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ARTICLE INFO ABSTRACT

Keywords: The horizontal transmission of lymphocystis disease virus (LCDV) through contaminated water and feed (using

LCDV artemia as vehicle) and the associated immune gene expression profiles in Senegalese sole post-larvae were

Horizontal transmiSSi‘?“ investigated. All specimens analyzed were positive for LCDV DNA detection at 1-day post-challenge (1 dpc) with

Immune gene expression the highest viral levels in specimens infected through the immersion route. However, the percentage of LCDV-

Senegalese sole 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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animals or through contaminated water after breaking lymphocysts and
the subsequent releasing of viral content has been hypothesized as the
main mechanism that explains the high morbidity in highly susceptible
species such as seabream, although no experimental evidences of wa-
terborne viral transmission were still provided. Only the horizontal
transmission through the supply of LCDV-infected live preys to the
larvae during early developmental stages was demonstrated, re-
presenting an efficient way to deliver LCDV particles and to establish a
systemic infection [7,8]. In Senegalese sole, there is no information
about LCDV transmission routes. A previous study demonstrated that
after intraperitoneal (i.p.) injection LCDV spreads rapidly through the
bloodstream to invade several internal organs. The intense defensive
response triggered in the host reduced progressively the number of viral
particles but the LCDV could be detected 15 days after the experimental
infection [9]. Although i.p. injection represents an adequate experi-
mental approach to investigate the defensive mechanisms of fish
against LCDV, further studies are necessary to establish the viral pa-
thogenesis, the subsequent pathological alterations, and the defensive
responses in the host.

Sole has been proposed as a model to study larval ontogeny, hor-
mone regulation, epigenetic mechanisms or nutritional requirements in
marine fish larvae due to its robustness to handling and the short larval
rearing period [10]. Sole post-larvae (~20-30 days post-hatch) have a
well-developed immune system highly responsive to environmental
stimuli and pathogens [11-15]. This study aimed to determine the
LCDV pathogenesis and defensive responses triggered in Senegalese
sole post-larvae challenged using two transmission routes, by immer-
sion in contaminated water or through feeding with LCDV-positive live
artemia. Viral loads, tissue distribution and associated histopatholo-
gical changes were determined. The time-course of the host defensive
response was also analyzed using a panel of 22 immune genes. The data
obtained provide new evidences of horizontal transmission for LCDV
revealing significant differences in the histopathology, tissue distribu-
tion and host responses depending on the transmission route. The in-
formation generated is relevant to understand the mechanism of LCDV
infection in marine fish and provide new clues for the control of this
disease in aquaculture.

2. Material and methods
2.1. Virus collection, culture conditions

LCDV propagation in cell culture remains still a challenge, hence,
LCDV genotype VII, the one that infect soles [6], was isolated from
lymphocystis-diseased gilthead seabream specimens from a local farm
(Southern Spain) as previously described in Carballo et al. [9]. Cur-
rently, LCDV outbreaks are quite uncommon in sole due its production
in recirculation systems under strict biosafety measures. The virus in-
fectious titer was calculated using the TCIDs, assay and validated by
gPCR as previously described [5,16].

2.2. Experimental design

All procedures were authorized by the Bioethics and Animal Welfare
Committee of IFAPA and given the registration number 10-06-2016-
102 by the National authorities for regulation of animal care and ex-
perimentation.

Senegalese sole post-larvae (30 days post-hatch, dph) were supplied
by Cupimar S.A. (San Fernando, Cadiz, Spain) and transported to IFAPA
Centro El Torufio (El Puerto de Santa Maria, Cadiz, Spain). Post-larvae
size was 7.9 * 0.8 mm (n = 30) as determined by image analysis (Fiji
2.0.0). At arrival, the fish were distributed into 12 plastic trays
(375 cm?, 300 larvae per tray) containing 11 final volume of autoclaved
seawater (salinity 35 g/l, 8 ppm oxygen). The trays were located in a
temperature-controlled room and water temperature was maintained
constant at 20 °C. Daily, water was manually renewed (~90%) and
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larvae were fed with artemia (~3000 metanauplii/tray). The animals
were kept in these conditions for two days before starting the experi-
ment. No mortality was registered in this period.

