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ABSTRACT: There are currently no standard diets or practices to counteract or ameliorate the
growth arrest and extremely poor feed conversion rates (FCR) in gilthead sea bream Sparus aurata
caused by low water temperatures. The present study analysed the effects of reducing dietary lipid
content from 18 to 14 % during a temperature fluctuation period. Temperature was gradually re-
duced from 22° to 14°C over a period of 5 d, and maintained at this low temperature for a further
45 d before gradual recovery over 7 d to 22°C under controlled conditions, avoiding other stressors
often present in cage culture conditions. Decreasing dietary lipid content at an elevated tempera-
ture (22°C) did not significantly affect the standard growth rate or FCRs of the sea bream,
indicating a possibility to reduce the dietary energy during the months before winter. Although
cold-induced growth arrest and metabolic depression were unavoidable, a well-formulated, low-
lipid diet adequately met the low energy demands at low temperatures. Analysis of plasma
metabolites and liver enzyme activities demonstrated a reorganisation of liver metabolism, mainly
in fish on a low-lipid diet. Recovery from low temperatures was delayed, with a higher dietary lipid
content required for optimal liver condition, and mineral supplementation to maintain osmoregula-
tion and bone formation. Our results provide useful information for fish producers and researchers,
suggesting that dietary lipid contents should be reduced to allow fish to better cope with low tem-
peratures, and that improved diets with higher lipid content are required for recovery from low
temperatures.
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INTRODUCTION

Fish from temperate latitudes are usually exposed
to broad fluctuations in water temperatures. How-
ever, when such variations exceed the thermal toler-
ance range of the species, the consequences can be
highly deleterious or even fatal. Acute drops in water
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temperature or persistent low temperatures during
the winter often cause 'winter mortalities’, a pheno-
menon that has been reported for a large number of
fish species (Hurst 2007). Acute thermal stress and
starvation have traditionally been linked to mortali-
ties in overwintering wild fish populations (Donald-
son et al. 2008), with accumulating evidence addi-
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tionally indicating that susceptibility to disease and
handling disturbances in cultured species are also
related to low temperatures (Toranzo et al. 2005,
Ibarz et al. 2010a).

Gilthead sea bream Sparus aurata is one of the
most common marine species in the Mediterranean
Sea and one of the most consumed seafood species in
Europe. Its lower temperature limit is around 5°C
(Ravagnan 1978, Barnabé 1990), but a drastic reduc-
tion in food intake has been observed at tempera-
tures below 13°C, greatly affecting fish production
(Tort et al. 1998, Sarusic 1999). The reduced food in-
take at low temperatures has also been observed
under laboratory controlled conditions. For example,
sea bream individuals have been reported to stop
feeding below 13°C (Ibarz et al. 2003) and not re-
sume feeding during extended periods of constantly
low temperatures, such as during 20 d at 12°C or 35d
at 8°C (Ibarz et al. 2007a,b). Although natural fasting
is common during the cold season for several fish
species, this produces economic losses in fish farm-
ing. Determining the mechanisms underlying food
acceptance and its effects on starved fish could be
important in enhancing fish production during the
cold season. Furthermore, growth arrest may persist
even after water temperatures start to rise in the
spring, as feeding and feed conversion efficiency do
not immediately recover in both indoor and culture
conditions (reviewed in Ibarz et al. 2010a).

There is a lack of understanding regarding the ori-
gin of cold-induced growth arrest and the physio-
logical changes that occur during the cold season.
Moreover, there are currently no specific diets for
cultured fish in the winter period. Several attempts
have been made to prepare fish for winter conditions,
such as trying to enhance their nutritional status
mainly during and after the cold season. In indoor
culture facilities, Ibarz et al. (2007a) studied the
recovery of sea bream after prolonged exposure to a
low temperature (8°C), fasting at a warm tempera-
ture (18°C) and during temperature fluctuations in
relation to the growth parameters, metabolic rates
and liver composition of fed animals at a warm tem-
perature (18°C). Although the effects of fasting were
delayed by low temperatures, changes were ob-
served such as hepatic glycogen mobilisation, diges-
tive membrane degeneration and the export of amino
acids from muscle tissues. Moreover, the improve-
ment during transient warm periods promoted fish
health by minimising cold-induced arrested growth
and hepatic alterations, such as lipid deposition in
the liver. Furthermore, short periods of re-feeding
resulted in lower expenditure on tissue repair, with

the growth rate recovering earlier than under sus-
tained cold conditions. Tort et al. (2004) observed
that an enhanced dietary formulation (more palat-
able and supplemented with vitamins and minerals,
as well as containing higher amounts of digestible
proteins and unsaturated lipids) produced some im-
provement in the immune status of sea bream at a
low temperature (11°C). Likewise, Silva et al. (2014)
reported that a diet enriched with raw materials,
such as fish meal and krill meal, enhanced fish per-
formance during a natural temperature regime when
compared to a low-cost commercial formulation. In
our view, current commercial fat-enriched diets
should not be recommended for pre-winter and win-
ter periods (Ibarz et al. 2010a). Recent studies have
demonstrated that dietary energy levels and culture
density negatively correlate with growth perform-
ance and metabolic and oxidative statuses (Sudrez et
al. 2015).

The present study analysed the effects of reducing
dietary lipid content on gilthead sea bream during a
temperature fluctuation period simulating the tem-
perature changes that occur during the winter. The
temperature was reduced to 14°C, maintained at this
temperature and then restored to 22°C under con-
trolled conditions. In this way, associated stressors
such as storms, crowding or infections, that are often
present in cage culture conditions were avoided and
valuable data on growth performance, osmoregula-
tion and liver intermediary metabolism of the fish
could be obtained. To assess the effects of the con-
trolled temperature fluctuation, we analysed fish
weight gain, food intake, growth indices and feed
conversion rates, as well as plasma biochemistry,
branchial and intestinal Na*/K*-ATPase activities
and the activities of key enzymes associated with
liver metabolism. Plasma biochemistry parameters
indicate the nutritional status of healthy juvenile gilt-
head sea bream (Peres et al. 2013), with the plasma
levels of glucose, lactate, protein and lipid fractions
strongly correlating with low temperatures in this
species (reviewed in Ibarz et al. 2010a). Osmoregula-
tion is also influenced by low temperatures, with food
deprivation in euryhaline species showing seasonal
dependence in culture conditions (Sangiao-Alvarel-
los et al. 2003, Polakof et al. 2006). Finally, liver inter-
mediary metabolism was assessed by studying the
activities of the enzymes glucose-6-phosphate dehy-
drogenase (G6PDH), lactate dehydrogenase (LDH),
hydroxyacyl-CoA dehydrogenase (HOAD), aspartate
aminotransferase (AST), alanine aminotransferase
(ALT), glutamate dehydrogenase (GDH), citrate syn-
thase (CS) and cytochrome-C oxidase (COX), focus-
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ing on their recovery from low temperatures, their
temperature coefficients (Q,¢) and the enzyme ratios
as indicators of metabolic reorganisation.

