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ABSTRACT: The effect of a practical plant protein-based diet containing vegetable oils (VO) as
the major lipid source on the mucosal carbohydrate pattern of the intestine was studied in gilthead
sea bream Sparus aurata challenged with the myxosporean parasite Enteromyxum leei. Fish fed
for 9 mo either a fish oil (FO) diet or a blend of VO at 66 % of replacement (66VO diet) were
exposed to parasite-contaminated water effluent. Samples of the anterior, middle and posterior
intestine (AI, MI and PI, respectively) were obtained for parasite diagnosis and histochemistry.
Fish were categorised as control (C, not exposed), early (E) or late (L) infected. Mucin and lectin
histochemistry was applied to detect the different types of mucins and sialic acid in goblet cells
(GC), the brush border and enterocytes. The number of GC stained with periodic acid Schiff
(PAS), alcian blue (AB), aldehyde fuchsin-alcian blue (AF-AB), for the detection of neutral, acidic,
sulphated and carboxylic mucins, and with the lectin Sambucus nigra agglutinin (SNA), were
counted in digital images. The 66VO diet produced a significant decrease of GC with neutral and
acidic mucins in the Al and MI, and also of those with carboxylic mucins and sialic acid in the MI.
Sulphated mucins and sialic acid were less abundant in the AI than in the MI and PI in the C-
66VO treatment. E. leei infection had a strong effect on the number of GC, as E and L infected fish
had a significant decrease of GC positive for all the stains versus C fish in PI. Time and diet effects
were also observed, since the lowest values were mostly registered in E-66VO fish in PI. In con-
clusion, though GC depletion was mainly induced by enteromyxosis, an effect of the diet was also
observed. Thus, the diet can be a predisposing factor that worsens the disease course.
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INTRODUCTION

Intensive farming practices favour the emergence
of infectious diseases, posing a major problem in
aquaculture industry, and these practices are likely to
select for fast-growing, early-transmitted, and hence
probably more virulent parasites (Mennerat et al.
2010). Parasites such as sea lice (Costello 2009),
myxosporeans (Kent et al. 1994, Moran et al. 1999,
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Ferguson et al. 2011, Okamura & Feist 2011) or Cryp-
tobia salmositica (Woo 2003) account for massive
losses in fish culture. Fishborne zoonotic parasites are
also acquiring worldwide relevance in aquaculture
(Lima dos Santos & Howgate 2011). In the Mediter-
ranean basin, gilthead sea bream Sparus aurata is the
main cultured fish species, with a total production of
more than 130000 t in 2010 (APROMAR 2011), and
Enteromyxum leei is one of its threatening parasitic
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diseases (Palenzuela 2006). This parasite invades
the intestine of gilthead sea bream, producing a
slow-progressing disease, which induces anorexia,
cachexia and eventually death. Its impact is further
enhanced due to its direct fish-to-fish transmission
(reviewed in Sitja-Bobadilla et al. 2007). Thus far,
there are neither preventive nor curative treatments
for this enteromyxosis. Therefore, there is an urgent
need to advance the knowledge of the parasite inva-
sion mechanisms and the host—parasite interaction.

The increased consumer demand for healthy, safe
and high quality fish products together with the need
to reduce the cost of fish feeds and the dependency
on fisheries to produce aquafeeds (Tacon & Metian
2008) has led to the substitution of fish meal (FM) and
fish oil (FO) by optimised levels of vegetables. The
possible effects of such alternative diets have to be
approached in an integrative manner, and therefore
growth performance and animal health and welfare
have to be studied altogether. Previous works on gilt-
head sea bream have demonstrated that FO can be
replaced by a mixture of vegetable oils with up to
66 % plant-protein based diets (66VO) without detri-
mental effects on growth, redox balance, immuno-
competence or on the intestinal and hepatic archi-
tecture (Benedito-Palos et al. 2007, 2008, 2009,
Saera-Vila et al. 2009). However, when 66VO fish
were challenged with Enteromyxum leei, the disease
outcome was greater than in FO-fed animals (Esten-
soro et al. 2011a).

