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Effects of fasting and re-alimentation on gill and intestinal
morphology and indicators of osmoregulatory capacity in
genetically selected sea bass (Dicentrarchus labrax)
populations with contrasting tolerance to fasting
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Abstract :
Fasting and refeeding occur naturally in predators but this is largely ignored when dealing with farmed
fish. Therefore, the effects of 3-week fasting and re-alimentation (2.5% of the individual body mass)
were investigated using two genetically selected populations (F2 generation) of 250 g juvenile sea bass
(Dicentrarchus labrax L.). Blood osmolarity, gill and intestinal morphology and expression of the sodium
+
+
pump (Na , K -ATPase, NKA) were studied on two phenotypes showing different degrees of body mass
loss during food deprivation: one group losing body mass rapidly during fasting (F +) and the other one
limiting body mass loss during the same period (F-).
Blood osmotic pressure significantly decreases due to re-alimentation in both groups, but this is
compensated in the F + group. In this group, gill ionocytes are smaller and less numerous, but a
significantly higher NKA gene expression is noted in the gills in comparison to the F- individuals 48 and
72 h after re-alimentation, and also in the posterior intestine 72 h after re-alimentation. This most
probably occurs to compensate for a higher salt intake during nutrient absorption in comparison to the
F- group. Furthermore, refed F- fish absorb more lipids along the proximal anterior intestine, and take
longer to digest than the F + group, and show enterocyte vacuolization in the posterior intestine.
Therefore, the two selected populations have different postprandial digestive strategies: the F- fish
optimize feed efficiency first at the cost of optimal hydromineral adjustment, while the F + group invests
in osmoregulatory performance at the expense of digestive physiology.

Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive
publisher-authenticated version is available on the publisher Web site.
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Statement of relevance
Our paper is highly relevant to the general field of commercial aquaculture. There is an increasing
number of research articles dealing with fasting and refeeding in commercial fish and how to improve
fish nutrition based on these physiological data and genetic selection.

Highlights

► This study focused on differences observed in the gills and intestine of two selected populations with
contrasting tolerance to fasting. ► The two phenotypes show different degrees of body mass loss
during food deprivation: one group losing body mass rapidly during fasting (F +) and the other one limits
body mass loss during the same period (F-). ► During feeding, these two phenotypes have different
physiological optimization / prioritization and energetic benefits. ► We evidence that the fast feeders
(F +) are also the bad fasters.

Keywords : gill ionocyte, enterocyte, morphometry, osmoregulation, sea bass, fasting, re-alimentation

Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive
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1. Introduction
Organisms withstand environmental stress by maintaining homeostatis through physiological

T

and biochemical regulations. This demands trade-offs in the use of metabolic energy. In

IP

response to environmentally forced energetic trade-offs, populations adapt and reallocate

SC
R

metabolic energy depending on their genotypic variance (Applebaum et al., 2014). In Teleost
fish for example, the regulation of ion and water compete with digestive physiology (Taylor et
al., 2010; Wood et al., 2010). At different salinities, some species modify their energetic

NU

substrate as well as the energy used during nutrient absorption (Gracia-López et al., 2006).

MA

The nutritional status of the fish (fasting/fed) can also directly affect the metabolic response to
salinity acclimation (Kültz and Jürss, 1991; Polakof et al., 2006). Furthermore, diet
manipulation such as the addition of NaCl to the food can result in greater feeding efficiency

TE

D

and mass gain when fish are reared in freshwater, and lead to a better adaptability during
transfer from fresh to saltwater (Al-Amoudi, 1987; Cnaani et al., 2012, 2010; Fontaínhas-

CE
P

Fernandes et al., 2000; Gatlin III et al., 1992; Harpaz et al., 2005; Salman and Eddy, 1990).

AC

Different mechanisms of salt and water movement in the gills, gut, kidney and through the
skin (i.e. larval stages) maintain stability in the internal medium of teleosts (Varsamos et al.,
2005; Whitehead, 2010). In the gills, specialized ionocytes (mitochondria-rich cells or
chloride cells) play a major role in ion and water exchanges (Evans et al., 1999; Hiroi and
McCormick, 2012; Lorin-Nebel et al., 2006). Similarly, the fish intestine not only regulates
nutrient absorption but also ion and water exchanges (Grosell, 2010; Whittamore, 2011). It is
essential for the teleost to couple high drinking rates with intestinal fluid absorption in order
to compensate for the loss of water to the hyperosmotic environment. Although salt intake due
to feeding in seawater does not exceed daily intake from drinking (Dabrowski, 1986;
Shehadeh and Gordon, 1969), such an acute intake induces a diet-dependent challenge
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(Grosell and Taylor, 2007; Taylor et al., 2007). Despite the desalinisation occurring in the
oesophagus and fluid dilution in the stomach, the luminal fluid that enters the anterior