MATERIALS AND METHODS

Rearing conditions, experimental diets,
design and sampling

Gilthead sea bream from a local fish farm, with
an average body weight of 145 g, were acclimated
indoors at the Centre d'Aquicultura (CA-IRTA, Sant
Carles de la Rapita, Tarragona, Spain) at 22°C for
2 wk, using a standard commercial fish feed. The
initial weight was selected to match the typical
weight of sea bream affected by the cold season
under culture conditions: 100-400 g (reviewed in
Ibarz et al. 2010a). Moreover, the experiment was
started in November to mimic the photoperiod of
the cold season in cultures. Following this period,
the fish were randomly distributed into 3 experi-
mental groups per triplicate (30 fish tank™!) into a
water recirculating system, IRTAmar™. Fifteen
500 1 fibreglass tanks were used that
were supported by solid and biologi-
cal filters, maintaining nitrite, nitrate
and ammonia concentrations at ini-
tial levels throughout the experi-
mental period. Water temperature
and oxygen concentration were
closely monitored. Three isoprotein
(47% of crude protein) diets were
obtained from the Skretting Aqua-
culture Research Centre that dif-
fered only in their lipid content:
14% (D14 diet), 16% (D16 diet) and
18% (D18 diet), with a correspon-
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The total experimental period (115 d) consisted of
3 periods: the '‘Pre-cold’ period (PC), during which
the temperature was at 22°C for 30 d; the 'Cold’
period (C), during which the temperature was cooled
to 14°C over 5 d and maintained at this temperature
for 45 d (50 d in total); and the ‘Recovery’ period, dur-
ing which the temperature was increased to 22°C
over 7 d and maintained for 28 d at 22°C (35 d in
total) (Fig. 1). The total biomass from the triplicate
tanks was recorded at the end of each period (Days
30, 80 and 115) to evaluate weight gain and the feed
conversion rate (FCR; feed intake fish~! / increase in
biomass). To monitor growth, the weight and length
of the fish from each tank were individually meas-
ured at Day 0 and at the end of each temperature
period. The specific growth rates (SGR) of each tank
were calculated as follows: SGR (% d™!) = 100 x (InW;
— InW;)/t, where W; and W; are the initial and final
biomass, respectively, and t is the number of days
(period).

For the metabolic study, 3 fish from each tank
(9 fish for each group) were captured at random from
each dietary condition and anaesthetised with 2-
phenoxyethanol (100 ppm) diluted in seawater. Sam-
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ding ‘crude energy’ of 20.2, 20.6 and
21.0 MJ kg! of dry matter, respec-
tively. Fish were fed to satiation
twice a day, 7 d wk™! for 115 d. Feed
was automatically delivered (30 min)
at 08:00 and 16:00 h. Satiation was
ensured throughout the experimen-
tal period by calculating the esti-
mated daily feed intake and provid-
ing a ration that was 20 % above this
value. Feed delivery was recorded
daily, with the uneaten feed col-
lected daily by the system and then
manually dried and weighed to cal-
culate the actual feed intake.
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Fig. 1. Experimental design; experimental period (115 d) consisted of 3 tem-
perature periods: the Pre-Cold (PC) period, during which the temperature
was at 22°C for 30 d; the Cold (C) period, during which the temperature was
cooled to 14°C over 5 d and maintained for another 45 d (50 d total); and the
recovery period (including Early Recovery, ER, and Late Recovery, LR), dur-
ing which the temperature was raised to 22°C over 7 d and maintained for an-
other 28 d (35 d total). The gilthead sea bream growth study was performed
using the total biomass of each individual tank (3 x diet) from Days 30, 80 and
115. The metabolic study was performed using 9 fish (3 fish per replicate tank
in each diet). Fish symbols: sampling times and the number of fish (n) diet™
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pling was performed during the PC and C periods, as
well as on Day 87 (for Early Recovery, ER) and Day
115 (for Late Recovery, LR) during the recovery pe-
riod (Fig. 1). Fish were fasted for 24 h before sam-
pling. Body weight and length were individually
measured, and blood samples were taken from the
caudal vessels using EDTA-Li as the anticoagulant.
The fish were sacrificed by severing the spinal cord.
Plasma was obtained by centrifuging the blood at
13000 x g at 4°C for 5 min, and stored at —80°C until
analysis. The weights of the perivisceral fat (the
white adipose mass surrounding the gut) and the
liver were also recorded. Liver samples were im-
mediately frozen in liquid N, and stored at —80°C.
Gill and intestinal samples were placed in ice-cold
sucrose-EDTA-imidazole (SEI) buffer (150 mM su-
crose, 10 mM EDTA and 50 mM imidazole, pH 7.3)
and frozen at —80°C. The study complied with the
guidelines of the European Union (86/609/EU), the
Spanish Government (RD 1201/2005) and the Uni-
versity of Barcelona (Spain) regarding the use of
laboratory animals.

Osmolality, electrolytes and gill and intestinal
Na*/K*-ATPase activities

Plasma osmolality (mOsm kg~!) was measured
with a vapour pressure osmometer (Wescor Vapro
5520). Plasma concentrations of sodium and
potassium were determined in duplicate heat-
denatured pre-diluted plasma samples, using a
BWB XP flame photometer (BWB Technologies).
Chloride and phosphorus concentrations were
determined with endpoint colorimetric assays (com-
mercial kits from Spinreact), modified for microtiter
plates and measured in a Benchmark microplate
reader (Bio-Rad Laboratories). Gill and intestinal
Na*/K*-ATPase activity was determined using the
microassay method (McCormick 1993) modified for
gilthead sea bream (Mancera et al. 2002), in which
samples were homogenised in 125 ml of SEI buffer
with 0.1% deoxycholic acid and then centrifuged
at 2000 x g for 30 s. The homogenate extracts
were then added to the assay mixture in the pres-
ence or absence of 0.5 mM ouabain in 96-well
microplates at 25°C and read at 340 nm for 10 min
with intermittent stirring by vibration in a Bench-
mark microplate reader (Bio-Rad Laboratories).
Ouabain-sensitive ATPase activity was detected by
the enzymatic coupling of ATP dephosphorylation
to NADH oxidation and expressed in pmol ADP
mg~! protein h™%.

Plasma metabolites and liver enzyme activities

Plasma levels of glucose, lactate, triacylglycerides
(TAG), phospholipids (PL), total cholesterol (TC) and
non-esterified fatty acids (NEFA) were analysed with
respective commercial kits (Spinreact and Wako
Chemicals). Metabolites were measured in triplicate
in pre-diluted plasma samples when necessary,
using an endpoint colorimetric assay and each inter-
nal standard of the respective kit. Protein concentra-
tions in the plasma were measured using the method
of Bradford & Williams (1976) with bovine serum
albumin used as a standard. Plasma concentrations
are expressed in mM (glucose and lactate), mg of
lipid fraction dI! (TAG, PL, TC and NEFA) or mg 1!
(protein). Total lipid levels in the plasma were ob-
tained by the sum of the lipid fractions.