In an effort to understand the possible underlying
mechanisms involved in the worse progression of the
infection in 66VO fish, we have started a series of
detailed studies of the gut immunology and architec-
ture in both diet groups. The current study is focused
on the carbohydrate features of the mucus layer of
the intestinal tract because the previous information
on Enteromyxum scophthalmi and E. leei suggests a
role of some carbohydrate moieties in the interaction
with their hosts (Redondo et al. 2008, Redondo &
Alvarez-Pellitero 2009). The mucosal surface of the
gastrointestinal tract is a complex organisation of
epithelium, immune cells and resident microbiota
(McCracken & Lorenz 2001, Rombout et al. 2011).
The intestinal epithelium is covered by a mucus
layer, with mucins acting as the main structural com-
ponent. Mucins are secreted by goblet cells (GC) and
are mainly found at the periphery of epithelial cells
and their extracellular environment or covering
epithelial cells. Thus, they form a mesh-like structure
that impedes the diffusion of offending macromole-
cules, constituting an immune defence barrier (Dhar-
mani et al. 2009). Pathogens generally initiate in-

fection by the specific recognition of host epithelia
surfaces. Receptors present in the mucin layer can
act as binding sites in the subsequent adhesion,
which is essential for invasion. In their infection strat-
egy, pathogens often use sugar-binding proteins,
such as lectins and adhesins, to recognise and bind to
host glycoconjugates where sialilated and fucosy-
lated oligosaccharides are the major targets. In addi-
tion, microbial products can alter the production of
mucins and many enteric microbes and their toxins
are known to have a potent secretagogue effect on
GC in mammalian models. This rapid mucin secre-
tion can be an important mechanism of protection by
eliminating the pathogens. By contrast, other patho-
gens induce mucus depletion, producing deleterious
side effects (Moncada et al. 2003, Linden et al. 2008).

Changes in the number of GC cells as a conse-
quence of infection have been reported in several
fish—parasite models (Fleurance et al. 2008, Bermudez
et al. 2009) and qualitative or semi-quantitative analy-
ses have been done in Enteromyxum leei-infected
gilthead sea bream (Fleurance et al. 2008, Redondo &
Alvarez-Pellitero 2010b), but no quantitative kinetic
study with a high number of fish is available. Further-
more, there is no information on the effect of the diet
on mucins and terminal carbohydrate residues in the
intestinal mucosa of gilthead sea bream. For such pur-
pose, in the present work, histochemistry and lectin
histochemistry were applied to study the changes in-
duced by E. leei infection at different times of
infection and by long-term feeding with a diet with
high levels of plant protein and oil sources.

MATERIALS AND METHODS
Experimental set up and sample collection

Gilthead sea bream were fed for 9 mo either a FO
diet or a blend of VO at 66 % of replacement (66VO
diet) until they reached an average initial mean
weight of 224 g (age = 15 mo). They were then allo-
cated to 2 control (C) tanks and 2 recipient (R) tanks
(1 for each dietary treatment). R fish were challenged
by exposure to Enteromyxum leei-contaminated ef-
fluent as previously described (Sitja-Bobadilla et al.
2007). Briefly, R tanks (n = 30 fish tank™!) were set to
exclusively receive the effluent water from another
tank containing infected fish, whereas C tanks (n =30
fish tank™!) were kept under the same conditions but
without receiving E. leei-contaminated water. In both
groups (C and R), fish were kept in 5 pm filtered and
UV-irradiated sea water (37.5%. salinity) at a mean
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temperature of 21.3 + 0.25°C (range = 18.5 to 26°C).
All fish were individually tagged with passive inte-
grated transponders and were non-lethally sampled
periodically by probing their rectums with a cotton
swab. Non-lethal PCR diagnosis was carried out to
ascertain their infection status as described in Palen-
zuela & Bartholomew (2002), with primers specific for
E. leei tDNA. This procedure has been validated
against a gold standard (histological observation of
the whole digestive tract), and resulted in a high sen-
sitivity (0.96) and specificity (1) (O. Palenzuela un-
publ. data). After 102 d post exposure (dpe), 10 fish
from each C group and 15 fish from each R group
were euthanised under anesthesia (3-aminobenzoic
acid ethyl ester, 100 mg 1I"!) (Sigma), and samples of
anterior, middle and posterior intestine (AIl, MI and
PI, respectively) were taken for histochemistry. For
more details see Estensoro et al. (2011a).

R fish were classified in 2 categories: parasitised at
early (E) or late (L) times of infection after exposure,
which were compared with C animals (not exposed
to the parasite). As the final prevalence of infection
was high in both groups (84 and 96.2% in FO and
66VO fish, respectively), the number of non-para-
sitised fish was very low and not statistically useful to
be included in the analysis. Fish from the E group
were infected at 32 or 53 dpe and had high intensity
of infection in several intestinal sections, whereas L
fish were infected just 1 sampling before the end of
the experiment (88 dpe) and had low infection levels
in Al and MI in most cases. The mean intensity of
infection was high at the PI in both diet groups but
was clearly higher at the Al and MI in R-66VO fish
than in R-FO ones. See Estensoro et al. (2011a) for
more details.

All the experiments were carried out according to
national (Royal Decrete RD1201/2005, for the protec-
tion of animals used in scientific experiments) and
institutional regulations (CSIC, IATS Review Board)
and the current European Union legislation on han-
dling experimental animals.