To carry out the immersion challenge, post-larvae from six trays
were carefully transferred to 140 mm petri dishes containing 50 ml of
sterile seawater. Three Petri dishes were added a LCDV suspension (10>
TCIDs, ml ™! final concentration), whereas the remaining three plates
received the same volume of phosphate buffer saline (PBS) and they
were considered as the negative control group. After 2h, post-larvae
were collected using a 150 um mesh, washed with sterile seawater and
transferred back to the plastic trays. Thereafter, the animals were fed
and handled as described above and disease signs monitored for 1
week. Post-larvae (n = 100) were sampled at 1, 2, and 7 days post-
challenge (dpc). They were euthanized using overdose of tricaine me-
thane sulfonate (MS-222), fixed in RNA-later (Invitrogen) and stored at
—80 °C until use for viral detection and gene expression analysis. For
histological analyses, larvae were fixed in PFA 4% as described in Refs.
[17,18] and stored at —20 °C until use.

For the feed challenge, artemia metanauplii were enriched for 1h
using a LCDV suspension at 10° TCIDso/ml. Then, artemia were filtered,
washed and resuspended in sterile seawater before supplying to the sole
post-larvae. As indicated above, three plastic trays (n = 300) were used
as negative controls and they were fed 3000 non-infected artemia (10
metanauplii/post-larva). The other three plastic trays were provided
with the same quantity of LCDV-enriched live preys. After 1h, no ar-
temia was observed and the water was fully renewed using sterile
seawater. The fish were maintained for 1 week and they were fed,
sampled and monitored as indicated above for the immersion challenge.

2.3. Histological and in situ hybridization (ISH) analyses

Fixed samples were washed in PTW (1% PBS, 0.1% Tween 20) 3
times for 30 min each and then they were transferred to 10% EDTA/2%
formaldehyde solution at 4°C for 7 days. After fixation and dec-
alcification, samples were washed 3 times in PTW as described above,
embedded in paraffin and serially sectioned at 5-6 um thickness as
previously described [19]. The haematoxylin-eosin technique [20] was
used for histological studies (n = 9-12 for each time and experimental
group).

In order to detect the presence of viral DNA in larvae tissues, his-
tological sections of non-infected (control) and infected post-larvae
from immersion and oral challenges at 1, 2 and 7 dpc were analyzed by
ISH (n = 3 for negative control and n = 6 for LCDV-infected soles at
each sampling time) as previously described [21,22]. A fragment of the
LCDV mcp gene was amplified using specific primers (RT-LCDV-F and
RT-LCDV-R2) [23] and the following PCR program: 95 °C for 2 min,
followed by 35 cycles of 1 min at 95°C, 1 min at 53 °C and 10 min at
72°C. The fragment was cloned into the TOPO-TA vector (Invitrogen)
and the probe synthetized using the PCR DIG Probe Synthesis Kit
(Roche). Dewased and rehydrated sections were permeabilised with
Triton X-100, and then treated with proteinase-K (100 uygml~' in 0.1 M
Tris buffer, pH 8) for 30 min at 37 °C. Target DNA in tissue sections and
probe were simultaneously denatured at 95°C for 5min, and hy-
bridization performed overnight at 55 °C. The slides were washed in
saline sodium citrate buffer with 6 M urea and 0.2% (w/v) BSA for
10 min at hybridization temperature. Tissue sections were blocked with
blocking reagent, and incubated with an anti-DIG monoclonal antibody
(Roche Applied Science) conjugated to alkaline phosphatase for 1 h.
The colorimetric detection of the hybridization signal was carried out
with NBT/BCIP. Staining controls were performed in tissue sections by
omitting the DNA probe.

2.4. Quantification of viral DNA

Three pools of artemia metanauplii (40 mg) were taken and ana-
lyzed after LCDV enrichment. In post-larvae, a total of n = 8 individuals
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randomly sampled from triplicate trays at each time point (1, 2 and 7
dpc) were processed. Total DNA of artemia and whole post-larvae was
isolated using ISOLATE II Genomic DNA Kit (Bioline). DNA samples
were treated with RNase A (Bioline) following the manufacture's pro-
tocol. DNA was quantified spectrophotometrically using the Nanodrop
ND-8000. Absolute quantification of viral DNA copies was carried out
according to the protocol specified by Valverde et al. [16] using a
CFX96™ Real-Time System (Bio-Rad) in a 20 pl final volume containing
200 ng of DNA, 300 nM each of specific forward and reverse primers,
and 10 pl of iQ™ SYBR® Green Supermix (Bio-Rad). The amplification
protocol used was as follows: initial 7 min denaturation and enzyme
activation at 95 °C, 40 cycles of 30s at 95 °C and 1 min at 59 °C.

