
Citation: Quirós-Pozo, R.; Moyano,

F.J.; Bainour, K.; Ramírez-Bolaños, S.;

Ventura-Castellano, A.; Roo, J.;

Robaina, L. Evaluation of the Effects

of Two Different Feeding Frequencies

on the Digestive Biochemistry of Two

Mullet Species (Chelon labrosus and

Liza aurata). Animals 2023, 13, 287.

https://doi.org/10.3390/ani13020287

Academic Editor: Md

Sakhawat Hossain

Received: 28 November 2022

Revised: 3 January 2023

Accepted: 12 January 2023

Published: 13 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Article

Evaluation of the Effects of Two Different Feeding Frequencies
on the Digestive Biochemistry of Two Mullet Species (Chelon
labrosus and Liza aurata)
Raquel Quirós-Pozo 1,*, Francisco Javier Moyano 2 , Khalida Bainour 1 , Sara Ramírez-Bolaños 1 ,
Anais Ventura-Castellano 1, Javier Roo 1 and Lidia Robaina 1

1 Grupo de Investigación en Acuicultura, IU-ECOAQUA, Universidad de Las Palmas de Gran
Canaria (ULPGC), 35214 Las Palmas, Spain

2 Departamento de Biología y Geología, Facultad de Ciencias, Campus de Excelencia Internacional del
Mar (CEI-MAR), Universidad de Almería, 04120 Almería, Spain

* Correspondence: raquel.quiros101@alu.ulpgc.es or raquelqp@msn.com

Simple Summary: Diversification of cultured fish species is one key measure to promote the sus-
tainable development of marine aquaculture. Mullets (Mugilidae) present great potential due to
their eurythermal, euryhaline, and low-trophic nature. However, there are many similar mullet
species, and their physiological differences and optimal culture conditions are quite unknown, mainly
when reared under intensive systems. In this sense, increasing the knowledge about changes in their
digestive biochemistry related to feeding strategies is essential for a sustainable and cost-effective
culture of these species. For these reasons, the present study aimed to characterize the digestive
biochemistry of two mullet species (Chelon labrosus and Liza aurata) and to evaluate how it is affected
when fish are fed using two different feeding frequencies: one or three times per day. In addition,
changes in the potential bioavailability of nutrients determined by the two feeding patterns were
assessed using digestive simulations performed in vitro. The results demonstrated the convenience
of a feeding pattern of three meals per day instead of one. Moreover, the results evidenced that
although Chelon labrosus and Liza aurata are species placed in a similar trophic level, their digestive
response to feeding patterns, as well as body composition, present differences when fish are reared
under the same conditions. This suggests that such interspecific variation must be considered when
fish are reared under intensive conditions.

Abstract: Mullets (Mugilidae) present significant potential for sustainable aquaculture diversification
due to their eurythermal, euryhaline, and low-trophic nature. However, the physiological differences
and optimal cultured conditions among the diverse mullet species are quite unknown. For these
reasons, the present study aimed to address two main objectives: (1) to characterize the differences
in digestive biochemistry, somatic indexes, and body composition between two mullet species (Liza
aurata and Chelon labrosus); and (2) to evaluate the interactions of two different feeding frequencies
(one against three meals per day) on the above-mentioned parameters, and also on the potential
bioavailability of nutrients determined using in vitro assays. The results evidenced higher protease
and amylase activities for Chelon labrosus than for Liza aurata, while the latter species presented a
higher percentage of eviscerated weight and muscle lipids. Furthermore, the results from in vitro
assays supported the higher enzyme activity of Chelon labrosus by an observed increase in the release
of amino acids and reducing sugars measured for this species. Regarding feeding patterns, the results
of the in vitro assays simulating enzyme: substrate (E:S) ratios corresponding to one or three meals
per day point to a clear increase of nutrient bioavailability when the daily ration is split into several
meals. The present results improve the physiological knowledge of mullet species and define criteria
to develop better management protocols by producers.
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1. Introduction

Global aquaculture production has more than tripled from 1997 to 2017 [1], reaching a
historical record in 2020 with 122.6 million tons produced and a total value of USD 281,500
(United States Dollar), thus increasing the availability of aquatic foods to the population [2].
However, the diversity of products offered by aquaculture is still lower compared to those
coming from fisheries due to different factors such as difficulties in the management of
reproduction, production of suitable feeds, and other operational issues of the selected
species. For this reason, diversification is one of the most critical challenges that aquaculture
faces today. In the case of the EU (European Union), marine fish production is focused
mainly on species belonging to high trophic levels, such as the seabass (Dicentrarchus
labrax), or the turbot (Scophthalmus maximus). In contrast, the production of marine species
placed at a low trophic level is still uncommon, despite their recognized importance for the
sustainable development of aquaculture [3,4].