T

intestine remains slightly hyperosmotic in comparison to the body fluids (approximately 400-

IP

475 mOsm.kg-1). It then becomes iso-osmotic along the anterior intestine (Marshall and

SC
R

Grosell, 2006). Water absorption occurs mainly in the proximal and middle part of the
anterior intestine and is primarily associated with NaCl cotransport through a ‘solute-linked’
water transport process occurring in the lateral spaces between adjacent cells of the intestinal

NU

mucosa (Larsen et al., 2009; Thiagarajah and Verkman, 2006). Different ions are then

MA

secreted back into the gut, creating an excreted luminal fluid that is iso-osmotic to the body
fluids but has a different ionic concentration. The final role of intestinal function in
osmoregulation occurs in the rectum with solute-coupled water absorption (Gregorio et al.,

TE

D

2013).

CE
P

As seen in various Vertebrates, the intestine is one of the most costly tissues to maintain (Cant
et al., 1996), functionally linking energy intake and energy used. It is one of the most plastic

AC

organs which can be severely atrophied during fasting and rapidly reactivated at refeeding,
even after prolonged fasting (Ali et al., 2003; Blier et al., 2007; Gas and Noailliac-Depeyre,
1976; Krogdahl and Bakke-McKellep, 2005; Lignot, 2012; McCue, 2010; Zaldúa and Naya,
2014). Teleost fish show accelerated growth (‘compensatory growth’) due to the enhanced
feed intake, nitrogen production and feed conversion efficiency after refeeding (Ali et al.,
2003; Won and Borski, 2013). Hyperphagia may not be the only factor explaining accelerated
growth rate during refeeding. Optimising resource allocation between structural, storage and
gonadal growth, maintenance and energy-consuming activities such as foraging and predator
avoidance could also play a role (Ali et al., 2003).
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The European sea bass Dicentrarchus labrax is a eurythermic (5-28°C) and euryhaline (0 ppthypersaline condition) coastal species that migrates, as juveniles and adults, between the open

T

sea and brackish coastal lagoons (and even freshwater estuaries) for feeding. Therefore, this

IP

study was designed in order to test the energetic trade-off between digestive processes and

SC
R

osmoregulatory functions in two selected populations of juvenile sea bass with either high
(F+) or low (F-) mass loss during fasting (Dupont-Prinet et al., 2010). We aimed to identify

AC
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and throughout the postprandial period.

NU

morphological and functional differences at the branchial and intestinal levels during fasting
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2. Materials and methods

T

2.1 First and second generations of selective breeding (Fig. 1)

IP

Selective breeding of the first and second generations of sea bass was carried out at

SC
R

IFREMER (Station Expérimentale d’Aquaculture, Palavas-les-Flots, France) between May
and July 2011.

The first generation of selected sea bass was bred according to Dupont-Prinet et al., (2010).

NU

At 68 days post fertilization, sea bass were transferred to a 5 m3 fibreglass tank supplied with

MA

bio-filtered aerated seawater at 20°C, and were fed ad libitum (self-feeder) with a standard
commercial diet (Neogrower, Le Gouessant, France) containing 45% protein and 17% lipids.
At day 306 post fertilization, 2000 fish were individually tagged by inserting a PIT-tag®

TE

D

(Passive Integrated Transponder, AEG-Id, Ulm, Germany) horizontally just behind the head
to prevent any change of position subsequent to implantation. Fish were then reared for an

CE
P

additional period of four weeks following a standard rearing protocol (Chatain, 1994) before
being anaesthetised (2-phenoxy-ethanol, 0.4 ml.l–1, Aquaveto). They were individually

AC

identified using a PIT-Tag reader, weighed to the nearest 0.1 g and their fork length was
measured to the nearest mm. They were then submitted to two successive cycles of threeweek food deprivation three-week ad libitum refeeding by self-feeder, with body mass and
fork length measured at the end of each deprivation and refeeding period. Individuals
representing 25% of the highest and lowest mass loss during fasting (labelled F+ and F-,
respectively) and with the 25% highest and lowest weight gain following refeeding (labelled
WG+ and WG-, respectively) were identified, as described in Grima et al. (2010a, 2010b).
For the second generation, individuals selected for extreme performance to starvation
resistance (F+/F-) were crossed in order to obtain fertilized eggs, each group being a mix of
WG+ and WG- individuals (20 males F+ x 5 females F+ and 20 males F- x 5 females F-).
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Newly-hatched larvae and young juveniles were maintained and 2000 of these fish were
individually tagged at day 221 post fertilization. After an additional period of four weeks,

T

they were anesthetised, individually identified, weighed and measured before the fasting and

SC
R

IP

re-alimentation experiment.