2.5. RNA isolation and gene expression analysis

To investigate the innate immune responses and due to the small
size of post-larvae, the specimens were dissected to keep the anterior
portion of the body containing the head and the abdominal cavity. The
caudal region containing mainly skin and muscle was discarded. This
procedure allowed the enrichment of samples in those internal organs
in which the virus concentrate before spreading toward the target tis-
sues (skin and fins) (see Fig. 4). The anterior portion of larvae (n = 3)
were suspended in 1ml of TRI-Reagent (Sigma-Aldrich) and homo-
genized in the Fast-prep FG120 instrument (Bio101) using Lysing Ma-
trix D (Q-Bio-Gene) for 60 s at speed setting 6. The aqueous phase was
transferred to a column of Isolate II RNA Mini Kit (Bioline) and total
RNA was treated twice with DNase I for 30 min following the manu-
facture's protocols.

To determine mcp gene expression, cDNA synthesis and qPCR assays
were carried out as described in Carballo et al. [9]. The reference gene
used was 18S rRNA [24].

To quantify host gene expression after LCDV challenge, the cDNA
synthesis was carried out using the iScript™ cDNA Synthesis Kit (Bio-
Rad) and the qPCR assays were carried out on a CFX96™ Real-Time
System (Bio-Rad) using a 10-ul volume containing cDNA generated
from 200 ng of original RNA template, 300 nM each of specific forward
and reverse primers, and 5ul of SYBR Premix Ex Taq (Takara,
Clontech). Most of the primers were published elsewhere and they were
sole-specific: il1b, tnfa, clec, cxc10, ifnl, irf7, irf8, irf9 [25], irf1, irf3 [9],
hsp90a [26], lysg [11], mx [27] and ¢3 [10]. Primers for irf2, irf4, irf5,
irf10, ifna3, cox2 cd4 and cd8a were designed in this study (Table 1).
The amplification protocol used was as follows: initial 7 min dena-
turation and enzyme activation at 95 °C, 40 cycles of 30s at 95°C, 15s
at 68 °C and 30s at 72 °C. Each PCR assay was done in duplicate. The
ubiquitin (ub52), hypoxanthine phosphoribosyltransferase (hprt1), and
glyceraldehyde-3-phosphate dehydrogenase (gapdh2) genes were used
as reference genes, and the sample from control group at 1 dpc was used
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as calibrator [24,28]. Relative mRNA expression was determined using
the comparative method 2“9, Clustering analysis was carried out by
PermutMatrix [29] using log2 transformation of fold-change with
parameters set as following: Dissimilarity: Euclidean distance, Hier-
archical: Complete Linkage Method, Seriation: Multiple-fragment
heuristic (MF).

2.6. Statistical analysis

The qPCR data were log-transformed in order to comply with nor-
mality and homogeneity of variance. A two-way ANOVA was used to
test the changes in gene expression after the viral challenge using
treatments and time as fixed factors. When a significant effect of virus
was determined, single ANOVAs were carried out. Statistical analyses
were performed using SPSS v21 software (IBM).

3. Results
3.1. Quantification of viral DNA in LCDV-infected post-larvae

To demonstrate the horizontal transmission of LCDV in Senegalese
sole post-larvae (30 dph), two different infection routes were assayed:
water immersion (10° TCIDso/ml final concentration) and through
feeding using artemia metanauplii. The viral concentration in the en-
richment medium for artemia was the same used in the immersion
challenge, and resulted in a viral load of (9.7 + 1.4) x10° viral DNA
copies/metanauplii. As expected in LCDV challenges, no mortality or
signs of disease were observed during the trial (7 days).

Viral DNA was detected in 100% of LCDV-infected post-larvae at 1
dpc. The infection percentage dropped to 75.0-87.5% at 2 dpc and
62.5% at 7 dpc. Post-larvae from the non-infected control groups were
PCR-negative at all time points analyzed.

The absolute quantification of viral DNA showed a higher viral load
in immersion-infected post-larvae at 1 dpc (371 = 150 viral DNA co-
pies ug total DNA™') than at 2 and 7 dpc (47 + 7 and 51 + 5 viral
DNA copies pg total DNA™!, respectively) (Fig. 1). In contrast, the
number of DNA copies remained low and constant in feeding-infected
post-larvae (66 = 9, 38 = 5 and 40 + 4 viral DNA copies ug total
DNA ™! at 1, 2 and 7 dpc, respectively). No expression of mcp was de-
tected through the trial.

