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Dietary ion content is known to alter the acid-base balance in freshwater fish. The current study investigated the
metabolic impact of acid-base disturbances produced by differences in dietary electrolyte balance (DEB) in the
meagre (Argyrosomus regius), an euryhaline species. Changes in fish performance, gastric chyme characteristics,
pH and ion concentrations in the bloodstream, digestive enzyme activities and metabolic rates were analyzed in
meagre fed ad libitum two experimental diets (DEB 200 or DEB 700 mEq/kg) differing in the Na2CO3 content for
69 days. Fish fed the DEB 200 diet had 60–66% better growth performance than the DEB 700 group. Meagre con-
suming theDEB 200 dietwere 90–96%more efficient thanfish fed theDEB 700 diet at allocating energy from feed
into somatic growth. The pHvalues in bloodwere significantly lower in theDEB 700 group 2 h after feedingwhen
compared to DEB 200, indicating that acid-base balance inmeagrewas affected by electrolyte balance in diet. Os-
molality, and Na+ and K+ concentrations in plasma did not varywith the dietary treatment. Gastric chyme in the
DEB 700 group had higher pH values, drymatter, protein and energy contents, but lower lipid content than in the
DEB 200 group. Twenty-four hours after feeding, amylase activity was higher in the gastrointestinal tract of DEB
700 group when compared to the DEB 200 group. DEB 700 group had lower routine metabolic (RMR) and stan-
dard metabolic (SMR) rates, indicating a decrease in maintenance energy expenditure 48 h after feeding the al-
kaline diet. The current study demonstrates that feeding meagre with an alkaline diet not only causes acid-base
imbalance, but also negatively affects digestion and possibly nutrient assimilation, resulting in decreased growth
performance.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Acid-base homeostasis (pH) is essential to maintain physiological
activities infish. However, changes in environmental conditions, includ-
ing water salinity (Genz et al., 2008; Gilmour et al., 2012), pH (Janssen
and Randall, 1975; Wilson et al., 1999), and swimming activity
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(Wood, 1991; Wood et al., 1983) may disrupt this balance. Despite
these challenges, the acid-base homeostasis is maintained within strict
limits by several mechanisms, including branchial compensation by
ion fluxes, requiring ATPase ion transporters (Claiborne et al., 2002;
Evans et al., 2005).

Several studies have demonstrated that feeding has a significant in-
fluence on acid-base homeostasis in fish (Bucking et al., 2009; Cooper
andWilson, 2008; Taylor and Grosell, 2006;Wood et al., 2010). In addi-
tion, diet composition appears to be an important but less studied factor
affecting acid-base balance. Dietary electrolyte balance (DEB) affects the
acid-base homeostasis, at least in freshwater species (Chiu et al., 1984,
1988; Dersjant-Li et al., 1999, 2001; Saravanan et al., 2013). The DEB is
defined as the sum of themineral cationsminus the sum of mineral an-
ions present in the diet. Differences in DEB may occur when feeding in-
gredients containing variable quantities of cations (Na, K, Ca and Mg)
fects growth performance, amylase activity and metabolic response in
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Table 1
Ingredients of the experimental diets.

Test ingredients (%) Diets

DEB 200 DEB 700

Na2CO3 0.3 2.9
Diamola 2.7 0.1
Wheat 27.2 27.2
Wheat gluten 13.0 13.0
Fish mealb 13.0 13.0
Fish oild 14.0 14.0
Soya protein concentrate 13.0 13.0
Pea protein concentrate 13.0 13.0
Lysine HCL 0.3 0.3
DL-methionine 0.5 0.5
Monocalcium phosphate 1.5 1.5
CaCO3 (krijt) 0.5 0.5
Vitamin-mineral premixc 1.0 1.0
Total 100.0 100.0

DEB, dietary electrolyte balance (mEq/kg). Mineral premix composition (to supply, mg/kg
feed): 50, Fe (as FeSO4·7H2O); 30, Zn (as ZnSO4·7H2O); 0.1, Co (as CoSO4·7H2O); 10, Cu
(as CuSO4·5H2O); 0.5, Se (as Na2SeO3); 20, Mn (as MnSO4·4H2O); 500, Mg (as
MgSO4·7H2O); 1, Cr (as CrCl3·6H2O); 2, I (as CaIO3·6H2O).

a Diamol GM; Franz Bertram.
b RE N 680.
c Vitamin premix composition (to supply, mg/kg feed): 10, B1; 10, B2; 20, B3; 40, B5;

10, B6; 0.2, biotin; 2, folic acid; 0.015, B12; 2000, choline (as choline chloride); 100, C (as
ascorbic acid C phosphate); 3000 IU, A (as A palmitate), 2400 IU, cholecalciferol
(RovimixwD3–500; DSM, Inc.); 100 IU, E; 10,menadione (asmenadione sodiumbisulfite,
51%); 400, inositol; 100, antioxidant BHT (E300–321); 1000, calciumpropionate. d999 Fish
oil; Triple Nine Fish protein.

d 999 Fish oil; Triple Nine Fish protein.
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and anions (Cl and P) in their composition are included in the diet,
which may occur when commercial feeds are manufactured (Patience
et al., 1987). Low DEB value is linked to acidic properties, while high
DEB values are related to diets taking on alkaline characteristics.