Liver samples for enzyme assays were pulverised in
liquid nitrogen and homogenised in 9 volumes of ice-
cold lysis buffer (1.24 mM Triton X-100, 1 mM EDTA
and 1 mM NaHCO;) with stabilising solution (37 mM
EDTA and 5 mM 2-B-mercaptoethanol), 1:1 v/v, as de-
scribed in Blasco et al. (2015). Corresponding homo-
genates for measuring cytoplasmic enzyme activities
were centrifuged at 3000 x g at 4°C for 10 min, while
homogenates for measuring mitochondrial enzyme ac-
tivities were centrifuged at 1000 x g at 4°C for 10 min.
The resulting supernatants were aliquoted and stored
at —80°C until analysis. The respective commercial kits
(Spinreact) tomeasure AST, ALT, LDH and G6PDH ac-
tivities were adapted for sea bream liver measurements
from the respective commercial kits (Spinreact). Ana-
lyses of CS and COX activities were performed follow-
ing the method described by Srere (1969) that was
adapted for sea bream by Martin-Perez et al. (2012).
GDH and HOAD activities were analysed using the
methods adapted for sea bream as reported by Furné
et al. (2009). All enzyme assays were carried out at
25°C wusing a UV/Vis spectrophotometer (Infinity
200Pro0) and were run in duplicate in semi-micro cu-
vettes. The optimal substrate and protein concentra-
tions for measuring enzyme activities were prelimi-
narily assayed. The change in absorbance of NADH
and NADP at 340 nm and the reduction of DTNB at
412 nm were monitored. The millimolar extinction co-
efficients used were 6.22 for NADH and NADP and
13.6 for DTNB (5, 5'-dithio-bis-[2-nitrobenzoic acid]).
COX activity was determined by the decrease in fer-
rocytochrome cabsorbance at 550 nm. Enzyme activi-
ties are reported in milliunits (nmol of substrate trans-
formed min~') mg™! of fresh liver weight (mIU mg™
fw). Temperature coefficients (Q,o) were calculated as
the thermal sensitivity of the enzyme activities be-
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tween the temperature periods of the study, using the
formula provided by Prosser (1991):

Qo = (Ky/Ky) 10T T)

where K; and K, are the mean enzyme activity at
temperatures T; and T, respectively.

Statistical analysis

Statistical differences (1) throughout the tempera-
ture periods within each diet and (2) between the
diets were analysed by a 1-way nested analysis of
variance (ANOVA), with tank as the random factor to
test for a possible effect. A tank effect was not found.
Thus, an ANOVA followed by Tukey's or Dunnett's
post hoc test was conducted when variances were

uniform or not, respectively. Statistical differences
were considered significant when p-values were less
than 0.05. The Shapiro-Wilk test was first used to
ensure the normal distribution of the data, while Le-
vene's test was applied to check the uniformity of the
variances. All statistical analyses were performed
using commercial software (PASW 20.0; SPSS).

RESULTS

Effects of temperature fluctuation on growth
performance

Growth performance and feed parameters are sum-
marised in Table 1, which compares each diet during
the 3 temperature periods and all the diets within each

Table 1. Effects of dietary lipid contents (D14, D16 and D18: diets containing 14, 16 and 18 % lipid content, respectively) on
gilthead sea bream growth and feed parameters throughout the temperature periods. Growth parameters are expressed as
mean =+ SE, and were obtained from the total biomass of each individual tank (n = 3 diet™). Initial body weight (BW) (Day 0)
was 145 + 0.1 g, initial body length (BL) was 17.3 + 0.0 cm and initial condition factor was 2.90 + 0.01. CF: condition factor;
SGR: standard growth rate; FCR: feed conversion rate. HSI: hepatosomatic index and MFI: mesenteric fat index were calcu-
lated from the fish (n = 9) sampled for the metabolic study. Significant differences between temperature periods within each
diet are indicated by lowercase letters; ‘Diet effect’ or significant differences between diets during each period are indicated
by capital letters (Tukey's post hoc p < 0.05, or Dunnett's post hoc p < 0.05 only for MFI data)

Day 30 (Pre-Cold) Day 80 (Cold) Day 115 (Recovery)

D14 D16 D18 D14 D16 D18 D14 D16 D18
Body weight (g) 185 a 185 a 189 a 206 b 205 b 210 b 266 ¢ 263 ¢ 269 ¢
SE 2.5 2.4 2.5 3.2 1.6 3.0 4.4 2.4 2.5
Diet effect
Body length (cm) 18.5a 18.6 a 18.7 a 19.5Db 19.6 b 19.6 b 209 c 21.0c 21.0c
SE 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Diet effect
CF (%) 2.91 2.85 2.87 2.77 2.74 2.77 2.89 2.78 2.88
SE 0.02 0.01 0.01 0.00 0.02 0.02 0.01 0.05 0.02
Diet effect
Weight gain fish™ (g) 40.0 40.2 43.5 20.9 19.7 21.3 60.6 58.1 58.6
SE 3.1 3.0 3.1 3.2 0.9 0.9 1.7 2.2 0.8
Diet effect
Feed intake fish™ (g) 52.6 57.2 57.7 53.9 51.7 54.1 104 104 103
SE 3.5 0.9 2.3 52 2.5 2.5 5.0 0.5 1.9
Diet effect
SGR (% bw gain d}) 0.86 a 091a 097a 024b 020b 0.22b 0.74 ¢ 0.70 ¢ 0.70 ¢
SE 0.05 0.04 0.05 0.03 0.01 0.01 0.01 0.02 0.02
Diet effect
FCR (g feed g~! bw) 1.32a 143 a 1.33a 248b 2.63b 2.54Db 1.72 ¢ 1.85c¢ 1.76 ¢
SE 0.02 0.07 0.06 0.22 0.06 0.06 0.03 0.04 0.04
Diet effect A B AB
HSI (%) 2.17 a 1.82a 1.83ab 231a 243b 235a 0.98 b 1.19c¢ 1.79 b
SE 0.11 0.17 0.11 0.10 0.13 0.13 0.28 0.08 0.24
Diet effect A B B A A B
MEFI (%) 1.08 a 1.95a 1.13 a 098a 0.89b 0.88a 1.78 b 1.53 a 1.80 b
SE 0.1 0.4 0.2 0.3 0.1 0.0 0.1 0.1 0.1
Diet effect A B AB
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period (diet effect). During the PC period, decreasing
dietary lipid content from 18 to 14 % at 22°C did not sig-
nificantly affect sea bream body weight, body length or
condition factor. Accordingly, weight gain and the
SGRs did not differ, although the SGRs appeared to in-
crease with higher dietary lipid contents. Other body
indices, such as the hepatosomatic index (HSI) and the
mesenteric fat index (MFI), showed significant differ-
ences, with the HSI and MFI being the highest in D14-
and D16-fed fish, respectively (Tukey, p < 0.05).

The drop in water temperature to 14°C and the
maintenance of this temperature (50 d in total) dras-
tically reduced daily growth and hampered food con-
version. Thus, the growth arrest induced by the low
temperature of 14°C was evidenced by the drastic
reduction in the SGRs (around 4-fold) and the dou-
bling of the FCRs, with the condition of the D14-fed
fish being the least affected. In parallel, the cold
challenge increased the HSI significantly (Tukey, p <
0.05) for the fish on the D16 diet, with a concomitant
mobilisation of mesenteric fat (Dunnett, p < 0.05). At

the end of the recovery period (Day 115), there were
no significant differences in the final body weight
between the different diets. However, growth per-
formance was not completely restored, with the
SGRs from the recovery period being lower (between
0.70-0.74 body weight [BW] gain d~') than those
from the PC period, and the FCR values still being
higher (between 1.72-1.85 g feed g~' BW). The main
difference between the fish on the different diets was
observed in the HSI values, which were restored in
D18-fed fish, but significantly reduced in the D14-
and D16-fed fish compared to the D18-fed fish
(Tukey, p < 0.05) and the PC values (35 and 55 %,
respectively; Tukey, p < 0.05).