3.2. Histological analysis

To identify specific lesions associated with the LCDV infection
route, a comparative histological analysis between negative controls
and infected fish was carried out. Histological sections of Senegalese
sole post-larvae challenged by immersion at 2 dpc (Fig. 2A-H) showed

Table 1
Primers designed in this study. Target gene, amplicon size and unigene code in SoleaDB [9] are indicated.
Target Primer Sequence (5'—3') Amplicon (bp) Code
irf2 F GCTCCTCCCACTCGTACCCGCTCCA 120 unigene45267
R TGTAGTTCCGCCTCCAGCCTGCACCAAC
irf4 F CCATCACTTTTCCGTTCCCGTACCCCGAG 102 unigene135376
R CGTCCGGCATCATCCACAAACGCACCC
irf5 F CGACCCTGCGAAGTGGAAAGCGAACCT 96 unigene37530
R TGCACCGGCGTCTCTTTGGTTCCGT
irfl10 F AAGCCATGAACTGCCTGTTGTGTCACCTCG 119 unigene282743
R GGCCATCGGACCGCTCCAGTACACCC
ifna3 F ACTTGACTCATCGCTTCCTGATCGACACCA 84 unigene48491
R TGTCTGCTTGCTTCTGCATCGACACACAGG
cox2 F GTTTATCCCGGACCCGCAGGGCACCA 112 unigene535312
R AGCCGCGGTGAATGCAGGTCCTTTCT
cd4 F ACATCTATGCCCGTCACCATCCCCTGC 119 unigene10638_split_1
R ACGCCTGAAGACTGCCGAGGGAAGAATTGC
cd8a F CCCAGACGAAGCCCCCCACGACCAC 105 unigene59609
R CCGGGCCCAGAATGAGCGGAGAGCA
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Fig. 1. LCDV DNA quantification in infected Senegalese sole post-larvae at 1, 2
and 7 dpc. Dark bars, water immersion challenge; light bars, feed (artemia
metanauplii) challenge. Data were expressed as mean + SEM.

hypertrophied epidermal mucous cells in the skin (100% specimens
analyzed; Table 2) and a moderate shrinkage of muscular fibers from
myotomes and a disorganization of collagen myosepts (92% fish)
(Fig. 2B). In the gills, a moderate hyperplasia of interlamellar epithe-
lium (78% fish) conducting to a lamellar obliteration and fusion of
adjacent lamellae and the disorganization of gill filaments (67% fish)
were found (Fig. 2D). At 7 dpc, the number of fish with histological
changes in the skin was lower but all LCDV-infected soles had severe
lamellar fusions in the gills (Fig. 2E) not observable in the controls
(Fig. 2F and Table 2). No signs of histopathological disorders were
detected in the gut, neither in the mucosa, the lamina propria or the
muscle layers (Fig. 2G and H). In the post-larvae infected through
feeding (Fig. 2I-L), mucous cells appeared hypertrophied in the anterior
intestine at 2 dpc (92% specimens; Fig. 2J). In contrast, at 7 dpc, just a
moderate atrophy of the mucosa layer and an apparent size-reduction
of mucous cells were observed (Fig. 2L and Table 2).

3.3. In situ hybridization of viral DNA

Tissue localization of viral DNA in infected post-larvae revealed a
clear route-specific distribution pattern (Fig. 3). Viral genome was de-
tected only at 1 dpc in both viral transmission routes. LCDV was mainly
detected in epithelial cells of dorsal fin, buco-pharyngeal cavity and
intestine, in Malpighi cells of the epidermic layer and around the mu-
cous cells in the skin, surrounding vasculature in trunk muscle and in
head kidney when post-larvae were infected by immersion (Fig. 3C-H).
Nevertheless, post-larvae infected through feeding only showed positive
hybridization signals in the hepatic parenchyma and the lamina propria,
with no signal in the intestinal epithelium (Fig. 3I and J). All negative
controls failed to show any positive signal for viral DNA hybridization.

3.4. Gene expression analysis

To evaluate the defensive response triggered by post-larvae in re-
sponse to both types of LCDV challenge, a set of 22 transcripts were
analyzed comprising antiviral defenses [antiviral Mx protein, interferon
1 (ifn1), ifna3 and nine interferon-related factors (IRFs) (irf1, irf2, irf3,
irf4, irf5, irf7, irf8, irf9, irf10)1, interleukin 1b (il1b), chemokines tnfa
and cxc10, complement factor c¢3, PAMP receptor clec, the antigen
differentiation cd4 and cd8a, g-type lysozyme (lysg), the cyclooxygenase
cox2 and heat shock protein hsp90aa.