Previous work in rainbow trout (Oncorhynchus mykiss) has shown
that DEB has an influence on blood pH, feed intake and ultimately
growth (Chiu et al., 1984, 1988). Other freshwater species, such as
Nile tilapia (Oreochromis niloticus) and African catfish (Clarias
gariepinus) were significantly affected by DEB aswell, displaying chang-
es in energy balance and growth, suggesting the importance of apprais-
ing optimal ion levels in fish diets (Dersjant-Li et al., 2001; Saravanan et
al., 2013).

Alterations in DEB can trigger mechanisms to counteract an acid-
base imbalance, such as gastro-intestinal tract (GIT) acid-base secretion
and gill base secretion. These processes operate to reestablish acid-base
homeostasis at the expense of an extra energy cost, which could other-
wise be allocated to somatic growth (Perez and Munch, 2015). There-
fore, acid-base homeostasis may impact fish fitness and growth
(Boeuf, 1993; Bœuf and Payan, 2001; Wood and Marshall, 1994).

The digestive tract of marine teleosts has a dual role as a food pro-
cessing organ and as an osmoregulatory organ (Taylor and Grosell,
2006). Changes in the digestive capacity have been shown to be linked
to differences in diet composition (Nikolopoulou et al., 2011) or varia-
tions in the environmental salinity (Moutou et al., 2004; Psochiou et
al., 2007; Usher et al., 1990) in several fish species. In the case of diets
containing different electrolyte content is speculated that the balance
between mineral cations and anions can modify nutrient digestibility
by changes in the characteristics of the chyme (e.g. pH and viscosity), af-
fecting digestive enzyme activities in the GIT (Patience et al., 1987).
However, limited data is available on the impact of DEB on feed con-
sumption, digestive physiology and metabolic response in freshwater
fish, while no information is available for euryhaline species, in spite
of the overlaid roles of the GIT in water absorption and nutrient diges-
tion/assimilation.

MeagreArgyrosomus regius (Asso, 1801), a carnivorous teleostfish, is
widely distributed in the North-Atlantic Ocean and Mediterranean Sea
(Champagnat and Domain, 1978; Quero and Vayne, 1987). Meagre is
an euryhaline species, displaying seasonal reproductivemigration to es-
tuaries and salt marshes in natural environments, tolerating salinities
between 5 and 42‰ (Cárdenas, 2012; González-Quirós et al., 2011).
Due to its excellent flesh quality, meagre has been increasingly pro-
duced as selected species for aquaculture diversification (Poli et al.,
2003; Quéméner et al., 2002). However, meagre in aquaculture produc-
tion has shown variable growth rates (Duncan et al., 2013).

Several aspects of meagre physiology remain to be elucidated, in
particular the impact of optimized dietary formulation required tomax-
imize growth. Therefore, the objective of the present studywas to inves-
tigate the effect that an electrolyte-balanced diet (DEB 200) or a rather
electrolyte-imbalanced diet (DEB 700) has on growth performance,
feed intake, nutrient utilization, digestive enzyme activities, and energy
use in the meagre. For this purpose, fish were fed DEB 200 or DEB 700
diets for 69 days to satiation and changes in fish performances were
assessed. In addition, fish fed the two diets were sampled to evaluate
the effect of DEB on metabolic parameters and ion concentrations in
the bloodstream and gastric chyme pH, digestive enzyme activities,
and metabolic rates.

2. Materials and methods

All procedures were conducted under the supervision of an
accredited expert in laboratory animal science by the Portuguese Veter-
inary Authority (1005/92, DGV-Portugal, following FELASA category C
recommendations), according to the guidelines on the protection of an-
imals used for scientific purposes from the European directive 2010/63/
UE. The experiment took place at the Abel Salazar Biomedical Sciences
Institute (ICBAS), University of Porto (Portugal). This study was
Please cite this article as: Magnoni, L.J., et al., Dietary electrolyte balance af
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approved by the ORBEA (Organismo Responsável pelo Bem-Estar dos
Animais), the Institutional Animal Care and Use Committee (IACUC) of
ICBAS.

3. Growth trial

Meagre juveniles were obtained from a commercial fish farm
(MARESA, Spain) and transported to ICBAS. Fish were distributed into
6 tanks of 80 L−1 capacity with a stock density of 9.75 g L−1 and kept
during 20 days to adapt to the experimental conditions. The tanks
were connected to a closed recirculating system, with a flow rate set
for 90 mL L−1 in each tank. Temperature (21.5 ± 1.0 °C), salinity
(29.0 ± 1.0‰), pH (7.9 ± 0.1), oxygen content (≥95% air saturation),
ammonia (≤0.5 mg L−1) and nitrites (≤3 mg L−1) were monitored
twice weekly, ensuring constant and suitable conditions (Tucker,
1998). During the acclimatization period (20 days), all fish were fed
the control diet (DEB200) at 1.5% body weight/day. The formulation
and chemical composition of the control diet, including the electrolyte
balance, are similar to commercial feed for juvenile meagre. The use of
DEB 700 as the dietary electrolyte level was based on literature data
(Saravanan et al., 2013; Tacon and De Silva, 1983). Fish were main-
tained on a 12 h photoperiod. Each tank containing 20 fish (experimen-
tal triplicates) was randomly assigned to the dietary treatments (initial
BW39.4± 0.5 g), feedingfish an electrolyte-balanced diet (DEB 200) or
an electrolyte-imbalanced diet (DEB 700). The growth trial lasted
69 days, and during that time fish were hand-fed to apparent satiety
twice daily (09.00 and 16.00 h). The daily amount of feed ration was
registered and used for the feed intake calculation, whichwas corrected
for fish mortality. At the end of the growth trial all fish were sampled to
record BW.