2.2 Fasting and re-alimentation experiments

Fifty F+ and 50 F- fish were transferred to five 3 m3 tanks (10 F+ and 10 F- in each tank)

NU

supplied with bio-filtered seawater at 20°C with a salinity of 37 g.l–1, under a 12h:12h

MA

light:dark photoperiod. Fish were then submitted to two successive cycles of 3-week feed
deprivations and 3-week ad libitum refeeding by self-feeder (Neogrower n°5: protein 43%,
lipids 20%, ash 5.6%, fiber 3%).

TE

D

At the completion of the second 3-week fasting period, anesthetised fish were either sacrificed
(2-phenoxy-ethanol, 500 mg.l-1, Aquaveto) for blood, branchial and intestinal tissue sampling

CE
P

or force-fed (2.5 % body mass). Re-alimented fish were then left in their tanks for 4, 24, 48 or
72 hours after force feeding and then sacrificed. Blood samples were taken in heparinized

AC

syringes for blood osmotic pressure determination and measured with a micro-osmometer
(Model 3300, Advanced Instruments, Needham Heights, MA, USA). Tissue samples (second
gill arches, proximal and distal segments of the anterior intestine, posterior intestine) were
directly transferred into either TRIzol® (ThermoFisher, 15596026), Bouin or glutaraldehyde
fixatives.

Selective breeding and animal experimentation operated at the IFREMER facilities were
authorized by French animal experimentation regulations (C-34-192-6). Technical staff and
scientists conducted animal experiments in accordance with good animal practice under
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individual authorizations from the DDPP (Direction Départementale de la Protection des

T

Populations - Hérault).

IP

2.3 Light microscopy and NKA immunolabelling

SC
R

For light and fluorescent microscopy, samples of the gills, anterior intestine (proximal and
distal segments) and posterior intestine (rectum) were fixed in Bouin’s solution for 48 hours,
then washed in 70% alcohol and dehydrated in an ascending series of ethanol and finally

NU

processed for embedding in Paraplast X-TRA® (Sigma-Aldrich, P3808). Then, 4 µm sections

MA

were cut on a Leitz Wetzlar microtome, collected on glass slides and either stained using the
classical Masson's trichrome staining protocol (Martoja and Martoja-Pierson, 1967) or
directly used for immunolabelling.

TE

D

Prior to NKA immunolabelling, sections were immersed in Histoclear (Histological Clearing
Agent, Agar, R1345) for 10 min (2x5 min) for dewaxing, placed in butanol for 5 min then

CE
P

hydrated through a graded series of ethanol. Slides were rinsed in a solution of 10 mM
phosphate-buffered saline (PBS), 150 mM NaCl and 0,01% Tween-20, pH 7.3, for 10 min

AC

then treated with 50 mmol NH4Cl in (PBS), pH 7.3, for 5 min to mask free aldehyde groups
of the fixative. The sections were incubated for 10 min with a blocking solution (BS)
containing 1% bovine serum albumin (BSA) and 0.1% gelatin in PBS. They were then left for
2 h at room temperature in a humidity chamber where sections were covered with the primary
antibody rabbit anti-Na+/K+-ATPase H300 (Santa Cruz Bio-technology, USA) diluted in PBS
at 10 µg.ml-1. Control sections were incubated in BS without primary antibodies. After three
extensive washes in BS (10 minutes per wash) to remove any unbound antibody, the sections
were incubated for 1 h with a secondary antibody, donkey anti-rabbit (Alexa Fluor® 546), 10
µg.ml-1. After extensive washing in BS (six times for 5 min), sections were mounted in 80%
glycerine,

20%

PBS

plus

2%

N-propyl-gallate
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minimize

photobleaching
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(ImmunoHistoMount, Aqueous-based Media, Santa Cruz Bio-technology, USA). Stained and
labelled sections were all examined using a Leitz Diaplan microscope equipped with a special

T

filter for fluorescence and associated with a Leica DC 300 F digital camera and FW 4000 I

SC
R

IP

software (Leica Microsystems, Rueil-Malmaison, France).