Efifects of temperature fluctuation on plasma
metabolites

The plasma levels of glucose, lactate, protein and
lipid fractions (Table 2) were measured after over-

Table 2. Plasma metabolites in juvenile sea bream feeding on diets with different lipid contents (D14, D16 and D18: 14, 16 and

18 % lipids respectively) throughout the temperature fluctuation. Data are expressed as mean + SE. Significant differences be-

tween the periods within each diet are indicated by lowercase letters (Tukey's post hoc p < 0.05, or Dunnett's post hoc p < 0.05

only for ‘sum of lipids' data); significant differences between the diets during each period are indicated by capital letters

(Tukey's post hoc p < 0.05, or Dunnett's post hoc p < 0.05 only for ‘sum of lipids" data). NEFA: non-esterified fatty acids; TAG:
triacylglycerides; TC: total cholesterol; PL: phospholipids

Day 30 (Pre-Cold) Day 80 (Cold) Day 115 (Recovery)

D14 D16 D18 D14 D16 D18 D14 D16 D18
Glucose (mM) 7.6a 58a 8.6a 3.2c 3.3b 4.4 c 55b 59a 6.1b
SE 0.8 0.9 0.2 0.2 0.2 0.2 0.4 0.5 0.5
Diet effect A B A A A B
Lactate (mM) 2.8 2.7a 3.0 2.3 24 a 3.3 2.3 14b 3.2
SE 0.4 0.3 0.4 0.3 0.3 0.9 0.3 0.2 0.2
Diet effect A B C
Protein (mg ml™") 39.3 39.7 32.2 ab 39.6 38.1 22.7b 50.3 37.8 332a
SE 2.7 3.0 2.9 1.5 2.3 3.4 3.7 2.2 2.0
Diet effect A A B A AB B
NEFA (mEq dl™!) 044a 045a 054a 0.65b 0.78b 0.65b 049a 0.55ab 0.74Db
SE 0.04 0.05 0.03 0.04 0.01 0.05 0.05 0.06 0.06
Diet effect A B A A AB B
TAG (mg dI'}) 461 319 a 334 a 535 704 ¢ 426 b 322 444 b 289 a
SE 40 29 31 115 100 43 8 21 26
Diet effect A B B AB B A A B A
TC (mg dl™!) 263 177 83 a 277 220 87 a 269 236 163 b
SE 4 22 17 14 14 19 14 5 19
Diet effect A B C A B C A B C
PL (mg dI™!) 725 a 614 a 648 876 b 878 b 618 812 b 896 b 673
SE 35 59 26 57 25 36 31 64 30
Diet effect A B AB A A B A A B
Sum of lipids (g dI™!) 145a 1.16a 1.08 1.80b 1.82 ¢ 1.15 1.33a 146D 1.15
SE 0.06 0.08 0.06 0.12 0.09 0.09 0.05 0.03 0.06
Diet effect A B B A A B A A B
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night fasting and corresponded to basal levels before
the intake of the morning ingesta. Circulating lipid
fractions, TAG, TC and PL were significantly higher
in D14-fed fish, producing a 40 % increase in lipa-
emia (expressed as the ‘'sum of plasma lipids’'), than
in D18-fed fish (1.45 + 0.06 g dI"! for D14 vs. 1.08 =
0.06 g dl~! for D18; Dunnett, p < 0.05). Differences in
glycaemia between the diets during the PC period
did not correspond to dietary energy levels. Other
plasma metabolites, such as lactate, total protein and
NEFAs, did not differ between the diets. During the
C period, glycaemia was reduced 2-fold, irrespective
of diet, while hyperlipaemia was observed in the fish
on the D14 and D16 diets and hypoproteinaemia in
those on the D18 diet. At the end of the recovery pe-
riod, most of the plasma metabolites were restored to
their PC levels, except glucose. See Fig. 4 for a sum-
mary of the changes in plasma metabolites in re-
sponse to temperature fluctuations, illustrating that
the differences in plasma metabolite levels between
the diets were maintained throughout the whole ex-
perimental period whereas the effects of temperature

were transitory, although the SGRs and FCRs were
partially reverted, and the HSI for D16-fed and D14-
fed fish indicated delayed recovery in these animals.

Eifects of temperature fluctuation on
osmoregulation

Plasma osmolality, plasma ions (sodium, chloride,
potassium and phosphorus) and gill and intestinal
(proximal section) Na*/K*-ATPase activities were
also measured to evaluate the effects of a low tem-
perature and temperature recovery on the osmoreg-
ulatory capacity of sea bream (Table 3). The highest
osmolality values (around 500 mOsm kg™') were
recorded during the PC period, irrespective of diet,
and were significantly reduced (Tukey, p < 0.05) at
the end of both the cold and recovery periods (to
around 450 mOsm kg™!). The fish on the D14 diet
showed higher PC levels of sodium and chloride than
those on the D16 and D18 diets (Tukey, p < 0.05).
However, the sum of the sodium plus chloride ions

Table 3. Osmoregulation-related parameters in juvenile sea bream feeding on diets with different lipid contents (D14, D16 and
D18: 14, 16 and 18 % lipids respectively) throughout the temperature fluctuation. Data are expressed as mean + SE; ATPase
activities are expressed as ugADP mg™! protein h!. Significant differences between the periods within each diet are indicated
by lowercase letters; significant differences between the diets during each period are indicated by capital letters (Tukey's
post hoc, p < 0.05)

Day 30 (Pre-Cold) Day 80 (Cold) Day 115 (Recovery)

D14 D16 D18 D14 D16 D18 D14 D16 D18
Plasma
Osmolality (mOsm kg™!) 507 a 512 a 482 a 435 Db 442 b 436 b 416 b 437 b 438 b
SE 11.4 10.7 8.1 7.3 11.5 8.5 7.0 8.9 13.0
Diet effect
Sodium (mM) 220.8a 198.2a 180.1a 174.1c 1704b 170.7b 1926 b 204.8a 197.7a
SE 7.12 8.81 5.28 3.53 3.68 7.44 4.6 5.60 3.78
Diet effect A AB B
Chloride (mM) 159.0a 1479a 1478a 121.2b 1219b 1196Db 125.1b 119.7b 118.0b
SE 1.96 2.77 1.89 2.46 3.40 3.20 2.74 241 1.64
Diet effect A B B
Potassium (mM) 270a 240a 3.04 3.0lab 298a 2.95 3.59b 4.00Db 3.72
SE 0.202 0.275 0.196 0.239 0.228 0.300 0.191 0.148 0.099
Diet effect
Phosphorus (mM) 3.15a 3.47 a 3.37 a 2.85ab 2.85b 2.82b 245Db 2.50c 2.30c
SE 0.166 0.129 0.194 0.108 0.060 0.137 0.091 0.091 0.098
Diet effect
Na*/K*-ATPase activity
Branchial 3.37 2.90 2.18 3.52 1.91 1.74 1.29 2.64 1.68
SE 0.442 0.672 0.735 1.090 0.438 0.281 0.672 0.600 0.183
Diet effect
Intestinal 12.36 33.89a 26.42 2142 36.93a 17.39 8.74 15.57b  20.73
SE 2.942 7.73 3.917 5.642 5.095 3.787 2.642 5.121 6.360
Diet effect A B AB AB B A
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could not explain the higher values of osmolality for
any of the diets. Plasma potassium (2.5-3.0 mM) and
phosphorus (3.0-3.5 mM) levels were not affected by
diet during the PC period (22°C). The low tempera-
ture of 14°C significantly reduced (Tukey, p < 0.05)
plasma chloride and phosphorus levels for all the 3
diets, and sodium levels for the D14 and D16 diets.
Although plasma sodium levels reverted during the
recovery period, plasma chloride levels did not in-
crease, while plasma phosphorus levels were even
lower. Curiously, plasma potassium levels signifi-
cantly increased from 3.0 mM to 3.5-4.0 mM (Tukey,
p <0.05).