4. Diets

The two isoproteic (450 g kgDM−1) and isoenergetic (22 kJ gDM−1)
experimental diets (Tables 1 and 2) were produced by Research Diet
Services (Wijk bij Duurstede, The Netherlands). The diet consisted of
floating 3 mm pellets, designed to give a contrast in electrolyte-content
fects growth performance, amylase activity and metabolic response in
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Table 2
Proximate composition of the experimental diets.

Parameter Diets

DEB 200 DEB 700

DM (g kg−1) 930.3 ± 1.2 926.4 ± 0.3
Ash (g kg DM−1) 112.2 ± 0.5 106.5 ± 12.4
Crude protein (g kg DM−1) 450.2 ± 1.3 452.3 ± 3.1
Crude fat (g kg DM−1) 153.4 ± 0.4 159.5 ± 1.8
NFE (g kg DM−1) 315.7 ± 1.7 315.2 ± 1.1
GE (kJ g DM−1) 22.0 ± 0.1 22.4 ± 0.2

DEB, dietary electrolyte balance; DM, dry matter; NFE, nitrogen-free extract calculated as
follows: NFE= 1000− (protein+ fat+ ash); GE, gross energy. Data presented aremean
± standard error of the mean (n=3). No statistical differences were found for any of pa-
rameters analyzed between the diets (P N 0.05).
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(DEB); 200 versus 700mEq kg−1. This difference was created by adding
different amounts of Na2CO3 and diamol (inert filler) in the diets.

5. Respirometry

Themeasurements of oxygen consumptionwere carried out in indi-
vidual static respirometers (0.99 L each) submerged in aerated water
(≥95% air saturation). A temperature controlling instrument (TMP-
REG; Loligo Systems; Tjele, Denmark) was used to maintain water tem-
perature at 21.5 ± 0.1 °C, with similar conditions to the holding tanks.
Oxygen partial pressure (kPa) inside the respirometers was measured
using fiber optic sensor technology (PreSens, Regensburg, Germany).
Data acquisition andMO2 calculation from themeasurements of oxygen
content inside the respirometers were carry out with the software
AutoResp (Loligo Systems Aps, Tjele, Denmark).

At the end of the growth trial, meagre were fasted 24 h before mea-
surements. A standard chasing protocol (3min)was then used to assess
maximum metabolic rate (MMR) in eight fish from each dietary treat-
ment. Following exhaustion and a 1 min air exposure, each fish was
transferred to a respirometer and rates of oxygen consumption (MO2;
mg O2 kg−1 h−1) were recorded immediately by intermittent flow res-
pirometry using established protocols (Genz et al., 2013; Peixoto et al.,
2016; Rosewarne et al., 2016). MMR was the highest of three consecu-
tive measures of MO2. Fish were left undisturbed in the respirometers
for 24 h and MO2 values were logged continuously. Standard metabolic
rate (SMR) was estimated as the average of the 10% lowest MO2 values
(Baktoft et al., 2016; Peixoto et al., 2016). Aerobic metabolic scope
(AMS) was calculated as the difference between MMR and SMR (in
mg O2 kg−1 h−1). Routine metabolic rate (RMR) was estimated as the
average MO2 during the last 4 h of respirometer confinement (i.e. be-
tween 09:00 and 13:00 h the days after fishwere transferred to the res-
pirometers). Values of MO2 for individual fish were adjusted to a
common body mass of 64 g (study average) using a mass exponent of
0.8.

6. Stomach chyme and plasma analysis

After the growth trial, feed intake was set to 1.5% (DM) of the aver-
age bodyweight per day for 4weeks. At the end of this period, 2 fish per
tank were sampled 2 h after feeding (n = 6). Fish were anesthetized
using MS-222 (3-aminobenzoic acid ethyl ester, 0,1 g L−1), buffered
with NaHCO3 (0.2 g L−1). Blood was extracted from the caudal region
in a 1 mL−1 heparinized syringe, which was immediately used to mea-
sure the blood pHwith a pH-meter (Hanna Instruments, USA) following
the procedure described by Saravanan et al. (2013). Plasmawas obtain-
ed after 5 min centrifugation at 10,000 rpm−1 and samples obtained
were aliquoted and stored −20 °C for later analysis. Fish were eutha-
nized by slicing the cervical spine. The stomach was clamped to avoid
content losses and dissected free from other portions of the GIT. The
gastric chyme was emptied into a tray, weighed and pHwas quantified
immediately with a pH-meter (Hanna Instruments, USA) following the
Please cite this article as: Magnoni, L.J., et al., Dietary electrolyte balance af
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procedure described by Saravanan et al. (2013). The chyme samples
were dried at 103 °C for 15 h, cooled down in a desiccator for 1 h, the
dryweightwasdetermined, and then stored at−20 °C for composition-
al analysis.