Mucin and lectin histochemistry

Pieces of the AI, MI and PI intestine were fixed in
10 % buffered formalin, embedded in paraffin, 4 pm
sectioned and stained using the following histochem-
ical techniques: periodic acid Schiff (PAS) to demon-
strate neutral mucins (magenta-stained); alcian blue
(AB) recognising predominantly acidic mucins (blue-
stained); and aldehyde fuchsin-AB (AF-AB) for local-
isation of the sulphated (purple-stained) and/or car-

boxylic type (blue-stained) of acidic mucins. For the
detection of N-acetylneuraminic acid (o 2-6)galac-
tose and N-acetylneuraminic acid (o 2-6)-N-acetyl-
D-galactosamine (= sialic acid), paraffin sections
were collected on Super Frost-plus microscope slides
(Menzel-Glaser) without additives and allowed to
dry overnight. We chose to detect sialic acid because
this terminal carbohydrate residue was previously
shown to be modulated by enteromyxosis in gilthead
sea bream intestine (Redondo & Alvarez-Pellitero
2010a).

Slides were deparaffinised and hydrated, and the
endogenous peroxidase activity was blocked by incu-
bation in hydrogen peroxide (0.3 % v/v for 30 min).
After rinsing with Tris-buffered saline containing
0.05% Tween20 (TTBS, 20 mM Tris-HCI, 0.5 M NaCl
pH 7.2), sections were incubated with the biotinylated
lectin Sambucus nigra agglutinin (SNA) (Sigma) solu-
tion (20 pg m17) in TTBS for 1 h at 20°C. After rinsing,
the sections were incubated with the avidin-biotin-
peroxidase complex (ABC, Vector Laboratories) for
30 min at 20°C and bound peroxidase was finally
revealed by adding DAB chromogen (3,3'-diamino-
benzidine tetrahydrochloride) (Sigma) for 5 min. The
reaction was stopped with deionised water, and the
sections counterstained using Gill's haematoxylin
and finally mounted in di-N-butyl-phthalate in xylene
(DPX). Adequate controls were included as described
in Redondo & Alvarez-Pellitero (2010a).

For each fish, intestinal section and staining, 10
microscope fields at 25x were digitally photographed
and the number of positive goblet cells (GC) for each
staining was counted using Photoshop's (Adobe Sys-
tems) count tool. Thus, for each staining technique,
1500 images were processed. The mean and SEM
of each group was calculated. In addition, for SNA
lectin, a semiquantitative evaluation of the staining
intensity in the brush border (BB) and the epithelial
layer was performed. The staining intensities were
evaluated on a scale of 0 to 6 (0 = no staining; 1 = very
weak; 2 = weak; 3 = moderate; 4 = strong; 5 = very
strong, 6 = strongest).

Statistics

For each intestinal section and diet, differences
between the 3 infection categories (C, L, E) were
analysed by 1-way analysis of variance (ANOVA-I)
followed by Student-Newman-Keuls test. When the
tests of normality or equal variance failed, a Kruskal-
Wallis 1-way ANOVA on ranks followed by Dunn's
method was applied instead. The same test was
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applied to determine possible differences between C
fish along the 3 intestinal sections, each diet group
separately. A Student's t-test was used to analyse the
differences between both diet groups in each intes-
tinal section and infection category. A 3-way
ANOVA (ANOVA-III) was used to globally analyse
the effect of the 3 factors involved in the presence of
carbohydrates: the intestinal section, the time of
infection and the diet. As the intensity of infection
seemed to gather the effect of the 3 factors previously
analysed, the strength of its possible association with
the number of GC positive for each stain in individual
fish was measured with a Spearman rank order cor-
relation test (since the normality test failed for some
of them) collating all the data of the 3 intestinal sec-
tions from all the diet groups. When significant corre-
lations were found, additional ANOVA-I tests were
performed to establish the differences between the
different intensity of infections. All the statistical
analyses were performed using Sigma Stat software
(SPSS) and the significance level was set at p < 0.05.

RESULTS
Mucin histochemistry

Neutral mucins, as revealed by PAS staining, were
similarly abundant in GC at the 3 intestinal sections
among C animals, as no differences along the sections
were observed in either of the diet groups (Figs. 1A
& 2). However, C animals fed the 66VO diet had a sig-
nificantly lower (p < 0.05) number of PAS+ GC than C-
FO fish in the ATl and MI. No diet effect was detected
in the Pl in C fish. The infection also had a clear effect,
as early (E) and late (L) infected R fish had signifi-
cantly lower numbers of GC than C fish, regardless of
the intestinal section in the FO fed group, whilst in the
66VO group this difference was only statistically sig-
nificant in the PI section. However, a clear decreasing
trend was observed with the time of infection, and the
lowest value was found in the PI of E infected fish fed
the 66VO diet (Figs. 1A & 2).