While Na*/K*-ATPase activities were not signifi-
cantly affected by the cold challenge, plasma ion
concentrations were lower during the Cold period
and only partially reverted during the recovery
period, irrespective of diet. Both branchial and intes-
tinal Na*/K*-ATPase activities were evaluated dur-
ing the temperature fluctuation. Despite higher vari-
ance, intestinal Na*/K*-ATPase activity was lower in
D14-fed fish than in D16- and D18-fed fish. Diet did
not affect branchial Na*/K*-ATPase activity. Bran-
chial and intestinal Na*/K*-ATPase activities were
not affected by the C period, with only intestinal
Na*/K*-ATPase activity in the D16-fed fish being sig-
nificantly reduced during the recovery period
(Tukey, p < 0.05).

Eifects of temperature fluctuation on liver enzyme
activities

The activities of key enzymes associated with the
pentose shunt (G6PDH), the glycolytic pathway
(LDH), aerobic metabolism (CS and COX), 3-oxidation
(HOAD) and protein catabolism (ALT, AST and GDH)
are shown in Fig. 2. To better understand the recovery
process, sampling was performed twice during the re-
covery period, on Day 7 to measure early recovery
(Day 87 of the study period) and on Day 35 to measure
late recovery (Day 115 of the study period). The effect
of low temperature and recovery on the metabolic
rate was calculated by the temperature coefficient Q;,
between the PC and C periods and between the C and
ER and LR periods (Table 4). Qy, values of around 1.0
indicate temperature independence of the enzyme
activity, while higher Q( values indicate higher tem-
perature dependence and values less than 1.0 indicate
negative or inverse temperature dependence. Finally,
the following enzyme ratios were used to assess meta-
bolic reorganisation in the liver (Fig. 3): the LDH/CS
ratio as indicator of anaerobic component of metabo-

Table 4. Temperature coefficients (Qq values) of enzymes associated with energy production (G6PDH, LDH, CS, COX and HOAD) and amino acid metabolism (AST,

ALT and GDH). Qo values were calculated from each tank replicate (n

3) as mean + S.E.M. Significant differences between diets at each thermal period are indicated

by capital letters (p < 0.05, 1-way ANOVA)

CS COX HOAD GDH AST ALT

LDH

G6PDH

Diet

T? interval

1.64 +0.69 AB
1.29+0.30 B
091 +£0.22
1.31+0.25

1.99+0.23 A
1.05 £ 0.43

2.33+0.36 A
2.16+0.23 A
1.74 +0.22 B
0.69 +0.03 A
0.92+0.18 A
1.26 £ 0.01 B

1.75+0.08
1.54 £0.15
2.11 +0.50

1.76 £0.10 A
1.33+0.16 B
1.11+£0.05 B

1.09 £ 0.15

1.09 £0.11
0.81 +£0.03
1.14 £ 0.04

1.23+0.21 AB
0.89+0.17 A
0.96 + 0.07
0.90 +0.12

1.77+0.37 A
0.74 +0.18

242 +0.18
2.26 + 0.72

1.25+£025 A
297+0.32 B

271+£029 A
0.84+0.25 B
4.07 £1.06 A

0.84 + 0.07

D14
D16

22°C —»14°C

Cold
(50 d)

1.76 = 0.17

1.53+0.17 A
1.10+£0.13 A
0.92+0.13 A
1.74+£0.34 B

1.58 £0.18
1.87 £ 0.30
1.34 £ 0.40

D18

1.05 £ 0.10
1.21 £ 0.08
1.40 £ 0.19
1.28 £ 0.33
1.33 £0.10

1.18 £ 0.05
0.84 +0.09

1.22 £ 0.05
1.89 £ 0.71
0.92 +0.13

1.23 £0.18
0.84 +0.14

D16
D18

Early Recovery D14
14°C —22°C

(7d)

1.37 £ 0.16
0.98 +0.11
0.85+0.12
0.70 + 0.14

1.96 £ 0.10 AB
1.57+0.15 B

1.52+0.13 A
1.05+0.08 B
0.43+0.03 C

1.73 £0.10
2.54 +1.10

515+025 A
1.28+0.33 B
140+0.15 B

D14
D16
D18

Late Recovery
14°C —»22°C

(35 d)

238+0.15 A

1.28 £ 0.29
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Fig. 2. Maximal activities of enzymes associated with energy production (G6PDH, LDH, CS, COX and HOAD) and amino acid

metabolism (AST, ALT and GDH) in gilthead sea bream throughout temperature fluctuations. Pre-Cold: data from samples

collected on Day 30 at 22°C; Cold: data from samples collected after 50 d at 14°C (Day 80); Early and Late: data from samples

collected 7 and 35 d (experimental Days 87 and 115) after the start of temperature recovery to 22°C, respectively. Lowercase

letters within the bars (a, b and c) indicate significant differences between the periods within each diet (Tukey, p < 0.05).

Capital letters above the bars (A, B and C) indicate significant differences between the diets during each period (Tukey,
p <0.05). D14, D16 and D18: diets containing 14, 16 and 18 % lipid content respectively
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Fig. 3. Enzyme ratios in the liver of gilthead sea bream throughout temperature fluctuations. Pre-Cold: data from samples col-

lected on Day 30 at 22°C; Cold: data from samples collected after 50 d at 14°C (Day 80); Early and Late: data from samples col-

lected 7 and 35 d (experimental Days 87 and 115) after the start of temperature recovery to 22°C, respectively. Lowercase let-

ters within the bars (a, b and c) indicate significant differences between the periods within each diet (Tukey, p < 0.05). Capital

letters above the bars (A, B and C) indicate significant differences between the diets during each period (Tukey, p < 0.05).
D14, D16 and D18: diets containing 14, 16 and 18 % lipid content respectively

lism vs. aerobic pathway; the HOAD/CS ratio for the
preference for the oxidation of fuels (fatty acids vs.
carbohydrates); the COX/CS ratio for mitochondrial
rates; and the AST/ALT ratio for protein catabolism
and liver damage.

After 30 d of feeding at 22°C during the PC period,
the hepatic activities of G6PDH, LDH, CS and COX
were greater with higher dietary lipid contents (D18
> D16 > D14), whereas the activities of the hepatic
transaminases (AST and ALT) and GDH were lower
in the fish on the D18 diet (Tukey, p < 0.05). The
activity of HOAD, which is involved in B-oxidation,
was not affected by dietary lipid content. Despite
these differences in enzyme activities, the enzyme
ratios demonstrated that the relative importance of
metabolic pathways did not significantly differ be-
tween the diets, with liver metabolism adapting to
the dietary condition (Fig. 3). Only the HOAD/CS
ratio showed a significant difference—a 2-fold
higher value in the D14-fed fish, indicating a rela-
tively higher contribution of lipids to aerobic meta-
bolism in these animals.

A compensatory effect through increases in en-
zyme activities was not observed during the C
period. G6PDH, CS, ALT and AST activities were
globally reduced in all the fish, irrespective of diet, as
well as COX and GDH activities in D14-fed fish. CS
and AST were the most sensitive to low tempera-
tures, their Qo values increasing similarly for all 3
diets. Hence, liver metabolism was reorganised
mainly in the D14-fed fish (which presented in-
creased LDH/CS and HOAD/CS ratios) and was
slightly affected in the fish on the D16 and D18 diets.

During ER, most of the enzyme activities reduced
during the C period were not restored to initial levels,
even partially, except for CS activity in D16-fed fish
and LDH activity in D18-fed fish (as demonstrated by
the Qo values of over 1.7; Table 4). During LR, en-
zyme activities, Qo values and enzyme ratios indi-
cated the total restoration of PC liver metabolism,
with the over-response of G6PDH in D14-fed fish and
AST in D18-fed fish being particularly remarkable.