Osmolality in plasma samples was measured in an automatic os-
mometer (model Type 15, Löser, Germany) according tomanufacturer's
instructions. The Na+, K+,and Ca2+ concentrations in plasma samples
were analyzed by atomic absorption spectrometry (Pye Unicam SP9)
following the procedure described by Wilson et al. (2007). Plasma Cl−

concentration was measured by ion chromatography (Dionex DX-
120). Plasma glucose and triglyceride levels were quantified with Glu-
cose RTU and Triglyceride LQ kits, respectively (SPINREACT, Sant Esteve
de Bas, Spain), according to manufacturer's instructions.

7. Digestive enzyme activities

Following a similar experimental setup as described in the previous
section, 4 fish per tank were sampled 24 h after feeding (n = 12). The
intestinal tract, including pyloric ceca, was quickly dissected free from
adherent adipose tissue and immediately frozen in liquid nitrogen and
stored at −80 °C. Digestive enzymes activities were measured in
whole intestine, homogenizing the tissue in 5 volumes of buffer solution
made by 50mMTris-HCl and 200mMNaCl (dilution 1:5,w/v) at pH 8.0
(Rungruangsak-Torrissen, 2007). Enzymatic activities were measured
in amicroplate reader (SynergyHT, Biotek, USA) under assay conditions
to render the highest activity possible and using appropriate controls.
α-Amylase activity was quantified by measuring the decrease in 3,5-
dinitrosalicylic acid produced by reducing groups released from soluble
starch (Bernfeld, 1951). Enzyme activitywas calculated as μmol ofmalt-
ose released per min, monitored at 37 °C, pH 7.4 and 540 nm. Lipase ac-
tivity was quantified by the enzymatic release of p-nitrophenol from p-
nitrophenyl palmitate (Winkler and Stuckmann, 1979), whereas activi-
ty was calculated as nmol of p-nitrophenol produced per min, moni-
tored at 30 °C, pH 8.0 and 410 nm. Trypsin activity was determined by
adding 1 mM of Nα-Benzoyl-l-arginine 4-nitroanilide hydrochloride
(BAPNA) as substrate using a buffer containing Tris-HCl (50 mM) and
CaCl2 (20 mM) at pH 8.2 (Rungruangsak-Torrissen, 1984). Production
of p-nitroaniline per min was monitored at 25 °C and 410 nm. Chymo-
trypsin activity was determined using succinyl-Ala-Ala-Ala-Pro-Phe-p-
nitroanilide (SAAPFpNA) as substrate (Rungruangsak-Torrissen,
1984). Chymotrypsin activity was measured by a similar method to
the trypsin assay by quantifying the nitroaniline produced. Total protein
in the intestine homogenate was quantified by the folin phenol method
(Lowry et al., 1951) and used to calculate specific enzyme activities.

8. Calculations and statistical analysis

Fish performance was calculated using the tank as the experimental
unit (n = 3). The percentage of fish survival was calculated as [(Nf/Ni)
× 100], where Nf is the final number of fish and Ni is the initial number
of fish. Weight gain (WG, %) was calculated as [(FBW) − (IBW) / IBW
× 100], in which FBW is the average final body weight (g), and IBW is
the average initial body weight (g). Daily growth index (DGI, g day)
was calculated as 100 × [(FBW)1/3 − (IBW)1/3] × trial duration (days).
Specific growth rate (SGR, %BW day−1) was calculated as 100 × [ln
FBW − ln IBW] / trial duration (days). Voluntary feed intake (VFI, %
day−1) was calculated as [FI (g) / ABW (g) / trial duration (days)],
where FI (feed intake) was calculated as the total feed given during
the growth trial (gDM), and ABW(average bodyweight)was calculated
as [(IBW+ FBW) / 2]. Feed conversion ratio (FCR) was calculated as [FI
(gDM) / WG (g)] × 100. Protein efficiency ratio (PER) was calculated as
WG (g) / crude protein intake (g). Relative growth rate on metabolic
weight (RGRm, g kg0.8 day−1) was calculated as (FBW) − (IBW) / trial
duration (days) / ABW (g). Relative feeding rate on metabolic weight
(RFRm, gDM kg0.8 day−1) was calculated as FI / trial duration (days) /
ABW (g). Gross energy intake (GEI, kJ kg0.8 day−1) was calculated as
fects growth performance, amylase activity and metabolic response in
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Table 4
Effect of dietary electrolyte balance (DEB) levels on stomach chyme of meagre.

Parameter Diets

DEB 200 DEB 700 P value

DM (%) 22.9a ± 0.0 29.0b ± 0.4 b0.001
Water content (%) 77.1 ± 2.0 71.0 ± 3.9 0.203
Total protein (% on DM) 43.6a ± 0.1 45.8b ± 0.7 0.011
Total Lipids (% on DM) 19.8a ± 0.4 17.7b ± 0.2 0.002
Energy (kJ gDM−1) 19.4a ± 0.4 21.2b ± 0.3 0.006
pH 2.9a ± 0.3 3.9b ± 0.3 0.023

DM, drymatter. Data presented aremean± standard error of themean (n=6). Different
superscript letters in each row indicate significant differences among the experimental
groups (P b 0.05).
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the product of absolute FI during the growth trial (gDM fish−1) and
gross energy content of the diet (kJ gDM−1). Hepatosomatic index
(HSI) was calculated as 100 × [liver weight (g) / fish weight (g)].