The clustering analysis clearly separated negative controls from
LCDV-infected groups (Fig. 4, blue vs red and yellow squares) although
with time- and infection route-specific branches. The LCDV-feeding
infected group had the most intense and well-differentiated response at

713

Fish and Shellfish Imnmunology 89 (2019) 710-718

Fig. 2. Histopathology of LCDV infection in sole post-larvae. Immersion chal-
lenge: (A) Transversal section of the skin layer and subjacent musculature in
one specimen from the negative control group. Note muscle fibers packed in
blocks (myotomes) between sheets of collagen (myosepts); (B) epidermal mu-
cous cells hypertrophy, shrinkage of muscular fibers and myosept dis-
organization in LCDV-infected sole; (C,F) histological sections of gills in ne-
gative controls; (D) moderate hyperplasia of interlamellar epithelium and
lamellar obliteration and fusion in LCDV-infected sole at 2 dpc; (E) severe la-
mellar fusion in gills in LCDV-infected sole at 7 dpc; longitudinal sections of
intestine from LCDV-infected (G) and negative control (H) post-larvae at 7 dpc.
No signs of pathological disorders were detected. Feed challenge: (I) transversal
section of anterior intestine in negative control at 2 dpc; (J) mucous cell hy-
pertrophy in LCDV-infected sole at 2 dpc; transversal section of anterior in-
testine in negative control (K) and LCDV-infected (L) post-larvae at 7 dpc. Note
a moderate atrophy of mucosa layer and an apparent size-reduction of mucous
cells in infected specimens (1). Scale bars represent 50 um. gf: gill filament; gl:
gill lamellae; mc: mucous cells; m: trunk muscle.
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Table 2
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Histopathological findings in different organs/tissues of S. senegalensis post-larvae at 1, 2 and 7 days post-LCDV challenge by immersion or feeding. The control group

refers to the negative controls of both experimental trials.

Tissue and alteration %animals®/surface scale”

Control Immersion Feed

1dpi 2dpi 7dpi 1dpi 2dpi 7dpi 1dpi 2dpi 7dpi
Skin
Epidermal mucous cells hypertrophy 8/0-1 0/0 11/0-1 11/0-1 100/3 45/1-2 11/0-1 8/0-1 0/0
Shrinkage of muscular fibers 0/0 0/0 0/0 11/0-1 92/3 89/3 0/0 0/0 0/0
Gills
Hyperplasia of interlamellar epithelium 8/0-1 8/0-1 11/0-1 11/0-1 78/2 100/3 11/0-1 8/0-1 11/0-1
Fusion of secondary lamellae 0/0 0/0 0/0 11/0-1 67/2 100/3 0/0 0/0 0/0
Gut
Hypertrophy of intestinal mucous cells 0/0 0/0 0/0 0/0 0/0 0/0 0/0 92/3 11/0-1
Atrophy of mucous layer 0/0 0/0 0/0 0/0 0/0 0/0 0/0 8/0-1 89/3

@ Percentage of animals with histological disorders (n = 9-12).

Y Surface scale: 0 = no alteration; 1 = weak histological alteration restricted to small areas in the organ affected; 2 = moderate alteration with approx. half of the
organ affected; 3 = strong alteration with histological changes spread through the whole organ.

1 and 2 dpc. In contrast, post-larvae infected by immersion had a
moderate up-regulation of these genes with main transcriptional re-
sponses later at 2 dpc.

A detailed gene-specific analysis is depicted in Table 3. Expression
profiles in post-larvae exposed to LCDV by immersion indicated a fast
and statistically significant induction of proinflammatory cytokines il1b
and tnfa, cxc10 and irf7 at 1 dpc. However, most antiviral defense genes
(ifnl, ifna3, mx, irf3, and irf9), the complement factor c3, clec, cox2 and
hsp90aa were activated later at 2 dpc. The tnfa and irf 7 also remained
activated at 2 dpc. When compared with post-larvae infected through
feeding, most antiviral defense genes (ifnl, ifna3, mx, irf4, irf7, irf9, and
irf10) were activated faster, including the proinflammatory cytokines
il1b and tnfa, the complement c3, lysg, cxc10 and T-cell markers cd4 and
cd8a. Most of them remained up-regulated at 2 dpc but also a statisti-
cally significant increase in irf2, irf3, irf5 cox2, and hsp90aa expression
was observed.