2.4 Gene expression

DNAse I (Invitrogen) treatment was applied to all RNA samples to prevent genomic DNA

NU

contamination. The total RNA concentration was determined by OD 260 measurements in an

MA

Eppendorf BioPhotometer (Eppendorf, Hamburg, Germany), and its purity was verified using
the 260/280 absorbance ratio. The integrity and relative quantity of total RNA were checked
by electrophoresis. Three point five micrograms of total RNA extracted from each group were

TE

D

reverse-transcribed using 500 μg mL−1 of Oligo(dT) primer and 200 U of M-MLV RT
(Invitrogen), following the manufacturer's instructions.
used

specific

primers

to

amplify

sea

bass

NKA

α1

subunit

(forward:

CE
P

We

CTGGAGTGGAAGAAGGTC, position: 94–111; reverse: GATGAAGAGGAGGAAGG,

AC

position: 181–197) (Giffard-Mena et al., 2008). The qPCR reaction was performed with a
Light CyclerTM 480 system version 3.5 (Roche, Mannheim, Germany) in a final volume of 5
μl, as previously described (Giffard-Mena et al., 2008). Briefly, 2.5 μl of LightcyclerFastStart DNA MasterPLUS SYBR-Green ITM Mix (Roche), 0.75 μl of each forward and
reverse primers (0.5 μM) and 1 μl of transcribed cDNA were applied. The relative expression
of each gene in each tissue was calculated for 100 copies of the housekeeping gene (EF1α,
(Nebel et al., 2005)) using the formula: N=100 x 2 (Ct housekeeping gene - CtXgen) (Rodet
et al., 2005). EF1α was used as an expression control because its mRNA expression does not
change following salinity transfer (Lorin-Nebel et al., 2006; Mitter et al., 2009; Scott, 2004).
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2.5 Transmission Electron Microscopy
Pre-fixed samples were left in a mixture (1:1, v/v) of 2% glutaraldehyde in 0.1M sodium

T

cacodylate buffer for 24 hours then processed for transmission electronic microscopy (TEM)

IP

using a classical protocol. Post-fixation was performed in a mixture of 1% osmium tetraoxide

SC
R

and 0.1M sodium cacodylate buffer for 2h at 4 °C. Ethanol-dehydrated samples were then
embedded in agar 100 resin (R1031, same formulation as Epon 812, Agar). Ultra-thin sections
(50-150 nm) were cut on a LKB Bromma 8800 Ultratome®3 or OM2 ultramicrotome and

2.6 Scanning electron microscopy

MA

transmission electron microscope at 70 kV.

NU

contrasted with uranyl acetate and lead citrate prior to examination on a JEOL 1200 EX

TE

D

After 48 hours in Bouin’s solution, small tissue samples fixed in for 48 hours were washed in
70% ethanol then dehydrated through a graded ethanol series and bathed in 1,1,1,3,3,3-

CE
P

hexamethyldisilazane before being air-dried and attached to specimen stubs with adhesive
carbon tabs or silver paint. Samples were coated with palladium for 180 seconds (~40 mÅ)

AC

using the Edwards Sputter Coater, and examined with a FEI Quanta 200 ESEM using the
conventional mode (high vacuum) and the Thornley-Everhart secondary electron detector.

2.7 Morphometry
Histological and immunofluorescent sections of the proximal and distal anterior intestine and
gills were photographed at a magnification of 40x. Morphometrical measures were obtained
using Image J freeware (http://rsbweb.nih.gov/ij/). For gill samples, the number of ionocytes /
100 µm of linear gill filament and the area of 10 ionocytes per section were calculated (only
ionocytes sectioned through their nucleus were considered). Within the intestine, the length of
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the enterocytes was measured from the basal membrane of the cells up to the base of the

T

apical microvilli. Seven to ten fish were used for each group and nutritional condition.

IP

2.8 Statistics

SC
R

Analysis of variance (2-way ANOVA) was used to determine any significant differences
according to the postprandial status of the fish (time) and between populations (F+ and F-).
The effects of sampling time on enterocyte length, ionocyte surface area and number were

NU

tested using post-hoc planned pairwise mean comparisons between sampling periods (SNK a

MA

posteriori tests). Data are presented as means ± 1 SEM, and the level of statistical significance
was set at p<0.05. Statistical analyses were performed using the software package Statistica

AC

CE
P

TE

D

12.0 (Statsoft Inc., Tulsa, Oklahoma, US).
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3. Results

T

3.1 Blood osmolality

IP

Blood osmolality values for the different fasting (T0) and re-alimented populations (T4, T24,

SC
R

T48, T72) are presented in Figure 2. A significant feeding effect is observed for both F+ and
F- populations (ANOVA, p<0.05). Blood osmolalities decrease significantly from 370-380
mOms.kg-1 in fasting fish and 4 hours after re-alimentation to 350-360 mOms.kg-1 at 48 and

NU

72 hours post re-alimentation. For the F+ population, a significant increase in blood osmotic

MA

pressure is observed at 72 hours after re-alimentation. Osmotic pressure values for this F+ fish
population at 72 hours after re-alimentation are similar to those measured in fasting fish.
However, osmotic pressure values of the F+ population are significantly different compared

TE

D

to those of the 72 hours post re-alimented F- population.