For analysis and calculations of metabolic parameters, the fish was
used as the experimental unit (n=6–12). Datawas tested for normality
and homogeneity of variances using Shapiro-Wilk and Levene's tests,
respectively. All the parameters were analyzed by one-way analysis of
variance (ANOVA) for possible differences and comparing means
using a Tukey's test (P b 0.05).When ANOVA assumptions were not ful-
filled, a nonparametric test (Kruskal–Wallis), followed by Mann-Whit-
ney test was used. Values are reported as means ± standard error of
the mean. Data analyses were carried out using SigmaPlot 11.0 (Systat
Software, USA).

9. Results

9.1. Effect of DEB on fish performance

Table 3 presents fish performance parameters calculated in meagre
fed the two experimental diets for 69 days. Meagre fed the DEB 200
diet had better growth performance, as the fish exhibited a 1.8-fold in-
crease in body weight compared to a 1.5-fold increase in the DEB 700
group. DEB 200 group displayed higher values in WG (66%), DGI
(63%) and SGR (60%) comparing toDEB 700group (P b 0.05). The volun-
tary feed intake (VFI) was different between both groups, as meagre fed
the DEB 700 diet consumed approximately 30% more food than fish fed
the DEB 200 diet (P b 0.05). A high feed-conversion ratio (FCR) estimat-
ed for meagre fed the DEB 700 diet showed that the conversion of food
into body mass gain was 47.5% less efficient in DEB 700 group than in
DEB 200 group (P b 0.05). In addition, DEB 700 group had a 52% lower
protein efficiency ratio (PER) than in the DEB 200 group (P b 0.05). In
accordancewith this data, the relative feeding rate onmetabolic weight
(RFRm) and the gross energy intake (GEI) were 24% higher in DEB 700
group than in the DEB 200 group (P b 0.05). This increased efficiency in
fish fed DEB 200 diet was also reflected by the 38% higher relative
growth rate (RGRm) when compared to the DEB 700 group (P b 0.05).
The HSI in meagre fed the DEB 700 diet was significantly higher than
the DEB 200 group (P b 0.05). Fish fed DEB 200 diet showed a 3.3% ±
1.7 mortality, whereas no mortality was observed for meagre fed the
DEB 700 diet.

9.2. Effect of DEB on stomach chyme characteristics

The impact of DEB levels on gastric chyme characteristics of meagre,
2 h after feeding are presented in Table 4. The gastric chyme of meagre
Table 3
Effect of dietary electrolyte balance (DEB) levels on meagre performance.

Parameter Diets

DEB 200 DEB 700 P value

Initial BW (g) 39.4 ± 0.2 39.4 ± 0.4 0.971
Final BW (g) 70.8a ± 1.3 57.2b ± 2.0 0.005
WG (%) 79.7a ± 3.1 48.1b ± 3.7 0.003
VFI (% day−1) 1.05a ± 0.03 1.38b ± 0.02 0.005
DGI 1.06a ± 0.04 0.65b ± 0.06 0.004
SGR (% day−1) 0.85a ± 0.03 0.54b ± 0.05 0.004
FCR 1.28a ± 0.07 2.44b ± 0.19 0.006
PER 1.75a ± 0.09 0.91b ± 0.07 0.008
RGRm (g kg−0.8 day−1) 4.78a ± 0.16 2.95b ± 0.27 0.004
RFRm (g DM kg−0.8 day−1) 6.23a ± 0.22 7.70b ± 0.26 0.024
GEI (kJ kg−0.8 day−1) 137.4a ± 4.8 169.7b ± 5.8 0.024
HSI 1.91a ± 0.04 2.07b ± 0.01 0.025

BW, body weight; WG, Weight gain, VFI, voluntary feed intake; DGI, daily growth index;
SGR, specific growth rate; FCR, feed conversion ratio; PER, protein efficiency ratio;
RGRm, relative growth rate onmetabolic weight; RFRm, relative feeding rate onmetabolic
weight; GEI, gross energy intake; DM, drymatter; HSI, hepatosomatic index. Data present-
ed are mean ± standard error of the mean (n = 3). Different superscript letters in each
row indicate significant differences among the experimental groups (P b 0.05).
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fed the DEB 700 diet had higher dry matter content (DM) than the DEB
200 group (P b 0.001). Protein and energy content of the chymewas sig-
nificantly higher in DEB 700 group than in the DEB 200 group (P b 0.05).
The lipid content of the chyme was significantly lower in the DEB 700
group than in the DEB 200 group. Two hours after feeding, the gastric
chyme pH in DEB 700 group was significantly higher than in DEB 200
group (P b 0.05).
9.3. Effect of DEB on blood and plasma parameters

Post-prandial (2 h) effects of DEB diets on several blood and plas-
matic parameters of meagre are presented in Table 5. Blood pHwas sig-
nificantly lower in the DEB 700 group than in the DEB 200 group (P b

0.05). Plasma Ca2+ and Cl− concentrations were significantly higher
in DEB 700 group than in DEB 200 group (P b 0.05). No significant differ-
ences were observed on plasma osmolality, Na+ or K+ concentration,
regardless of the dietary treatment.