Acidic mucins, stained by alcian blue (AB), were
also abundant in GC in the 3 intestinal sections, and
their distribution showed a pattern similar to that
observed for neutral mucins, with no differences
among C fish along the intestinal tract in any of the
diet groups (Figs. 1B & 3). C-66VO animals also had
a significantly lower (p < 0.001) number of AB+ GC at
Al and MI than C-FO fish. R-infected fish (both E
and L) had significantly lower values than C fish in
the PI, regardless of the diet group, but only for FO

group in the MI. Again, the lowest count was regis-
tered in the PI of E-R-66VO fish (Figs. 1B & 3).

The AF-AB staining allowed a detailed analysis of
the acidic mucin types present in GC. As shown in
Figs. 4 & 5, most of them were carboxylic, followed by
mixed and sulphated. Carboxylic mucins presented a
similar pattern of distribution in C animals in both diet
groups, but a statistically significant decrease of car-
boxylic GC was detected in C fish fed the 66VO diet
compared to C-FO group in the MI. Similarly to acidic
mucins, E- and L-R infected fish had significantly
lower values than C fish in the PI in the R-66VO
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Fig. 1. Enteromyxum leei infecting Sparus aurata. Number
(average + SEM) of goblet cells (GC) containing (A) periodic
acid Schiff positive (PAS+) neutral mucins or (B) alcian blue
positive (AB+) acidic mucins in the anterior (Al), middle (MI)
and posterior (PI) intestine sections for control (C), late in-
fected (L) and early infected (E) fish. Different letters indi-
cate significant differences (p < 0.05) between time of infec-
tion groups within the fish oil (FO) diet (uppercase letters)
and within the vegetable oil (66VO) diet (lowercase letters).
Asterisks indicate significant differences between diet
groups: *p < 0.05, **p <0.001
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Fig. 2. Enteromyxum leei infecting Sparus aurata. Photomicrographs of gilthead sea bream intestines in paraffin sections

stained with periodic acid Schiff (PAS). Neutral mucins contained in epithelial goblet cells and PAS+ structures are stained

magenta. (A-C) Control, unexposed fish fed the fish oil (FO) diet: (A) anterior, (B) middle and (C) posterior intestines. (D-F)

Fish fed the vegetable oil (66VO) replacement diet: (D) anterior intestine of a control fish, (E) middle intestine of a control fish

and (F) posterior intestine of an early infected recipient fish. Arrows: Dark stained PAS+ structures in Enteromyxum leei
stages. Scale bars = 100 pm
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Fig. 3. Enteromyxum leei infecting Sparus aurata. Photomicrographs of gilthead sea bream intestines in paraffin sections

stained with alcian blue (AB). Acidic mucins contained in goblet cells are stained blue. (A-C) Control, unexposed fish fed the

fish oil (FO) diet: (A) anterior, (B) middle and (C) posterior intestines. (D-F) Fish fed the vegetable oil (66VO) replacement diet:

(D) anterior intestine of a control fish, (E) middle intestine of a control fish and (F) posterior intestine of an early infected
recipient fish. Scale bars = 100 pm
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Fig. 4. Enteromyxum leei infecting Sparus aurata. Number
(average + SEM) of aldehyde fuchsin-alcian blue positive
(AF-AB+) goblet cells (GC) containing (A) carboxylic, (B)
sulphated or (C) mixed sulphated—carboxylic mucins in the
anterior (Al), middle (MI) and posterior (PI) intestine sec-
tions for control (C), late infected (L) and early infected (E)
fish. Different letters indicate significant differences (p <
0.05) between time of infection groups within the fish oil
(FO) diet (uppercase) and within the vegetable oil (66VO)
diet (lowercase letters). Asterisks indicate significant differ-
ences between diet groups: *p <0.05

group, whereas only E-R-FO fish had a significant de-
crease in this section. At MI, L-R-FO fish also had sig-
nificantly lower values than C fish (Figs. 4 & 5).

Sulphated mucins were present in small amounts in
the 3 intestinal sections. No statistically significant
differences were detected in most comparisons, ex-
cept that C-66VO fish had significantly lower values
in the Al than in the MI and PI (Fig. 4B). The pattern
of distribution of mixed carboxylic—sulphated GC dif-
fered from those of other stains, as only at AI, C-66VO
fish had significantly higher values than C-FO ones,
and E-R fish from the FO group had significantly
higher values than their corresponding C group
(Fig. 4C). No differences were found among the 3 in-
testinal sections in C animals of both diet groups.