CE
P

3.2 NKA expression in the gills, proximal and distal anterior intestine
The transcript levels of NKA in the branchial ionocytes and intestinal segments of F+ and F-

AC

populations were quantified, and the relative expressions are presented in Figure 3. Compared
to fasting individuals, a 3-fold increase in the NKA transcript level is observed in the gills for
the re-alimented F+ population, while a significantly lower transcript level is observed in the
re-alimented F- population (Fig. 3A). In the anterior intestine (proximal and distal segments),
no difference could be observed between the different nutritional conditions or between the 2
genetically selected populations (Fig. 3B, 3C). In the posterior intestine, the NKA transcript
level only increased significantly 72 hours post re-alimentation in the F+ population (Fig.
3D).
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In the gills, the immunolocalisation of the NKA indicates the presence of the enzyme in the
ionocytes of the F+ and F- populations. These ionocytes are located between the lamellae and

T

along the primary filaments of the gills (Fig. 4A-F). In the 48h and 72h post re-alimented F-

IP

population, some of the labelled ionocytes are also present at the base of the gill lamellae. The

SC
R

number and size of the ionocytes are higher in the gills of the F- population compared to the
F+ population (Fig. 4G and 4H). However, no difference could be detected between the fasted

NU

fish (T0) and the re-alimented groups (48h and 72h) in either population (Fig. 4H).

MA

3.3 Morphology of the intestine (proximal and distal anterior intestine, rectum)
The midgut and hindgut regions, i.e. the anterior (about 80% of the total length) and posterior
intestine, or rectum (about 20% of the total length) are separated by a constriction (valvula),

TE

D

as illustrated in Fig. 5A. Five intestinal caeca are also connected to the proximal anterior
intestine. Along the mucosal side, the intestinal wall is folded in order to increase its surface

CE
P

area. Extended primary and secondary folds are visible in the proximal anterior segment (Fig
5B), and primary folds in the distal part of the anterior intestine are longitudinally elongated

AC

with short secondary folds (Fig. 5C, 7A), whilst only meandrous primary folds can be seen in
the posterior intestine (Fig. 8A).

In fasting animals, the proximal segment of the anterior intestine has extremely thin and
atrophied folds, and lacks some secondary folds (Fig. 5D, 6A). Within the epithelial layer,
enterocytes appear thin, elongated and aligned (Fig. 6D). Some primary and secondary folds
elongate rapidly 4h after re-alimentation (Fig. 6B) and the entire intestinal lining becomes
swollen 24 to 72 hours post re-alimentation (Fig. 6C) due to the presence of numerous lipid
droplets within the enterocytes (Fig. 6E, 6F). These free lipid droplets can fill the cells, while
the lateral spaces between enterocytes located close to the basal side of the epithelium widen
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due to chylomicrons passing through the lamina propria into the general circulation system
(Fig. 6F). All these lipids entering through the intestinal epithelium temporarily accumulate

T

within the submucosa tunica at the base of the folds, where the conjunctive tissue appears

IP

dilated (Fig. 5E). Cracks were observed along the thin edges of the intestinal folds of post re-

SC
R

alimented individuals (Fig. 6G, 6H), but these are considered to be artifacts occurring during
sample preparation (dehydration of the samples causing lipid extrusion where lipid droplets

NU

are the biggest and/or the most numerous).

MA

In the distal segment of the anterior intestine, fasting animals possess elongated primary folds
(Fig. 5C) that become highly convoluted in re-alimented individuals (Fig. 7A). Some
enterocytes have atrophied apical microvilli (Fig. 7B). In re-alimented animals, the brush

TE

D

border appears thicker (Fig. 7C). In fasted and re-alimented animals, the monolayered
epithelium possesses numerous goblet cells and tightly packed absorbent enterocytes (Fig.

CE
P

7D). In the distal segment of the anterior intestine, re-alimented animals do not have large
lipid droplets (as seen in the proximal part of the anterior intestine), although enlarged

AC

intercellular spaces could be observed (Fig. 7E). Finally, whatever the nutritional conditions
considered, no difference could be observed between the F+ and F- populations.