The post-prandial and long-term (24 h) effects of DEB diets on plas-
ma glucose and triacylglycerol (TAG) levels in meagre are presented in
Fig. 1. Fish fedDEB 700 diet showed significantly lower glucose (Fig. 1A)
and TAG (Fig. 1B) concentrations than fish fed the DEB 200 diet at both
sampling times (P b 0.05). A decrease in glucose and TAG concentrations
were observed in both dietary treatments after fasting (P b 0.05), al-
though the decrease was more evident on DEB 200 group.
9.4. Effect of DEB on digestive enzyme activities

As shown in Fig. 2.A, meagre fed the DEB 700 showed significantly
higher intestine amylase activity than DEB 200 group (P b 0.05). Lipase
activity (Fig. 2.B), proteases activities (trypsin and chymotrypsin, Fig.
2.C and .D, respectively) and the trypsin to chymotrypsin ratio (Fig.
2.F) were not significantly different between the dietary groups. Never-
theless, the amylase to trypsin ratio was significantly higher in meagre
fed the DEB 700 than the DEB 200 group (Fig. 2.E, 2.1-fold) (P b 0.05).
Table 5
Effect of dietary electrolyte balance (DEB) levels on blood pH, osmolality and ion concen-
trations in plasma of meagre 2 h after feeding.

Parameters Diets

DEB 200 DEB 700 P value

pH 7.3a ± 0.1 6.9b ± 0.1 0.009
Osmolality (mosmol) 386.6 ± 6.7 399.6 ± 3.8 0.130
Na+ (mM) 135.3 ± 4.1 150.4 ± 12.8 0.485
K+ (mM) 4.91 ± 0.57 6.75 ± 0.54 0.093
Ca2+ (mM) 3.55a ± 0.23 5.46b ± 0.46 0.004
Cl− (mM) 120.2a ± 4.7 138.7b ± 1.6 0.004

Data presented are mean ± standard error of the mean (n=6). Different superscript let-
ters in each row indicate significant differences among the experimental groups (P b 0.05).
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9.5. Effect of DEB on metabolic rates

Fish fed the DEB 200 diet showed significantly higher values for rou-
tine metabolic rate (RMR) and standard metabolic rate (SMR) than fish
fedDEB 700 diet (P b 0.05) (Table 6). No significant differenceswere ob-
served for the maximal metabolic rate (MMR) or the aerobic metabolic
scope (AMS) between the dietary groups.
Table 6
Effect of dietary electrolyte balance (DEB) levels on metabolic rates and aerobic scope of
meagre.

Parameters Diets

DEB 200 DEB 700 P value

RMR 157.5a ± 26.3 86.9b ± 3.9 0.017
MRR 276.9 ± 26.7 245.9 ± 19.1 0.536
SMR 99.1a ± 10.2 70.6b ± 4.5 0.027
AMS 177.8 ± 24.7 175.4 ± 19.1 0.939

RMR, routine metabolic rate; MMR, maximal metabolic rate; SMR, standard metabolic
rate; AMS, aerobic metabolic scope. Data presented are mean ± standard error of the
mean (n= 8), expressed in mg O2 kg−1 h−1. Different superscript letters in each row in-
dicate significant differences among the experimental groups (P b 0.05).
10. Discussion

Feeding, digestion and the successive absorption of nutrients pro-
vide energy for maintenance and growth (Talbot, 1993), and any alter-
ation to these processes may significantly alter homeostasis,
consequently generating energy costs (Saravanan et al., 2012). The in-
crease in the replacement of traditional feed ingredients in diet formu-
lations by alternative sources has raised new questions regarding the
dietary electrolyte imbalances, which has been frequently overlooked,
particularly in fish nutrition. Acid-base (pH) homeostasis involves
mechanisms interlinked with osmo and ion regulation that take place
in gills and gastrointestinal tract (GIT) of fish. It has been suggested
that osmo and ion regulation are metabolically demanding processes
that affect growth and fitness of fish (Bœuf and Payan, 2001). However,
the effect that dietary acid-base disruptions (e.g. induced by dietary
electrolyte imbalances) have on digestion, nutrient assimilation and ul-
timately growth performances has barely been investigated in aquacul-
ture fish species.