Hardly any mucin staining was observed on the
brush border and no staining was detected in entero-
cytes with the above techniques applied. Among
acidic mucins, a size gradient was observed in posi-
tive GC; carboxylic-GC+ were larger than mixed
ones, and sulphated the smallest of the three. In addi-
tion, in most parasitised sections, GC appeared
smaller than in C ones (Figs. 3F & 5F).

Lectin histochemistry

Sialic acid was detected with the SNA lectin in GC,
the BB and the enterocytes in the 3 intestinal sec-
tions, though with clear differences among them. In
C-66VO fish, the values obtained in the Al were sig-
nificantly lower than those of MI and PI, and the
number of SNA+ GC at MI was significantly lower
than that in C-FO fish (Figs. 6 & 7). The infection pro-
duced a significant decrease of SNA+ GC at PI both
in E- and L-R fish regardless of the diet group, but
only in the FO group at the MI. Again the lowest
value was for the PI of E-R-66VO (Figs. 6 & 7).

The intensity of staining for sialic acid in BB and the
apical part of enterocytes was significantly lower at Al
than at MI and PI, regardless of the diet, and no differ-
ences were observed between diet groups within
each intestinal section (Figs. 6 & 7). The infection sig-
nificantly reduced the staining intensity of the BB in
E-R-FO at MI and Al (Fig. 6) and that of the apical en-
terocyte layer in E- and L-R-66VO in the PI (Fig. 6).

Meta-analysis of the factors affecting carbohydrate
distribution

The ANOVA-III allowed a global and complex
analysis of the relationship between the 3 studied
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Fig. 5. Enteromyxum leei infecting Sparus aurata. Photomicrographs of gilthead sea bream intestines in paraffin sections
stained with aldehyde fuchsin-alcian blue (AF-AB). Carboxylic, sulphated and mixed carboxylic—sulphated acidic mucins con-
tained in goblet cells are stained (white arrow) blue, (black arrow) purple or (black triangle) blue-purple, respectively. (A-C)
Fish fed the fish oil (FO) diet: (A) anterior intestine of an early infected recipient fish, (B) middle intestine of a control fish and
(C) posterior intestine of a control fish. (D-F) Fish fed the vegetable oil (66VO) replacement diet: (D) anterior intestine of an
early infected fish, (E) middle intestine of a control fish and (F) posterior intestine of an early infected fish. Scale bars = 100 pm

factors involved in mucin presence: diet, time of
infection and intestinal section. Table 1 summarises
the significance of these 3 factors for each of the
applied stains. Intestinal section resulted in an effect
in 5 out of the 7 staining patterns analysed, but it only
explained up to 8.46% of the total data variance.
When trying to isolate which group differed from the
others, in acidic and carboxylic mucins, PI had signif-
icantly lower values than AI and MI, whereas for
sialic acid in BB and enterocytes, Al values were sig-
nificantly lower than those of MI and PI. Time of
infection was a strong factor with statistical signifi-
cance in 5 out of 7 staining patterns, and in most
cases it was due to the lower values of E- and L-
infected fish versus C animals. It was the strongest
factor, as it explained up to 26.08 % of the total data
variance, and p-values were <0.001 in all cases. Diet
accounted for the global significant differences only
for acidic and sulphated mucins, and it explained up
to 8.42 % of the total data variance. Significant differ-
ences between diet groups were due to the lower val-
ues of 66VO. As can be seen in Table 1, there were
also significant interactions between the different
combinations of 3 factors for several stains; the effect
of different levels of a given factor depended on what
level of another factor was present. The most com-

mon interaction was between infection time and
intestinal section. No significant interaction was
found between diet and time of infection, and diet
and intestinal section. However, triple interactions
were significant for carboxylic mucins and sialic acid
found in GC, the former explaining 7 % of total data
variance.

Intensity of infection was correlated negatively
with the number of GC+ for neutral, acidic, car-
boxylic mucins and sialic acid (p < 0.0001), being the
strongest correlation with sialic acid (rs = —0.548)
(Fig. 8). The intestinal sections with the highest
intensity of infection had the lowest GC+ counts for
neutral, acidic, carboxylic mucins and sialic acid, and
differed significantly from sections of C fish and even
from non-infected sections of R-fish except for neu-
tral mucins (Fig. 8).