Fig. 4 summarises the liver intermediary meta-
bolism at the end of each period. Most enzymes
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Fig. 4. Effects of diet and
temperature on juvenile gilt-
head sea bream maintained
under indoor conditions dur-
ing temperature fluctua-
tions, summarising all pa-
rameters analysed at the end
of the (A) Pre-Cold; (B) Cold;
and (C) Late Recovery peri-
ods. The schematic on liver
intermediary metabolism
highlights the enzymes ana-
lysed. The symbol for the ef-
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level; green tick: recovery to
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text and Tables 1 & 2 for
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showed similar activities during the PC and recovery
periods. Although differences between the diets
seemed to be reduced (fewer diet symbols), impor-
tant metabolic reorganisation was observed in D14-
fed fish due to lower CS activity, with the enzyme
ratios being significantly higher than those in the
D16- and D18-fed fish (Tukey, p < 0.05).

DISCUSSION

Growth performance during temperature
fluctuation

The growth arrest during winter may last from 4 to
6 mo, and represents a critical production bottleneck
for gilthead sea bream cage farming that could affect
its commercial sustainability. However, there is little
information on winter growth from fish farms and
there are no publicly available values or reference
points regarding typical parameters of growth per-
formance. The present study is the first to simulate
winter temperature fluctuations under controlled
conditions to determine the effects of different die-
tary lipid contents. Previous studies investigating the
effects of low temperatures on gilthead sea bream
(reviewed in Ibarz et al. 2010a) applied 3 tempera-
ture periods to counteract negative effects: a pre-cold
period, a cold period mimicking winter conditions
and a temperature recovery period. The studies in-
vestigating the effects of increasing dietary lipid con-
tents on gilthead sea bream, usually at higher tem-
peratures, reported that lipid content alone did not
significantly affect fish growth (Veldzquez et al.
2006, Bonaldo et al. 2010, Mongile et al. 2014). In
agreement, our results from the PC period (22°C for
30 d) suggested that reducing dietary lipid content
did not affect weight gain, SGRs, feed intake or
FCRs, indicating that it is possible to reduce dietary
lipid content during the months before winter with-
out detrimentally affecting fish performance, as pre-
viously stated (Ibarz et al. 2010a). We also provide,
for the first time, data on gilthead sea bream growth
during an extended period of a moderately cold tem-
perature (14°C for 50 d) and temperature recovery.
Since gilthead sea bream individuals have been
reported to stop feeding at temperatures below 13°C
(Tort et al. 1998, Ibarz et al. 2003, 2007b), we chose
the temperature of 14°C for the C period. As expec-
ted, the cold challenge induced ‘winter growth
arrest’, with a 4-fold decrease in the SGRs and a 2-
fold increase in the FCRs. Liver weight also in-
creased, elevating the HSI and demonstrating that

14°C for 50 d did not reduce liver weight, which
would have occurred with fasting at higher tempera-
tures (Power et al. 2000, Ibarz et al. 2007a, Melis et al.
2017). To the best of our knowledge, only 2 studies
have examined the effects of dietary modifications on
gilthead sea bream performance during cold months.
Tort et al. (2004), testing a commercial feed and a
specifically prepared winter feed in indoor condi-
tions, reported no differences in body weight gain
between the diets. Silva et al. (2014), assessing the
effects of a fortified diet on fish performance during a
natural temperature regime in outdoor tanks, also
observed growth arrest during the coldest months
irrespective of diet. Tort et al. (2004) formulated a
winter diet with fresh raw materials and enhanced
digestibility, providing supplementary doses of vita-
mins C and E, as well as choline and inositol. The lat-
ter study compared a low-cost commercial formula-
tion with a high-cost commercial formulation
enriched with raw materials such as fish meal and
krill meal. Our study also demonstrated that reduced
dietary lipid content did not affect growth parame-
ters at lower temperatures and that fish on the lowest
energy diet (D14) showed adequate performance.
Fish nourishment during the spring months after
the cold season has also been poorly studied in gilt-
head sea bream even though higher mortality rates
are observed during this period (reviewed in Ibarz et
al. 2010a). A few studies have highlighted the impor-
tance of understanding the recovery mechanisms of
this species after a cold fasting period at 11°C (Tort et
al. 2004) or 8°C (Ibarz et al. 2007a). Moreover, Bavce-
vi¢ et al. (2006) studied the benefits of controlled fast-
ing during temperature recovery, while Silva et al.
(2014) indicated the importance of good raw nutri-
ents during temperature recovery. Our data demon-
strated that differences in dietary lipid contents did
not modify growth parameters, although the appar-
ent dependence of the HSI on dietary lipid content
suggests the importance of higher lipid supplies dur-
ing the recovery period, which is in agreement with
the results of Silva et al. (2014). However, 35 d was
not long enough for SGRs and FCRs to recover to
their PC values, demonstrating delayed recovery from
low temperatures, irrespective of dietary energy levels.

Osmoregulatory response

It is well known that suboptimal temperatures
affect the osmoregulatory capacity of teleost species
(Staurnes et al. 2001, Imsland et al. 2003, Metz et al.
2003, Sardella et al. 2004, 2008), including gilthead
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sea bream (Vargas-Chacoff et al. 2009a,b). Osmo-
regulation is influenced by food deprivation in eury-
haline fish since an osmotic balance is maintained by
the energy available (Sangiao-Alvarellos et al. 2003,
Polakof et al. 2006). Gilthead sea bream encounter
both low temperatures and cold-induced food de-
privation during the course of the culture period.
Vargas-Chacoff et al. (2009a), studying juvenile gilt-
head sea bream cultured in earthen ponds under
natural photoperiod and temperature conditions, re-
ported that plasma osmoregulation parameters (os-
molality, sodium and chloride levels) showed a simi-
lar pattern of variation between the seasons, with the
highest values occurring in the summer and the low-
est in winter. In our experiment, fish also showed the
highest values for osmolality, sodium and chloride at
the higher temperature of 22°C. Surprisingly, the
osmolality values were quite high and could not be
explained solely by the osmolyte concentrations. It is
well known that many stressors affect the hydromin-
eral balance in fish (Wendelaar Bonga 1997), with
plasma cortisol levels the main marker for stress and
other metabolites, such as glucose and lactate, being
released into the plasma in response to stress (Barton
2002). Although additional stress was not expected
under our indoor conditions, the high osmolality val-
ues together with relatively higher plasma glucose
levels during the PC period might reflect inherent
stress. Further studies are needed to evaluate, for
instance, plasma cortisol levels to clarify these higher
osmotic responses in gilthead sea bream maintained
under indoor conditions. Similarly, high osmolarities
were recorded in a different group of sea bream
using a freezing point osmometer (authors' unpubl.
data), which is, interestingly, in line with those ob-
served in sea bream infected with Karlodinium spp.
(Fernandez-Tejedor et al. 2007). In the present study,
none of the fish were affected by pathogens, with the
sodium levels and especially the low chloride levels
indicating no toxin-related or even temperature-
related changes in membrane permeability.

Reduced plasma sodium and chloride concentra-
tions at 14°C were in accordance with previous re-
sults obtained in controlled temperature drops (Sala-
Rabanal et al. 2003) or in ponds (Vargas-Chacoff et
al. 2009a). Plasma potassium and phosphorus levels
showed opposite trends during the temperature fluc-
tuation, but there were no differences between the
dietary treatments. The highest potassium and phos-
phorus levels were recorded during the recovery
period (22°C), which were even higher than those
measured during the PC period (also at 22°C), possi-
bly due to metabolic reorganisation.