In the posterior intestine, meandrous folds of re-alimented animals (Fig. 8A) possess
numerous goblet cells and absorbing enterocytes with supra-nuclear vacuoles (Fig. 8B, 8C,
8D). These apical vacuoles are absent in fasting animals (data not shown). Furthermore, there
is a striking difference between the F+ and F- groups: these vacuoles are located at the tip of
the folds and are relatively small and granular in the F- individuals (Fig. 8B), and although
some F+ individuals have similar vacuoles, most of the analyzed fish have enlarged, ovoid
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vacuoles (Fig. 8C, 8D), some filled with dense material (Fig. 8C, 8D). These vacuoles are

T

located in most of the intestinal folds but are not found at their base (Fig. 8C).

IP

3.4 Epithelium morphometry of the proximal and distal anterior intestine

SC
R

Measurements of the thickness of the brush border and the length and width of the enterocytes
along the proximal and distal segments of the anterior intestine are presented in Figure 9. For
both populations, the enterocytes significantly elongate and become larger with re-

NU

alimentation in the proximal segment of the anterior intestine (Fig. 9A, 9C). At 48h post re-

MA

alimentation, the F- populations also have significantly longer cells (p<0.05, Fig 9A).
Enterocytes in the distal segment do not respond to the different nutritional conditions (Fig.
9B, 9D) except in the F+ population, where longer cells were observed during fasting

TE

D

compared to cells in re-alimented individuals (p<0.05; Fig. 9B). Furthermore, the microvilli
do not react to these nutritional conditions in the proximal part of the anterior intestine (Fig.

AC

9B).

CE
P

9A), but elongate slightly with re-alimentation in the distal end of the anterior intestine (Fig.
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Discussion

T

This study shows that the anterior intestine of two sea bass sub-populations with contrasting

IP

tolerance toward food deprivation, presented a similar atrophy of the mucosal and submucosal

SC
R

layers after three weeks of fasting. A dense cytoplasm was observed in the epithelial
enterocytes in fasting fish, whilst these cells were filled with large and numerous lipid
droplets in re-alimented fish. The epithelium appeared to be at its thickest 48 hours after re-

NU

alimentation due to this lipidic charge. Lipids also accumulated within the connective tissue

MA

of the submucosal layer. As seen in other Teleost fish, this lipid ‘wave’ is limited to the
proximal segment of the anterior intestine and pyloric caeca (Bauermeister et al., 1979;
Gauthier and Landis, 1972; Sire et al., 1981). Surprisingly, fasting and re-alimentation did not

TE

D

modify the length of the microvilli. This could be due to the limited fasting period but could
also be interpreted as a means to optimize refeeding in the eventuality of a prey being

CE
P

captured. However, there is a differential postprandial response between the two subpopulations. Fewer lipids enter the enterocytes in the proximal anterior intestine for the F+

AC

fish, i.e. those with a high mass loss during fasting (the least tolerant to food deprivation),
compared to the F- population. Although the increased cell width and the slight increase in
brush border thickness due to re-alimentation do not differ between the two groups, the
lengthening of the enterocytes, however, is strikingly different between the two fish groups,
and is most probably due to the higher lipid accumulation within the cells of the Fpopulation. We also note that the distal segment of the anterior intestine appears more flexible
compared to the proximal segment, with a feeding-induced lengthening of the brush border
but an overall decreased cell volume in re-alimented individuals compared to fasting fish
(reduced cell length but no change for the cell width). Finally, in the posterior intestine, where
absorption of protein macromolecules by pinocytosis occurs, a clear morphological change is
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observed between the two sub-populations. Most individuals of the F+ population have
enlarged ovoid supra-nuclear vacuoles, some filled with dense material. Similar enlarged

T

vacuoles have already been observed in farm-reared sea bass overfed with artificial feed

IP

(Deplano et al., 1991). It is thus hypothesized that the F+ group is not as efficient in feed

SC
R

assimilation as the F- group. The F+ fish may also suffer from an overload of water and ions
entering the cells. As seen in other seawater teleosts such as eels and seabream, the rectum

MA

(Gregorio et al., 2013; Kim et al., 2008).

NU

greatly contributes to the simultaneous water and ion absorption through the intestine

Re-alimentation also strongly affects blood osmolality, as evidenced by the sharp decrease
occurring in both groups within 48 hours after feeding. This must involve a higher hypo-

TE

D

osmotic work for these fish, which are maintained in seawater. The bulk of water and ions
entering into the extracellular fluids during re-alimentation must be counterbalanced through

CE
P

the gills and the kidney (Evans et al., 1999). While this increased work is subsequently
compensated in the F+ group, it is still imbalanced in the F- group, where blood osmolalities