4. Discussion

Understanding the transmission routes used by LCDV to infect fish is
critical to establish control and prevention measures in aquaculture
facilities. Previous studies in gilthead seabream demonstrated that both
vertical and horizontal transmission routes (through the live preys) play
a key role in LCDV epidemiology (reviewed in Refs. [1,7,8]). However,
it is important to demonstrate if other horizontal transmission ways
behind the LCD spreading exist as well as their main pathological
consequences. This study demonstrates that LCDV invades and spreads
to internal organs in Senegalese sole post-larvae both by immersion in
contaminated water and through the feeding using LCDV-enriched ar-
temia metanauplii to establish a non-productive infection during the
experimental period (7 dpc). Moreover, our data indicate that the
transmission route determines specific tissue distribution patterns,
histopathological lesions and time-course response of defensive genes.
Immersion challenge resulted in the highest viral load at the beginning
of the trial, even though the percentage of LCDV-positive animals and
the estimated number of viral DNA copies were kept at low levels at the
end of the trial in both experimental infections. These results agree with
the fast clearance of LCDV from peripheral blood and the reduction of
viral DNA copies in internal organs as infection progresses from 1 to 2
to 5-7 days in intraperitoneally infected Senegalese sole juveniles. This
reduction in viral load was accompanied by a delay of intracellular viral
multiplication from 5 to 15 days post-injection [9]. In this study, we did
not detect virus replication within the first week after the LCDV chal-
lenges that could be due to a different temporal framework required to
set a productive infection modulated by the transmission route and the
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triggered immune response.

Histological analysis confirmed the integrity of the skin barrier in
post-larvae from the negative control groups, as expected. However
post-larvae infected by immersion showed significant structural
changes in the skin, muscle and gills at 2 dpc that were even more
evident at 7 dpc due to the inflammatory response triggered by LCDV.
The hypertrophy of mucous cells in the skin and gut indicated that
LCDV triggered a defensive response in the host by modulating mucus
production. The increase of mucous cells and their sialic acid glyco-
proteic content were also reported in LCDV-infected S. aurata [30] and
it seems to be a key mechanism that interferes viral receptor binding
and bacterial invasion [31-33]. This hypothesis is supported by pre-
vious observations in carp in which the removal of the skin mucous
layer and the induction of epidermal lesions appear to play a major role
in herpesvirus infection [34]. It is noteworthy that gill lamellae were
also highly affected by LCDV waterborne infection. Architecture of this
tissue accompanied by severe inflammation is also affected by herpes-
virus infection in carp [33]. These results demonstrate that a specific
defensive response was activated in both LCDV horizontal transmission
routes with the skin and gills as the main portals to LCDV entry in the
waterborne infections.

The tissue remodeling observed in peripheral organs matches with
the distribution of LCDV genome mainly in external mucosa (skin and
gut) but also in the head kidney. The identification of LCDV-hy-
bridization signal surrounding vasculature clearly points out the
bloodstream as the main dissemination via for LCDV after immersion
challenge. This mechanism agrees with Carballo et al. [9] that also
detected a rapid spreading of LCDV from the peritoneal cavity through
the bloodstream previous to the establishment of a systemic infection in
sole juveniles. Unlike the immersion exposure, the vehiculation of
LCDV through the feed confined the viral signal to the intestinal lamina
propria and hepatic parenchyma indicating a tight restriction to virus
dissemination. In seabream larvae infected by feeding on LCDV-positive
live preys viral antigens and genomes were firstly located in the di-
gestive tract [7] but were detected in the skin after 48 h. All these data
support the horizontal transmission of LCDV in Senegalese sole through
contaminated water and feed, although the former route leads to a
wider virus spread and tissue damages presumably as a part of the
defensive response.

Immune organs in Senegalese sole develop very early in the pelagic
stage [35] and a wide set of innate immune genes are highly expressed
in pre-metamorphosis larvae while adaptive genes seem to appear later
after metamorphosis [11-13]. Our study demonstrates a highly co-
ordinated response of interferon-related genes, chemokines, cytokines,
lysozyme, complement and T-cell markers in response to LCDV
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Fig. 3. Detection of LCDV by in situ hybridization.
(A) and (B) Positive control of LCDV particles within
lymphocysts in a naturally infected S. aurata spe-
cimen. In sole post-larvae infected by immersion at 1
dpc, hybridization signals (dark blue staining) can be
observed in epithelial cells from dorsal fin (C),
Malpighi cells in the epidermic layer of the skin (D),
periphery of vasculature in trunk muscle (E), epi-
thelial cells from intestine (F), mucous and epithelial
cells from the buco-pharyngeal cavity (G), and in
head kidney (H). Post-larvae infected by feeding:
hepatic parenchyma (I) and the lamina propria/sub-
mucosa (J). Note absence of viral DNA in the in-
testinal epithelium. Scale bars represent 50 um bpc:
buco-pharyngeal cavity; df: dorsal fin; ec epithelial
cells; gf: gill filament; ga: gill arch; h: hepatocytes;
hk: head kidney; ie: intestinal epithelium; lp: lamina
propria/submucosal layer; m: trunk muscle; mc mu-
cous cells; sk: skin; vs: vascular system. (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the Web version of this
article.)