The increased plasma potassium levels during the
recovery period (by 70% compared to initial values)
should be taken into account given the importance of
this ion in cellular processes. Increased potassium
levels in plasma samples could be caused by contam-
ination due to haemolysis (Mirghaed et al. 2017),
which did not occur in the present study during sam-
pling and analysis. Generally, potassium levels in fish
plasma either rise or are maintained at a constant
level with increasing temperature (Burton 1986).
Plasma potassium levels have been reported to in-
crease in rainbow trout just before maximum exer-
cise, especially at elevated temperatures, as high
intensity exercise elicits potassium loss from the mus-
cle (Jain & Farrell 2003). It is possible that the ele-
vated potassium levels observed in sea bream during
the recovery period might reflect a transient mis-
match between the lack of an adequate nutritional
status and the increased metabolism and overall
activity induced by the rise in temperature.

Changes in the osmoregulatory capacity in fish
exposed to low temperatures have been associated
with alterations in relevant tissues such as the gills,
kidneys and intestines. Generally, fish increase
Na*/K*-ATPase activity in the gills to cope with low
temperatures (Gabbianelli et al. 1996, Packer &
Garvin 1998, Imsland et al. 2003, Metz et al. 2003).
However, Vargas-Chacoff et al. (2009a) and Ibarz et
al. (2010a) could not confirm this in sea bream. We
did not observe changes in branchial and intestinal
Na*/K*-ATPase activities in response to low tem-
peratures. Such changes in activities have been
observed to be accompanied by morphological mod-
ifications, such as reduced numbers of apical mem-
brane microvilli and chloride cells (Ibarz et al. 2010a)
in the first days of a cold challenge at 8°C. However,
temperature maintenance at 8°C for 20 d has been
reported to partially reverse the changes and cause
homeoviscous adaptation that increases membrane
unsaturation (Ibarz et al. 2005). The rapid and neces-
sary recovery of crucial ATPase activity could ex-
plain why low temperatures did not significantly
affect both branchial and intestinal ATPase activities
in the present study. Additionally, branchial Na*/K*-
ATPase activity was already rather low, even at 22°C,
compared to other studies on sea bream (Laiz-
Carrion et al. 2005, Vargas-Chacoff et al. 2009a),
which might be partly related to the high plasma
osmolality and, thus, a reduced gradient with exter-
nal water.

In contrast to branchial Na*/K*-ATPase activity,
intestinal Na*/K*-ATPase activities were variable
and showed diet-related differences. Although die-
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tary lipid levels did not affect the overall osmoregula-
tory capacity, intestinal Na*/K*-ATPase activity was
lower (2- to 3-fold) in D14-fed fish than in D16- and
D18-fed fish during the PC period. The activity of
ouabain-sensitive intestinal Na*/K*-ATPase in sea
bream is segment-dependent and related to both ion
osmoregulation and nutritional processes (Diaz et al.
1998, Almansa et al. 2001, Gregoério et al. 2013). It has
an Arrhenius breakpoint temperature at around
15°C, but with similarly low activation energies
above and below the discontinuity (Diaz et al. 1998).
This temperature is close to the lowest temperature
used in our study, which might explain the lack of
changes in enzyme activities between the tempera-
ture periods. Since we observed no significant dif-
ferences in the osmotic parameters, Na*/K*-ATPase
activity could indirectly reflect the intestinal absorp-
tion ability of fish, as some nutrients (amino acids and
glucose) are absorbed in association with Na* via the
action of Na*/K*-ATPases (Rhoads et al. 1994, Klein
et al. 1998). In this sense, a medium energy diet
would favour absorption. However, the absence of
significant differences in growth parameters does not
support the notion that changes in intestinal Na*/K*-
ATPase activity caused major diet-specific changes,
and further studies are required to tackle the rela-
tionship between dietary energy levels and Na*/K*-
ATPase activity. It is known, however, that the polar
lipid fatty acid composition of the intestinal mucosa
correlates with the Arrhenius plot breakpoint, sug-
gesting a regulatory role of the lipid microenviron-
ment on enzyme activity (Diaz et al. 1998) and that
enterocytes are susceptible to diet-induced lipid
alterations (Diaz et al. 2016).

Metabolic reorganisation

Blood analysis is performed routinely to evaluate
physiological changes in mammals (Knox et al. 1998).
Recently, several plasma metabolites and enzymes
were used to evaluate the nutritional status of heal-
thy juvenile gilthead sea bream (Peres et al. 2013).
Here, we analysed glucose, lactate, protein and lipid
fractions, which are strongly associated with res-
ponses to low temperatures in gilthead sea bream
(reviewed in Ibarz et al. 2010a). During the PC
period, plasma levels of TAG, PL and TC inversely
correlated with dietary lipid content, the sum of
plasma lipids being the highest in the D14-fed fish
and reflecting pre-feeding levels (Polakof et al.
2007). Thus, plasma lipid fractions are more precise
indicators of nutritional status than glucose or pro-

teins at 22°C, as suggested by Peres et al. (2013) in
their study of nutritional statuses.

It is well known that acute cold shock (from 18 to
8°C) induces both hyperglycaemia (Sala-Rabanal et
al. 2003) and hyperlipidaemia (Ibarz et al. 2007a).
Higher glucose levels and cortisol secretion have
been linked to stress (Rotllant et al. 2001), while
higher lipid levels have been associated with the
release of lipids from perivisceral fat (Ibarz et al.
2007a). Although we observed hyperlipidaemia in
fish on the D14 and D16 diets during the C period,
glycaemia decreased 2-fold, irrespective of diet.
These changes were reverted when the water tem-
perature increased. Our results are in agreement
with the annual inverse variation in plasma glucose
and TAG levels reported by Vargas-Chacoff et al.
(2009a), who noted that the highest glucose levels
and lowest TAG levels occurred during the summer
and the opposite during winter. The low glucose lev-
els at low temperatures might be due to a decrease in
the capacity of the liver to produce glucose, while
higher lipid levels have been linked to reduced feed-
ing and increased mobilisation of lipid stores
(Vargas-Chacoff et al. 2009b, Ibarz et al. 2010a). The
transitory changes in TAG and glucose levels in
response to low temperatures can therefore be used
as indicators of a cold challenge.