DISCUSSION

There is a growing interest in formulating diets
with low levels of marine ingredients that are still
capable of promoting the growth and health of
farmed fish. The response to such plant-ingredient
based fish diets is still far from being completed,
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Fig. 6. Enteromyxum leei infecting Sparus aurata. Number
(average + SEM) of Sambucus nigra agglutinin positive
(SNA+) staining for sialic acid in (A) goblet cells (GC), (B)
brush border (BB), or (C) the epithelium in the anterior (Al),
middle (MI) and posterior (PI) intestine sections for control
(C), late infected (L) and early infected (E) fish. Different let-
ters indicate significant differences (p < 0.05) between time
of infection groups within the fish oil (FO) diet (uppercase
letters) and within the vegetable oil (66VO) diet (lowercase
letters). Asterisks indicate significant differences between

diet groups: *p < 0.05
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Fig. 7. Enteromyxum leei infecting Sparus aurata. Photomicrographs of gilthead sea bream intestines in paraffin sections

stained with the biotinylated lectin Sambucus nigra agglutinin (SNA). Lectin-labeled sialic acid contained in (black arrow)

goblet cells, (*) the enterocytes and (white arrow) the brush border appears brown in colour. (A—C) Control, unexposed fish:

(A) anterior intestine of a fish fed the fish oil (FO) diet, (B) middle intestine of a FO fish and (C) posterior intestine of a veg-

etable based diet (66VO) fish. (D) Anterior intestine of an early infected FO fish. (E) Middle intestine of a control 66VO fish. (F)

Posterior intestine of a late infected 66VO fish. Note the decrease of SNA labeling in parasitised sections (C, F) and in the
middle intestine of control 66VO (E). Scale bars = 100 pm

especially with regard to health aspects (reviewed
in Harikrishnan et al. 2011, Tacchi et al. 2011). The
present study was focused on one aspect of gut
health, the mucin pattern of the intestine of gilthead
sea bream, because of the importance of mucins in
many disease processes in which the interaction of
epithelial cells and their surroundings has been
altered (Gendler & Spicer 1995, Perez-Vilar & Hill
1999). Mucins are large, abundant, filamentous,
highly glycosylated glycoproteins that consist of
80% carbohydrates, primarily N-acetylgalactosa-
mine, N-acetylglucosamine, fucose, galactose, and
sialic acid (N-acetylneuraminic acid) and traces of
mannose and sulfate. Mucins are present in the
piscine intestine very early in larval development
(Leknes 2011), during which they may be involved
in absorption and transport of macromolecules
(Stroband et al. 1979) and may also exert an osmotic
function, especially in marine species (Smith 1989).
The glycoconjugate composition of mucous secre-
tion in fish is remarkably different among species,
and intraspecific (Domeneghini et al. 1998, Saras-
quete et al. 2001) and age (Domeneghini et al. 1998,
Parillo et al. 2002, Soffientino et al. 2006) variations
also occur.

We have shown the effect of both the diet and Ente-
romyxum leei infection on the carbohydrate pattern of
the intestine of gilthead sea bream. First, in C fish
(those not exposed to the parasite), the 66VO diet pro-
duced a significant decrease of GC with neutral and
acidic mucins at Al and MI and also of those with car-
boxylic mucins and sialic acid at MI. Remarkably,
depletion effects were found in the intestinal sections
that become infected later during the progression of
the infection, and these sections had higher preva-
lence and intensity of infection in R-66VO fish than in
FO ones (Estensoro et al. 2011a). There is a general
consensus that acidic mucins, such as sialomucin and
sulfomucin, play an important role in the protection of
mucosa from infectious agents. This is illustrated by
Strongyloides venezuelensis infections, in which sul-
phated glycoconjugates prevent the mucosal invasion
by this nematode (Maruyama et al. 2000, 2002).
Therefore, the suggestion that the higher levels of GC
with such mucins in FO gilthead sea bream could
somehow protect these intestinal sections from para-
site invasion, or at least delay its entrance, is tempting.

Feeding habits seem to be correlated with the pat-
tern of glycoconjugate glycosylation in different
cyprinid fish (Fiertak & Kilarski 2002). However,
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Fig. 8. Enteromyxum leei infecting Sparus aurata. Number
(average + SEM) of goblet cells positive (GC+) for neutral
(NEU), acidic (ACID) and carboxylic (CAR) mucins and
sialic acid (SIAL) in the intestinal sections with no infection
either from control (C) or recipient (R) fish (NON), or low
(LO) or high (HI) intensity of infection in R fish. Data from
both diet groups and the 3 intestinal sections have been
combined. Within each type of carbohydrate residue, differ-
ent letters indicate statistically significant differences (p <
0.05). Spearman correlation coefficients (rs) and p-values
are indicated below for each carbohydrate