AC

remain low 72 hours after re-alimentation. This difference in osmoregulatory capacity
observed in fed fish might be due to the morpho-functional differences observed in the gills,
as F- individuals have larger and more numerous gill ionocytes than the F+ individuals.
Ionocyte hyperplasia and hypertrophy could therefore be a functional attempt to optimize gill
osmotic efficiency. Furthermore, higher NKA expression is observed in the gills of the F+
group. NKA is mostly present in gill ionocytes and generates a strong electrochemical
gradient through the cell, i.e., between the apical and basal membranes, in order to actively
transport ions. This postprandial increase in NKA transcript levels was observed in the gills
but also in the posterior intestine of individuals in the F+ group, and could facilitate a fast
return to higher blood osmotic pressure values in this group compared to the F- group.
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In conclusion, the differences observed between the two selected populations in the gills and

T

intestine clearly indicate different physiological optimization / prioritization and energetic

IP

benefits through different physiological strategies. The differing osmotic performance in the

SC
R

gills could partially explain the different time sequences observed for the postprandial
digestive processes between the two groups. Superior osmotic performance of the F+ group
could alter their digestive processes in comparison to the F- fish. Reducing the postprandial

NU

period could also minimize predation risk and optimize refeeding possibilities, but may also

MA

affect energy reserve processes. Conversely, the extended digestive processes observed in Findividuals could enhance feed efficiency at the expense of a rapid adjustment of the internal
hydromineral balance. This could lead to more efficient management of energy resource and

TE

D

improved fasting capacities, as these fish are better suited to minimizing mass loss during
fasting.

CE
P

In order to fully characterize these phenotypic differences, it would be advantageous to
determine NKA activity in these different organs and to focus on water movements. It would

AC

also be interesting to evaluate the two sub-group growth rates after repeated fasting /
refeeding periods in order to verify whether the F- group can better direct energy towards
growth at the expense of osmoregulating capacities, and to analyse their body composition,
paying particular attention to storage organs such as muscle and the liver. Finally, it would be
relevant to test whether the F+ group is better suited to drastic salinity changes during the
postprandial period than the F- group.
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Figure legends:

T

Figure 1: Specific breeding and experimental design. A: first generation. 2000 individually

IP

tagged fish were tested with fasting and refeeding challenges (2 challenges of 3 weeks of

SC
R

starvation and 3 weeks of refeeding). This allowed us to screen (B) individuals that rapidly
lose body mass (F+) versus those limiting wet mass loss (F-) and also, those that have a
high/low weight gain following refeeding (WG+/WG-), respectively. C: the second

NU

generation of F+/F- individuals was crossed, and each group combined WG+ and WG-

MA

individuals (20 sires and 5 dams for each F+ and F- groups). Offspring (2000 fish with an
equal representation of the different families used) were individually tagged at day 221 post
fertilization and transferred to a common tank, then raised until they reached a weight of 50g.

TE

D

Two successive challenges of 3 weeks of starvation and 3 weeks of refeeding followed and at
the completion of the last fasting period, 20 fasting fish (10F+ and 10F-) were sampled while

CE
P

the others were force-fed (2.5 % body mass). These fish were transferred into 5 different tanks
(10F+ and 10F- in each) and were sampled 4, 24, 48 and 72 hours after force-feeding, with

AC

one tank of mixed fish being used for each of the postprandial periods considered. This
experimental design benefits the advantages of gathering maximum genetic and phenotypic
divergences (extreme parent for the trait and extreme performance during starvation and
refeeding challenges).

Figure 2: Osmotic blood pressure (in mOsm./kg) for the F+ and F- populations in fasting
and fed animals 4, 24, 48 and 72 hours post re-alimentation. Note the significant decrease
in blood osmotic pressure at T48 and T72 after re-alimentation compared to fasting fish (T0),
T4 and T24 and the significant difference (asterisk) between 72h re-alimented F+ and F-
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groups. Small and capital letters indicate a significant difference (p<0.05) with T0 for the F+

T

and F- populations, respectively.

IP

Figure 3: NKA expression in the gills (A), proximal and distal anterior intestine (B, C),

SC
R

and posterior intestine (rectum) (D) for fasting fish (T0) and refed fish. Note the
significant increase in NKA transcript levels for F+ refed fish in the gills while the F- refed
fish present lower transcript levels than fasting fish. No change was detected in the anterior

NU

intestine, while the F+ transcript level is significantly higher in the rectal segment for the 72h

MA

refed fish.

Figure 4: NKA immunolocalisation in transversal gill sections (A-F), number of ionocytes

TE

D

/ 100 µm of gill filament (G) and area of the ionocytes in µm² (H). A, C and E: F+
individuals; B, D and F: F- individuals. A, B: 3-week fasting individuals (T0); C, D: 48h post

CE
P

re-alimentation; E, F: 72h post re-alimentation animals.
Note the presence of NKA-labelled ionocytes along the gill filament at the base of the gill

AC

lamellae. For the F+ 48 and 72h re-alimented fish some ionocytes are also within the gill
lamellae. The number and size of the F- fasting and re-alimented fish are both higher than in
the F+ population.