In the current study, fish fed the DEB 200 diet had 60–66% better
growth performance than the DEB 700 group. However, considering
that voluntary feed intake in fish fed the DEB 700 diet was 30% higher
Please cite this article as: Magnoni, L.J., et al., Dietary electrolyte balance af
the meagre (Argyrosomus regius), Comp. Biochem. Physiol. B (2017), http
than fish fed the DEB 200 diet, the latter group was 90–96% more effi-
cient in somatic growth than fish fed the electrolyte-imbalanced diet
(DEB700). The reduction on growth performance inmeagre fed an elec-
trolyte-imbalanced diet is consistent with a previous study in Nile tila-
pia (Saravanan et al., 2013). These authors found that feeding tilapia
restrictively (1.4% DM of average BW) with an electrolyte-imbalanced
diet (DEB 800) resulted in a 15% lower growth performance and 54%
higher maintenance energy expenditure than the DEB 200 group. Nev-
ertheless, the effects of a high DEB diet on growth performance appear
to bemore pronounced inmeagre,most likely due to the feed consump-
tion restriction applied for tilapia. Results from both experiments con-
trast with a previous study in African catfish, in which growth was
positively correlated to high DEB levels (Dersjant-Li et al., 1999).
fects growth performance, amylase activity and metabolic response in
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However, these authors have also shown amild increase of 9.4% on feed
intake in catfish fed ad libitum the DEB 700 diet when compared to a
DEB 100 group. Although a DEB 100 diet could be inadequate in terms
of optimal DEB for catfish, differences on growth performance between
the African catfish and meagre fed diets with contrasting DEB may be
explained by differences in total dietary energy intake alone.

In freshwater andmarine teleost, digestion alters not only acid-base
balance (Bucking and Wood, 2009; Taylor and Grosell, 2009; Wood et
al., 2010) but also water and ion balances (Bucking et al., 2011;
Bucking and Wood, 2006, 2007; Grosell, 2010; Taylor et al., 2007;
Wood and Bucking, 2010), resulting in physiological adjustments to re-
lieve such dietary induced disruptions in homeostasis. Therefore, in the
current study, differences on growth performance observed in meagre
fed the different acid-base diets could be related to thehigher energy re-
quirements of fish fed alkaline diet (DEB 700) to maintain acid-base,
water and ion balances. Estimates of energy use in several fish species
suggest that 20% to 68% of total energy budget is allocated to osmoreg-
ulation (Bœuf and Payan, 2001). These values are lower than the differ-
ence in energy use for somatic growth betweenmeagre fedDEB 200 and
DEB 700 diets (90% less efficient in fish fed the alkaline diet). Therefore,
differences in growth performance between the dietary treatmentsmay
be associated aswell to a reduction in the efficiency of digestion and nu-
trient assimilation in fish fed the DEB 700 diet.

The digestive process starts with the gastric secretion of HCl from
the parietal cells, which initiates the proteolysis required for nutrient
assimilation. As a consequence of HCl gastric secretion, an increase in
HCO3

− concentration in blood occurs, producing a significant
alkalization of the blood (alkaline tide) in all vertebrates, including
fish (Bucking et al., 2009; Wood et al., 2005). In the gastric cells, the
rate of H+ secretion into the stomach is matched by HCO3

− excretion
into the plasma by a Cl−/HCO3

− exchanger. This process is catalyzed by in-
tracellular carbonic anhydrase, which converts H2O and CO2 toHCO3

− and
H+, and also provides H+ for secretion in parallel with Cl− secretion (Niv
and Fraser, 2002). The current study showed that DEB 700 diet caused a
reduction in blood pH in meagre after 2 h of feeding, indicating that
DEB 700 diet (rich in HCO3

−) decreased the intensity of the alkaline tide.
The acid-base imbalance produced during digestion was linked to a
higher gastric chyme pH in the group fed the alkaline (DEB 700) diet.

Drymatter, protein and energy content in the gastric chyme ofmea-
gre fed the alkalinedietwere higher than in theDEB 200 group, suggest-
ing a decrease in the efficiency of the digestive process in the DEB 700
group. This is also supported by lower glucose and TAG concentrations
in plasma of meagre fed the alkaline diet at 2 and 24 h hours post-pran-
dial, showing a noticeable metabolic effect of the dietary treatment in
the post-absorptive state. We expected changes taking place in trypsin
and chymotrypsin activities in the intestine and pyloric ceca of meagre
fed different DEB levels, since these proteases are sensitive to changes in
chyme pH in fish (Krogdahl et al., 2015). Trypsin activity is modulated
by environmental and dietary conditions favoring growth
(Rungruangsak Torrissen and Male, 2000). Conversely, chymotrypsin
activity is modified under suboptimal conditions (e.g. starvation)
when growth is limited or depressed (Rungruangsak-Torrissen et al.,
2006). The trypsin to chymotrypsin ratio (T/C ratio) is a reliable marker
when contrasting diet quality, digestive efficiency, and the potential
growth performance in fish (Sunde et al., 2004). Surprisingly, trypsin,
chymotrypsin and the T/C ratio were not altered in meagre, regardless
of the dietary treatment. It can be argued that DEB may have a stronger
effect on acidic protease activity, such as pepsin (Gildberg, 1988). This
enzyme is the proteolytically active form of pepsinogen,which is secret-
ed by gastric cells and autocatalytically activated in acidic environments
(Bomgren et al., 1998). A previous study reveals that pepsin activity is
less sensitive to changes in diet composition than trypsin and chymo-
trypsin in the GIT of Atlantic salmon (Rungruangsak and Utne, 1981).
Future studies should elucidate the effects of DEB on protein digestibil-
ity and the subsequent absorption of amino acids and dipeptides in the
GIT of meagre.
Please cite this article as: Magnoni, L.J., et al., Dietary electrolyte balance af
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Fish fed the DEB 700 diet have a greater capacity to digest dietary
carbohydrate, as indicated by the higher intestinal amylase activity
and amylase/trypsin ratios than DEB 200 group. A previous study has
shown that amylase activity is influenced by ion type and concentration
of the fish GIT (Munilla-Moran and Saborido-Rey, 1996). Therefore, en-
hanced amylase activity observed in GIT of the DEB 700 group could be
linked to higher pH and/or ion content of the chyme. To this end, Usher
et al. (1990) showed that chyme pH in mid and hindgut of Atlantic
salmon (Salmo salar) was higher in seawater (SW)- than in freshwater
(FW)-adapted smolts. The authors proposed that the higher chyme
pH, andmore likely an increased ionic strength in theGIT of this species,
may create differences in the apparent digestibility of both groups. Sim-
ilar differences in pH and ionic strength of the chyme may be also pres-
ent in meagre fed different DEB diets. However, other factors could
contribute to the observed increase in amylase activity in GIT of meagre
found in our study. Optimal pH for amylase activity appears to vary ac-
cording to the species (Krogdahl et al., 2005) and possible isoforms
present in the GIT of fish (Alarcon et al., 2001; Fernández et al., 2001;
Moreau et al., 2001; Yamada et al., 1991). In addition, it is difficult to dis-
tinguish endogenous amylase secretion from other sources, such as mi-
croflora production in the GIT of fish (Krogdahl et al., 2005). Even so,
the increase in intestinal amylase activity in meagre fed the DEB 700
diet may suggest that carbohydrate digestibility could be potentially in-
creased by altering the electrolytebalance of commercial diets. Further re-
search evaluating changes in nutrient digestibility of dietswith increasing
amounts of carbohydrates and DEB levels may assess this interpretation.