there is almost no information on the specific effect of
diet composition on mucin pattern in the intestine of
fish, and most studies are focused on the effects on
intestine morphometry (Escaffre et al. 2007), intes-
tinal fatty acid uptake (Geurden et al. 2009) and
digestive enzymes (Santigosa et al. 2008, Silva et al.
2010). The only remarkable findings are the in-
creased number of cells secreting acidic mucins,
associated with reduced gut bacterial translocation
and improved resistance to Vibrio alginolyticus in
European sea bass Dicentrarchus labrax fed with
mannan oligosaccharides (MOS) (Torrecillas et al.
2007, 2011a,b). In other animal models, feeding an
enzyme-supplemented diet led to changes in the
mucin composition and carbohydrate expression of
GC glycoconjugates, which were associated with a
reduction in intestinal viscosity and decreased num-
bers of the bacteria Campylobacter jejuni in chicks
(Ferndndez et al. 2000). However, broiler chickens
receiving a plant-protein-based feed had signifi-
cantly less intestinal colonization with this bacterium
(Udayamputhoor et al. 2003). Weaned piglets fed a

carboxymethylcellulose enriched diet showed an
increase in their ileal GC, mucin production and
intestinal content viscosity, suggesting an improved
protection against pathogens in the digestive tract
(Piel et al. 2005). In the present study, there was no
such stimulatory effect of the 66VO diet on GC in C
fish, but rather the opposite effect was found. In any
case, changes in digesta viscosity and their possible
lubricant, digestive or protective effects remain to
be studied in gilthead sea bream. Other possible
changes in the gut physiology induced by the 66VO
diet also merit further study, similar to those already
shown in trout fed vegetable oil-based diets, which
displayed a higher paracellular leakage in the intes-
tinal epithelium than fish fed the control diet (Geur-
den et al. 2009).

At the same time, the infection with Enteromyxum
leei produced a significant decrease of GC+ for all
the stains applied and for sialic acid at the apical part
of enterocytes at PI, the target site of the parasite.
The effect of the infection was also detected in FO
fish in the Al for neutral mucins and for sialic acid in
the BB of E-infected fish, and in the MI for neutral,
acidic mucins and sialic acid in GC. In the affected
intestinal areas, GC were not only less numerous but
also smaller, and were even absent in heavily para-
sitised areas of the PI. This was also observed by
Fleurance et al. (2008) in gilthead sea bream and tur-
bot Psetta maxima with advanced E. scophthalmi
infections, whereas an increase in GC occurred in
mild infections (Bermudez et al. 2009). Previous stud-
ies have shown that prevalence and intensity of
infection were higher in the 66VO group than the FO
one, with a higher percentage of fish harbouring the
parasite in the entire intestinal tract and a faster
establishment of the parasite (Estensoro et al. 2011a).
This is in agreement with the fact that the lowest val-
ues of GC were mostly registered in early infected
66VO fish in the PI and with the observed negative
correlation between the intensity of infection and the
number of GC with neutral, acidic and carboxylic
mucins and sialic acid. Therefore, we can conclude
that as time post-infection passed, the intensity of
infection increased, the number of infected intestinal
sections increased and the number of GC decreased.

Stimulation of the production of intestinal mucins
has been widely shown for some nematode (Karlsson
et al. 2000, Else 2005, Patel et al. 2009) and bacterial
(Bergstrom et al. 2008) infections in mammalian
models. Hyperplasia and hypertrophy of GC were
evident in some enteric helminthiasis in brown trout
Salmo trutta, with changes in the composition of the
mucus and a significant increase in the number of
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GC staining positively for acid glycoconjugates, par-
ticularly close to the site of attachment (Bosi et al.
2005, Dezfuli et al. 2010). The number of GC was also
raised in parasitised segments of eel Anguilla
anguilla digestive tract, with an increase in the num-
ber of acid mucin-secreting cells (Dezfuli et al. 1997).
Such increases are believed to contribute to the
expulsion of enteric helminthes. However, the oppo-
site GC depletion phenotype observed in Enteromy-
xum leei-infected fish could be due to the death or
functional alteration of this cell type and implies a
reduction of mucins released to the glycocalyx. The
direct histopathological damage invoked by the myx-
osporean, which ends up occupying most of the
mucosal intestinal surface, could explain such deple-
tion. This GC reduction has also been reported in
Echinostoma caproni infections (Fujino & Fried 1993)
and in clinically important enteric pathogens, such as
Shigella (Steinberg et al. 1975, Sachdev et al. 1993),
Campylobacter (Lambert et al. 1979) and Citrobacter
rodentium (Bergstrom et al. 2008).