infection, confirming that young post-larvae (31 dph) were able to
activate a specific defensive response although with temporal and in-
tensity differences depending on the infection route. Delivery of viral
particles through artemia triggered the faster and more intense re-
sponse. This response was similar to that reported in LCDV-injected sole
juveniles that display tissue-specific responses depending on the
amount of viral DNA quantified in each tissue [9]. We hypothesize that
the weaker and delayed expression response observed in the immer-
sion-infected fish could be due to a low concentration of LCDV particles
in water able to circumvent an intense immune response and reach
blood vessels to disseminate throughout the organism. In contrast, ar-
temia concentrated LCDV in the gut allowing a quick viral recognition
and a potent and localized immune response that limit virus dis-
semination and pathogenesis. The observed differences in the triggered
immune responses could be of interest for oral vaccination strategies
and antigen delivery.
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Expression profiles associated with LCD in gilthead seabream with
pronounced lesions indicated a down-regulation of antiviral genes such
as ifn and irf3 and other involved in cellular immunity in the skin and
head kidney of LCDV-positive fish [36]. In contrast, in flounder
(Paralichthys olivaceous) LCDV triggers the expression of irf2, irf3, irf5,
irf7 irf8 and irf9 in immune and non-immune organs [37-42] but down-
regulates isgl5 and mx expression in the gills [42]. In Senegalese sole
post-larvae, eight genes encoding different irf genes and mx were up-
regulated, an expression profile similar to that found when LCDV was
i.p. injected in sole juveniles [9]. The in vitro overexpression of mx from
the gilthead seabream is essential to prevent the in vitro cytopathic ef-
fects of LCDV [43] and for the in vivo establishment of an antiviral state
[27]. We hypothesized that the activation of the interferon pathway
observed in this study could explain the progressive drop in LCDV co-
pies and the lack of mcp expression in the period analyzed. It is also
noteworthy the activation of an acute-phase inflammatory response
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mediated by cytokines (il1b and tnfa), chemokines cxc10 and cycloox-
ygenase cox2 that increase vascular permeability and enhance the re-
cruitment of inflammatory cells causing tissue remodeling and con-
certedly blocking LCDV replication [44,45]. Although some viruses use
the chaperone Hsp90 for nucleic acid replication [46], the lack of mcp
expression indicates that hsp90 mRNA levels could be modulated to
regulate cellular homeostasis after virus infection.

5. Conclusion
This study demonstrates that LCDV is horizontally transmitted to

Table 3
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Fig. 4. Hierarchical clustering analysis based on
differentially transcribed genes. Data were expressed
as log2 of fold change. Green and red colors indicate
low and high expression values according to the scale
shown. The samples are identified on the right and
included control and LCDV-infected post-larvae and
transmission route (immersion or feed) at 1 and 2
dpc. The main clusters grouping the samples appear
on the left [control (blue), infected by immersion
(yellow) and feeding-infected (red)]. The cut section
of Senegalese sole post-larva used for gene expres-
sion analysis is indicated below. (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Control immersion 2d
Control feeding 2d
Control immersion 2d
Control immersion 2d
Control feeding 2d
Control feeding 2d
Control feeding 1d
Control feeding 1d
Control immersion 1d
Control feeding 1d
Control immersion 1d
Control immersion 1d
LCDV immersion 1d
LCDV immersion 1d
LCDV immersion 1d
LCDV immersion 2d
LCDV immersion 2d
LCDV immersion 2d
LCDV feeding 2d
LCDV feeding 2d
LCDV feeding 2d
LCDV feeding 1d
LCDV feeding 1d
LCDV feeding 1d

3.23

Senegalese sole post-larvae through both water and live preys. The
virus shows a wider tissue distribution and higher viral loads when
soles were challenged by immersion, with structural changes in skin
and gills not observed in the feeding transmission route. The expression
responses associated to LCDV infection revealed time and intensity
differences indicating a clear activation of type I interferon system,
proinflammatory cytokines and other molecules of innate immune
system that plays a key role in the clearance of LCDV and tissue re-
modelling found in this study. All this information is relevant to un-
derstand the transmission routes of LCDV and will be useful to establish
control measures in fish hatcheries.