Plasma pH appears to be adjustedmostly by the net accumulation of
HCO3

− and secretion of acid equivalents by gill ionocytes towards the
environment, which may also involve multiple mechanisms (Perry
and Gilmour, 2006). According to the current models proposed, the
acid-base balance in marine fish is achieved by excretion of H+ from
the gill epithelium towards the environment via an apical Na+/H+ ex-
changer and a H+-ATPase pump. In addition, the HCO3

− is exchanged
with Cl− and with a Na+/HCO3

− co-transporter, both processes taking
place in the gill (Esbaugh et al., 2012; Heuer and Grosell, 2014; Hwang
et al., 2011). All thesemechanismsworking to reestablish acid-base bal-
ance may increase the energy required for maintenance metabolism in
fish. In fact, previous research focused on energy balance data showed
that DEB imbalanced diets increase the maintenance energy expendi-
ture of catfish and tilapia (Dersjant-Li et al., 1999, 2000; Saravanan et
al., 2013). In accordance with these studies, the relative feeding rate
on metabolic weight (RFRm) measured in meagre fed the electrolyte-
imbalanced diet (DEB 700) was higher than in fish fed the balanced
diet (DEB 200). Surprisingly, standard metabolic (SMR) and routine
metabolic (RMR) rates were lower in fish fed the DEB 700 diet when
measured 48 h after feeding. Lower pH values measured in blood of
the DEB 700 group may be linked to the reduced metabolic rates
(SMR andRMR),most likely by affecting the hemoglobin O2-binding ca-
pacity (Packer, 1979; Pelster andWeber, 1991). However, respirometry
measurements were implemented 48 h after feeding, which may ex-
clude an immediate dietary effect on both SMR and RMR values. There-
fore, the decrease in SMR and RMR observed inmeagre fed the DEB 700
diet could be associated with a long term effect of high energetic de-
mands imposed by acid-base regulation.

Osmolality and ion concentrations (Na+ and K+) in the plasma of
meagre 2 h after feeding remained unchanged, regardless of the de-
crease of blood pH in the DEB 700 group when compared to the DEB
200 group. The concentrations of Cl− and Ca2+ in plasma of fish fed
the DEB 700 diet were higher than those in the DEB 200 group, which
may be explained by a decreased CO3

2− secretion and precipitation as
CO3Ca in the GIT, mechanisms taking place in marine fish to conserve
water (Marshall and Grosell, 2005; Wilson et al., 1996, 2002). Future
studies should further investigate the effect of dietary electrolyte bal-
ance on osmolality and ion content, along with the possible impact in
the pH of the GIT, to elucidate the mechanisms regulating water and
ion balances in meagre during the challenge.
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11. Conclusions

The current study demonstrates that feeding meagre to satiation
with acidic (DEB 200) or alkaline (DEB 700) diets elicits significant
changes in energy allocation for somatic growth. The ingestion of an al-
kaline diet produces a disruption in meagre digestive process by chang-
ing the gastric chyme pH and intestinal amylase activity, thus, affecting
the digestion and the assimilation of dietary nutrients. However, lower
routinemetabolic (RMR) and standardmetabolic (SMR) rates observed
inmeagre fed the DEB 700 diet cannot explain the differences in growth
observed in this study. Future studies should examine the contribution
of gill ionocytes towards acid-base and ion balances in fish fed different
DEB diets, as well as the impact that such diets may have on apparent
nutrient digestibility. These approaches would allowus to better under-
stand how DEB impacts the energy allocated to several metabolic func-
tions in fish.
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