Comparisons are difficult since Enteromyxum leei
dwells in the paracelullar space of the intestinal
epithelium and the above cited cases refer to patho-
gens inhabiting the intestinal lumen or attached to
the epithelial surface. In any case, in Citrobacter
rodentium, depletion of mucus-containing GC corre-
lates with peak bacterial colonization, as happens in
the current fish—parasite model with the highest
intensity of infection. The biological consequences of
the functional modulation of GC are unclear. Down-
regulation of genes controlling GC-derived mucins
could compromise the host defence when an animal
is challenged with a bacterial pathogen. However,
reducing mucin production might be important for
reducing energy sources for pathogenic bacteria that
use carbohydrate-laden mucins as a food source
(Bergstrom et al. 2008). In fact, the glycosylation pat-
tern of isolated intestinal mucus was changed in gilt-
head sea bream parasitised by E. leei and bacterial
adhesion to it was reduced (Estensoro et al. 2011b).
Further studies should determine whether changes
in the intestinal bacterial population occur in E. leei-
parasitised gilthead sea bream.

GC depletion in some enteropathogenic bacteria
can also be mediated by components of the host im-
mune system, such as some pro-inflammatory cyto-
kines and T-cells (Arnold et al. 1993, Bergstrom et al.
2008, Linden et al. 2008). The observed slight de-
crease in the number of GC in non-infected sections
of fish that harbour the parasite in other sections could
suggest certain immune modulation. In Enteromyxum
leei chronic infections, several immune factors have

been shown to be modulated. IL-1 and TNF-o ex-
pression were depleted in the intestine and some
serum innate factors were significantly decreased in R
fish (Sitja-Bobadilla et al. 2008, Estensoro et al.
2011a), whereas others such as the respiratory burst
in circulating leukocytes (Estensoro et al. 2011a) or
the number of immunoglobin M (IgM) positive cells in
the intestine (Estensoro et al. 2011c) were increased.
Furthermore, in a global molecular profiling of E. leei-
parasitised gilthead sea bream, a marked down-regu-
lation of the host immune system was detected (Davey
et al. 2011). This was suggested to be a mechanism of
immune evasion, as described for other fish and mam-
malian parasites (see Sitja-Bobadilla et al. 2008), but
further studies are needed to determine the possible
connection between such immunodepresion and GC
depletion.

There were no significant differences in the num-
ber of GC for most of the stains applied among the 3
intestinal sections in C fish, regardless of the diet,
except for sulphated mucins and sialic acid of C-
66VO fish, which had lower values in the Al than in
the MI and PI. Neutral and acidic mucins were com-
mon in GC, and carboxyilic mucins were the most
abundant among acidic ones, followed by mixed and
sulphated mucins. Among acidic mucins, a size gra-
dient was observed in GC, in which carboxylic-
positive GC were larger than mixed ones and sul-
phated the smallest ones. Generally, the mucin type
in intestinal GC seems to be highly specific to each
teleost species. Thus, in shi drum Umbrina cirrosa,
GC are filled mainly with sulphated mucins (Pedini
et al. 2001), whereas in common dentex Dentex den-
tex neutral mucosubstances dominate in the AI (Car-
rasson et al. 2006). In turbot, neutral mucins also
dominate in the digestive tract and acidic mucins are
not present (Redondo & Alvarez-Pellitero 2010a).
The most common observation is that acidic and neu-
tral mucins dominate and few acid mucopolysaccha-
rides possess sulphate groups, while the majority are
carboxylic, as in the current study (Scocco et al. 1997,
Domeneghini et al. 1998, 2005, Fiertak & Kilarski
2002, Park et al. 2003, Leknes 2010). The coexistence
of neutral and acid glycoconjugates probably reflects
different ages or stages of differentiation for GC
(Elbal & Agulleiro 1986, Murray et al. 1996, Leknes
2010). The same hypothesis could be applied for the
different types of acidic mucins found in GC in the
present study, and GC containing mixed carboxylic—
sulphated mucins could be a transient stage from car-
boxylic to sulphated or vice versa. However, such
results may also suggest a true cellular heterogeneity
in the population of GC (see Leknes 2010).
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In conclusion, changes in mucin composition and
GC abundance in anterior and middle sections of the
intestine of gilthead sea bream fed the 66VO diet
appear to be one of the factors that make this diet as
a predisposing cause that worsens the course of the
disease when fish are exposed to Enteromyxum leeli,
the precipitating cause. These results together with
the recent finding that some lectins inhibit the
attachment and invasion of E. scophthalmi stages to
the intestinal epithelium of turbot (Redondo &
Alvarez-Pellitero 2010b) open the door to the devel-
opment of diets potentially capable of inducing
mucin changes of fish intestine that avoid parasite
adhesion and penetration, and therefore could con-
tribute to the control of enteromyxosis. In addition,
future studies should focus on the expression of
intestinal mucin genes in response to parasites and
on additional changes in gut physiology induced by
dietary vegetable oils that could facilitate parasite
invasion and proliferation, such as membrane fluidity
and paracellular permeability.
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