Figure 5: Intestinal morphology of fed (A, B, C, E) and fasting (D) individuals. A:
macroscopic view of the intestine cut longitudinally (modified from Deplano, 1989). B:
scanning electron micrograph of the internal surface of the proximal anterior intestine with
primary and secondary folds. C: SEM image of the internal surface of the distal anterior
intestine with primary folds aligned longitudinally. B, C: fed animals (48h post-realimentation). D, E: cross sections of the proximal anterior intestine in a fasting individual (D)
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and a 48h post re-alimented animal (E). Note the reduced size of the folds in the fasting
condition and the elongated folds in the re-alimented animal with dilated conjunctive tissue at

T

the base of the folds (submucosa tunica). DAI: distal anterior intestine; L: gut lumen; LC:

IP

lipidic cupule; M: muscle layer; PAI: proximal anterior intestine, PC: pyloric caeca; PF:

SC
R

primary fold; PI: posterior intestine (rectum); SF secondary fold; Va: valvula.

Figure 6: Morphology of the proximal anterior intestine of fasting (A, D) and re-

NU

alimented individuals (B, C, E, F, G) of the F+ population. A, B, C, G, H: Scanning

MA

electron micrographs. D, E: light microscopy images stained with Masson’s trichrome
staining. F: Transmission electron micrograph. Primary and secondary folds are atrophied in
fasting animals (A) but widen soon after re-alimentation (B: 4 hours after re-alimentation),

TE

D

and secondary folds appear swollen 48 hours after re-alimentation (C). The epithelium
remains monolayered in fasting animals, with dense cytoplasm and collapsed intercellular

CE
P

spaces (D). This is also evident in re-alimented animals, but the cytoplasm is filled with lipid
droplets (E, F) moving from the apical brushborder down to the basal side of the enterocytes

AC

(below the nuclei) and then into the lateral spaces (F). Scanning electron micrographs of realimented individuals also reveal cracks along the thin edges of the intestinal folds. These are
due to artefactual lipid extrusion occurring during sample preparation (G, H). L: gut lumen;
LD: lipidic droplet; LS: lateral space; M: microvilli; N: nucleus.

Figure 7: Morphology of the distal anterior intestine of fasting (A, B, D) and realimented individuals (C, E) of the F+ population. A, B, C: scanning electron micrographs.
D, E: light microscopy images stained with Masson’s trichrome staining. Primary folds are
highly convoluted (A). In fasting individuals, some enterocytes possess atrophied apical
microvilli (B). In re-alimented animals however, the brush border appears thicker (C). In
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fasting animals, the monolayered epithelium possesses numerous goblet cells and tightly
packed absorbent enterocytes (D). In re-alimented animals, the monolayered epithelium has

T

enlarged intercellular spaces but large lipid droplets are not observed in the cytoplasm of the

SC
R

depressed enterocyte; GC: goblet cell; ML: mucous layer.

IP

absorbing enterocytes, as observed in the proximal part of the anterior intestine. DE:

Figure 8: Morphology of the posterior intestine of fasting (A) and re-alimented (48h)

NU

individuals (B, C, D) of the F+ population (A, B) and F- population (C, D). A: scanning

MA

electron micrographs. B, C, D: light microscopy images stained with Masson’s trichrome
staining. Convoluted folds do not possess secondary folds (A) and the absorbing enterocytes
of re-alimented animals possess supra-nuclear vacuoles (B, C, D) that are not present in

TE

D

fasting animals (data not shown). In the F- individuals, these supra-nuclear vacuoles are
located at the tip of the folds and are relatively small and granular (B). Although some F+

CE
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individuals present similar characteristics, the majority, however, have larger, ovoid supranuclear vacuoles (C, D), some filled with dense material (D, arrowhead). These vacuoles are

AC

located in most of the intestinal folds but are not found at their base (C). GC: goblet cell;
SNV: supra-nuclear vacuoles.

Figure 9: Thickness of the brush border (A, B), cell length (A, B) and width (C, D) of the
enterocytes of the proximal (A, C) and distal (B, D) anterior intestine in fasting and realimented individuals of experimental groups F+ and F-. Note that for both populations,
cell hypertrophy occurs mostly 48h and 72h after re-alimentation and is due to cell
lengthening in the proximal part of the anterior intestine. Mean values with different letters
are significantly different (p<0.05).
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