Liver function has been widely examined in studies
investigating cold challenges due to its importance in
blood composition and osmo/ion regulation, immune
function, reproduction, detoxification and many
other processes related to energy metabolism. We
focused on the capacity of the liver to recover from
low temperatures, analysing key enzymes of inter-
mediary metabolism, their temperature coefficients
(Qqp) and ratios that could be used to indicate meta-
bolic reorganisation. Feidantsis et al. (2018), under
culture conditions, reported seasonal metabolic pat-
terns involving oxidative stress during the summer
and winter. Lipid oxidation is induced by low temper-
atures, while metabolic activation and carbohydrate
oxidation are also elicited at higher temperatures.
Accordingly, the glutathione redox cycle and liver
antioxidant enzyme activities have been reported to
be strongly affected by low temperatures under
indoor conditions (Sdnchez-Nuno et al. 2018). Evalu-
ating metabolic patterns when dietary lipid intake
was reduced, our results from the PC period demon-
strated that dietary lipids modified hepatic enzyme
activities according to energy intake, as expected for
sea bream at 22°C. Diets with higher lipid contents
were associated with higher activities of energy-rela-
ted enzymes (CS, COX and LDH) and lower activities
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of enzymes involved with amino acid metabolism
(AST, ALT and GDH), possibly to preserve amino
acids for use as energy fuel. G6PDH activity also
increased with higher dietary lipid intake. In general,
liver G6PDH activity in fish increases with food avail-
ability to provide NADPH (Bastrop et al. 1992), which
is essential for reductive biosynthesis, nucleic acid
synthesis and cell protection against oxidants. The
clearly increased metabolism in the livers of D18-fed
fish would involve higher free radical production and
more oxidant attacks. Thus, higher G6PDH activity
would provide the reducing power for the antioxi-
dant system. Sanchez-Nuno et al. (2018) reported
that reducing dietary lipid content from 18 to 14 %
lowered oxidised lipid levels by half in both the
plasma and liver of gilthead sea bream, thereby
decreasing the putative effects of lipid peroxidation
at 22°C. Surprisingly, we did not observe lipid de-
pendency for HOAD activity despite this enzyme
being directly associated with lipid catabolism. Usu-
ally, fish fed high-fat diets show increased levels of
mitochondrial HOAD (Antonopoulou et al. 2014,
Librdan-Pérez et al. 2015). Our results therefore sug-
gest that liver lipid metabolism was not affected by a
4% reduction in dietary lipid content. However,
using enzyme ratios as indicators of metabolic re-
organisation, we did observe that the HOAD/CS
ratio was higher in the fish on the D14 diet than in
those on the D16 and D18 diets, indicating that lipid
entry into the Krebs cycle was greater in D14-fed
fish. The preference for fatty acid vs. carbohydrate
oxidation and the mitochondrial index (the COX/CS
ratio) were similar, irrespective of diet, demonstrat-
ing the high plasticity of liver metabolism at 22°C.
Considering all the data on growth, ingesta, plasma
metabolites, the osmoregulatory capacity and liver
metabolism (see Fig. 4), a 4% reduction in dietary
lipid content did not affect fish growth, and meta-
bolism was modulated accordingly in gilthead sea
bream grown indoors.

We have studied changes in the metabolic rate
(Ibarz et al. 2003), liver composition and enzyme
activities in gilthead sea bream exposed to low tem-
peratures (Ibarz et al. 2007a, 2010b,c), which have
demonstrated that this species has little capacity to
acclimate to temperatures under 12-13°C. Exposing
sea bream to 14°C for an extended period (50 d)
revealed their inability to compensate for low tem-
peratures in their enzyme activities, even when feed-
ing. Moreover, some enzymes, such as G6PDH, CS,
AST and ALT, showed greatly reduced activities, as
previously reported for lower temperatures (Ibarz et
al. 2010b). Several studies, evaluating annual chan-

ges in glucose intermediary metabolism in caged
adult gilthead sea bream (Gémez-Milén et al. 2007)
and the osmoregulatory and metabolic capacities of
immature animals in earthen ponds (Vargas-Chacoff
et al. 2009a), reported the lack of seasonal changes in
the activities of fructose 1, 6-bisphosphatase (FBPase),
AST, pyruvate kinase (G6émez-Milan et al. 2007),
FPBase and G6PDH (Vargas-Chacoff et al. 2009a).
Indoor studies in which animals were exposed to 12,
19 and 26°C for 35 d (Vargas-Chacoff et al. 2009b)
and to 8 or 12°C (Ibarz et al. 2007b), corroborated the
lack of compensation in enzyme activities during
temperature acclimation. The concomitant increase
in LDH and CS activities also indicated an increased
conversion of carbohydrates into lactate.

The current study aimed to further analyse the ef-
fects of reducing dietary lipid content during a cold
challenge, evaluating temperature coefficients and
metabolic ratio indicators. Our group recently repor-
ted a lack of acclimation of antioxidant enzymes to
low temperatures (14°C) and increased levels of oxi-
dised proteins in animals fed higher dietary lipids
(Sanchez-Nuno et al. 2018), which are consistent
with the increased oxidised lipids during the cold
season reported by Feidantsis et al. (2018). G6PDH
activity in D18-fed fish was strongly affected, with a
Qo of around 4, which, together with lower gluta-
thione levels at low temperatures (Sanchez-Nuno et
al. 2018), indicated that diets with higher lipid con-
tents are not recommendable for low temperatures.
The Qo values demonstrated that the overall de-
crease in enzyme activity did not show a similar pat-
tern for all the diets. For example, G6PDH, CS, AST
and ALT activities decreased by half in D14-fed fish.
Kyprianou et al. (2010) reported that LDH and HOAD
activities increased in sea bream maintained at low
temperatures, suggesting increased anaerobic meta-
bolism together with higher oxidation of free fatty
acids that contributed to ATP turnover. These
changes elicit a reorganisation of liver metabolism,
which was highly evident in D14-fed fish via the
increased LDH/CS and HOAD/CS ratios.

To better understand the recovery in liver meta-
bolism from low temperatures and reduced dietary
intake, we performed 2 samplings during the recov-
ery period. Feidantsis et al. (2015) reported tissue-
dependent and time-dependent responses of LDH,
HOAD and CS activities to acute warming in gilt-
head sea bream. For example, during a transition
from 18 to 24°C, HOAD and CS activities increased
and LDH activity decreased during the first week,
indicating enhanced liver aerobic metabolism in
response to an increased energy demand. Our results
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indicated that the recovery from lower temperatures
was different from acute warming in sea bream. The
decreased enzyme activities were still not restored
7 d after the start of temperature recovery, with Qg
values still near 1 and only LDH activity for D18-fed
fish and CS activity for D16-fed fish showing higher
Qo values. The higher LDH activity in D18-fed fish
increased the LDH/CS ratio, which indicated the
uncoupling of anaerobic processes during the first
days of recovery. The higher CS activity in D16-fed
fish suggested that this diet was more favourable
during early recovery. At 35 d after the start of tem-
perature recovery (LR), most of the enzyme activities
had reverted to their PC levels, showing the delay in
the recovery process. Since enzyme activities were
presented per mg of fresh liver weight, and given
that the HSI was 2-fold lower in D14-fed fish than in
D18-fed fish, the D14 diet could further affect liver
capacities, considerably reducing ‘enzymatic power'
during recovery from low temperatures. Moreover, it
has been reported that the glutathione redox cycle is
not fully restored after recovery from 50 d at 14°C,
with fish on the low-lipid diet presenting higher liver
protein oxidation than those on diets with higher
lipid contents (Sanchez-Nufo et al. 2018). Thus, al-
though fish growth was not significantly affected, the
D14 diet did not adequately meet the energy de-
mands for the recovery from low temperatures.

CONCLUSIONS

Reducing dietary lipids, and consequently, dietary
energy, did not affect gilthead sea bream perform-
ance during temperature fluctuation in indoor condi-
tions. However, to cope with low temperatures in cul-
ture, we propose different diets for the pre-cold, cold
and recovery periods based on real energy needs.
We recommend diets with reduced lipid contents
during the pre-cold and cold culture periods, espe-
cially since high dietary energy levels and culture
densities have been reported to have deleterious
effects on physiology and growth in other fish species
(Sudrez et al. 2015). Although cold-induced growth
arrest and metabolic depression are unavoidable, a
well-formulated low-lipid diet would be enough to
meet the low energy demands at low temperatures.
The recovery from low temperatures is different from
acute warming in sea bream and requires diets with
increased energy contents to guarantee good liver
condition, and mineral supplementation to maintain
osmoregulation and bone formation. Furthermore,
higher protein contents are desirable to improve tis-

sue restoration and possibly improve growth during
recovery from low temperatures. However, further
studies are needed to comprehensively assess the
temperature recovery period and the dietary needs
of gilthead sea bream in commercial cage culture
conditions.
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