Gene expression fold changes (F-C) at 1 and 2 days after LCDV challenge by immersion or feeding. Two-way ANOVA for infection (i), time (t) and interaction (t*i) are
indicated (*P < 0.05; **P < 0.01). When infection was significant, one-way ANOVA was carried out for each time (F-C; o F-C,). Significance at P < 0.05 (*) is

indicated. ns, not significant.

Gene name Gene description Immersion Feed

F-C; F-C, i t t*i F-C1 F-C, i t t*i
il1b Interleukin 1B 2.4 * 0.5* 0.8 = 0.1 o * o 1.8 * 0.1* 1.8 + 0.3 * il o
tnfa Tumor necrosis factor a 2.2 = 0.6" 4.6 = 0.9" i ns w 1.8 = 0.4 1.9 = 0.3" * ns *
hsp90aa Heat shock protein 90a 0.9 = 0.2 3.7 + 0.3" * ns ns 2.2 *+ 0.6 3.2 = 1.0" i ns *
clec c-type lectin 1.3 £ 0.2 1.8 = 0.2" * ns ns 1.0 £ 0.1 2.0 = 0.2 ns ns ns
lysg g-type lysozyme 0.8 = 0.1 1.2 £ 0.3 ns ns ns 2.6 = 0.2% 1.1 = 0.1 hid e ns
cxcl0 Chemokine cxc10 3.6 = 0.3" 1.0 = 0.0 il o il 1.8 + 0.3* 1.1 = 0.2 * i *
cox2 Cyclooxygenase 2 1.7 + 0.4 5.7 = 2.4" o ns ns 1.3 + 0.4 2.8 = 0.2" * ns ns
c3 Complement factor 3 1.2 + 0.1 2.6 = 0.5% * * ns 2.4 + 0.3% 2.5 + 0.4* b e ns
ifnl Interferon type 1 1.2 = 0.9 2.8 = 0.5% * * ns 2.0 = 0.2% 2.0 = 0.1 o ns *
ifna3 Interferon type a3 1.0 = 0.0 4.4 = 0.6 o i * 2.0 = 0.2 6.1 = 1.0" i * ns
mx GTP binding protein mx 0.7 = 0.1 49 = 1.4 * ns ns 5.8 + 1.8* 3.6 = 1.0" hid ns
irf1 Interferon regulatory factor 1 1.0 = 0.2 1.4 £ 04 ns ns ns 1.6 = 0.1 1.5 £ 0.1 * ns ns
irf2 Interferon regulatory factor 2 1.1 £ 0.2 25 *+ 0.5 ns ns ns 1.9 = 0.3* 2.0 = 0.3 * * ns
irf3 Interferon regulatory factor 3 1.1 = 0.2 3.5 = 1.17 ns ns 1.9 = 0.0* 2.7 * 0.3" i ol ns
irf4 Interferon regulatory factor 4 1.1 + 0.4 3.2 =09 ns ns ns 3.4 = 0.3* 4.4 + 0.3" hid ns
irf5 Interferon regulatory factor 5 1.2 = 0.2 1.6 = 0.1 ns ns ns 1.3 = 0.1 2.4 = 0.2" i ns o
irf7 Interferon regulatory factor 7 1.4 = 0.1" 2.2 *= 0.17 ok i ns 2.2 + 0.2% 2.0 = 0.1 * ol ns
irf8 Interferon regulatory factor 8 1.2 £ 0.2 1.8 £ 0.2 ns ns ns 1.4 £ 0.1 1.1 £ 0.2 ns ns ns
irf9 Interferon regulatory factor 9 1.2 + 0.1 2.3 = 0.4° * * ns 2.2 + 0.5% 2.3 = 0.5" b ns *
irf10 Interferon regulatory factor 10 1.0 = 0.2 1.5 £ 0.3 ns ns ns 6.1 + 1.7* 1.7 = 0.2" i ns i
cd4 cluster of differentiation 4 1.2 + 0.4 24 = 05 ns ns ns 3.1 = 0.8* 3.7 £ 04" i * ns
cd8a cluster of differentiation 8a 0.8 = 0.2 1.2 £ 0.5 ns ns * 4.0 = 1.0* 21 =02 i * ns
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