered as potent immunosaccharides able to
enhance the immune response and prevent disease outbreaks [1,2].
These bioactive molecules activate the production of pro- and anti-in-
flammatory cytokines, which in turn modulate humoral and cellular
immunity through different pathways conferring antimicrobial, anti-
tumor and anti-proliferative properties [3–5]. Moreover, β-glucans ex-
hibit antioxidant, anti-diabetic, and anti-obesity effects [3,6] and the
broad spectrum of applications in biotechnology and biomedicine fields

makes them of high biotechnological and biomedical interest. In
aquaculture, β-glucans are mainly used as immunostimulants and pre-
biotics and are administered by injection or as a dietary supplement
able to enhance fish growth, survival and the immune response and also
improve resistance to several different pathogens [2,7]. Moreover, re-
cent findings that reported a role of β-glucans on trained immunity by
epigenetic reprogramming of monocyte-to-macrophage differentiation
[8–10] have even increased the interest on these polysaccharides.

The β-glucans are widely distributed in the nature and can be ob-
tained from different sources such as bacteria, algae, fungi and plants.
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A B S T R A C T

One bottleneck to sustainability of fish aquaculture is the control of infectious diseases. Current trends include

the preventive application of immunostimulants and prebiotics such as polysaccharides. The present study in-

vestigated how yeast β-glucan (Y), microalgal polysaccharide-enriched extracts (MAe) and whole Phaeodactylum

tricornutum cells (MA) modulated the gut microbiome and stimulated the immune system in Senegalese sole

(Solea senegalensis) when administered by oral intubation. Blood, intestine and spleen samples were taken at 3 h,

24 h, 48 h and 7 days after treatment. The short-term response (within 48 h after treatment) consisted of up-

regulation of il1b and irf7 expression in the gut of the Y treated group. In contrast, administration of MAe

decreased expression of tnfa and the chemokine cxc10 in the gut and spleen. Both treatments down-regulated the

expression of irf3 with respect to the control group. Lysozyme activity in plasma decreased at 48 h only in the

MAe-treated soles. Medium-term response consisted of the up-regulation of clec and irf7 expression in the gut of

the Y, MAe and MA groups and of il1b mRNAs in the spleen of the MA group compared to the control group.

Microbiome analysis using 16S rDNA gene sequencing indicated that the intestine microbiome was dominated

by bacteria of the Vibrio genus (> 95%). All the treatments decreased the relative proportion of Vibrio in the

microbiome and Y and MAe decreased and MA increased diversity. Quantitative PCR confirmed the load of

bacteria of the Vibrio genus was significantly decreased and this was most pronounced in Y treated fish. These

data indicate that orally administrated insoluble yeast β-glucans acted locally in the gut modulating the immune

response and controlling the Vibrio abundance. In contrast, the MAe slightly reduced the Vibrio load in the

intestine and caused a transient systemic anti-inflammatory response. The results indicate that these poly-

saccharides are a promising source of prebiotics for the sole aquaculture industry.

1. Introduction

Prebiotics are important feed supplements in aquaculture due to

their capacity to enhance health and prevent disease outbreaks. These

ingredients are normally non-digestible molecules that selectively

modulate the intestinal microbiome by promoting indigenous microbial

populations and preventing pathogen proliferation [1,2]. Carbohy-

drates (poly- and oligosaccharides) such as mannan-, fructo- and ga-

lacto-oligosaccharides, inulin or β-glucans are widely recognized for

their prebiotic activity. All these non-digestible sugars are fermented in

the gut resulting in the enhanced production of short chain fatty acids

(SCFA), mainly formate, acetate, propionate and butyrate [3,4]. These

secondary metabolites modulate the production and release of cyto-

kines and chemokines and leukocyte recruitment producing beneficial

effects on diabetes, colon cancer, obesity and systemic inflammation in

mammals [4,5]. In spite of the potential benefits of prebiotics for an-

imal health, their use in aquaculture is still limited and their actions are

far from understood [1].
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