Nowadays, the EU’s efforts to increase aquaculture diversification include species such
as the grey mullet (Mugil cephalus). Mullets are catadromous teleosts living in temperate
waters worldwide, which can feed on a wide range of materials, including plankton,
macroalgae, and detritus [5]. There are up to 71 recognized species [6] but only some of
them are currently interesting for aquaculture, including the flathead grey mullet (Mugil
cephalus), the thick-lipped grey mullet (Chelon labrosus), the golden grey mullet (Liza aurata),
the thin-lipped grey mullet (Liza ramada), and the feral leaping mullet (Liza saliens), the most
frequently farmed species in the Mediterranean region [7]. In 2020, 291.2 thousand tonnes
of mullets were produced globally from aquaculture [2]; their traditional cultivation being
carried out in ponds and estuaries due to their greatly appreciated flesh and processed
products in many regions worldwide [8]. However, despite being cultured extensively
or semi-intensively in many territories, there is still not enough information about their
digestive capacity, nutritional requirements, or body composition when reared under
intensive culture conditions.

Additionally, the natural co-existence of different mullet species in the same habitats
has determined different feeding behaviours that help to avoid competition for simi-
lar resources [9]. This suggests that despite the important similarities between species,
differences in key features related to food selection and other aspects of their digestive
biochemistry and physiology must be considered when adopting suitable species-specific
rearing practices. Among these, feed intake and feeding frequency are closely linked to the
digestion transit rate, and, therefore, to the effectiveness of digestion.

Considering the above-detailed points, the aim of the present study was to (1) charac-
terize differences in the digestive biochemistry (activities of alkaline protease and amylase),
body composition, and somatic indexes between two similar mullet species (Chelon labrosus
and Liza aurata) when reared under the same intensive culture conditions and (2) to evaluate
the effects and interactions of two feeding frequencies (one and three meals per day) on the
parameters mentioned above for both species. Both aspects were additionally connected
using an in vitro assay simulating the digestion of proteins and carbohydrates under the
conditions used in the in vivo experiment. Comparative information obtained may help
optimize feed formulation and nutritional management for a more sustainable intensive
culture of these species.

2. Materials and Methods
2.1. Fish and Facilities

The fish used in the present experiment were captured close to the Sports Pier of
Las Palmas de Gran Canaria and then transported and acclimated in the GIA-ECOAQUA
facilities, where they were maintained in 500-litre tanks in open-flow system conditions.
The two species were identified and classified according to morphological parameters [10].
During this period, the fish were fed until apparent satiation twice per day with a com-
mercial marine feed (Skretting). For each species, thirty-six juveniles (39.25 ± 5.28 g and
15.69 ± 0.86 cm of total weight and length, respectively) were distributed in six cylindrical
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tanks of 250 L (six fish per tank, twelve total tanks). The trial was run under an open
seawater system and controlled photoperiod (12 h of light and 12 h of darkness), close to
that naturally present in the season and latitude. Temperature and oxygen concentration
were measured daily, and the average values were 20.95 ± 0.39 ◦C and 6.19 ± 0.28 mg/L,
respectively.

2.2. Experimental Design

Fish were fed a 3 mm diet produced in the pilot plant of products and processes at GIA-
ECOAQUA facilities in Taliarte, Gran Canaria (Spain), following the formula described
for Liza aurata juveniles by Quirós-Pozo et al. [11] (Table 1), which adapted referenced
levels of dietary protein and lipids for mullets [12–14]. The fish were fed at two different
patterns that were established following the approximation described by Busti et al. [15],
considering the maximum amount of food accepted in a single meal as a reference for the
fixed daily ration of feed given to the animals. This dose, previously determined to be
around 1% of the body weight, was then provided to triplicate groups of six fish in either
one meal (8:00 h) or equally divided into three meals per day (8:00, 11:00, and 14:00 h). The
feeding was performed carefully to avoid the loss of food. The experiment lasted 6 weeks
to allow the fish to adapt to the new systems and feed and, thus, to better determine the
digestive biochemistry adaptation to the feeding patterns. The fish were sampled at a
middle point to adjust the fixed ration of offered feed. As the daily ration of feed was the
same, feeding frequencies and species were chosen as the two variables under study.

Table 1. Ingredients (g/100 g) and proximate composition of the diet used in the experiment.

Ingredients (%)

Fish meal (Peruvian origin) a 20.0
Blood meal b 3.0
Ulva meal c 10.0
Rapeseed meal (0.0) d 8.0
Corn meal e 6.0
Wheat gluten e 6.0
SPC (soy protein concentrate) f 20.0
Wheat meal e 6.0
Fish oil a 8.5
Soy lecithin g 1.0
Vitamin mix h 2.0
Mineral mix i 2.0
Ca(H2PO4) 2

j 1.0
CMC k

Analytical composition (% dry weight)
0.5

Protein 40.9 ± 0.4
Lipids 14.1 ± 0.6
Ash 11.4 ± 0.1
Moisture 8.1 ± 0.6

a Fish meal and fish oil from South America (supplied by Skretting, Spain); b Blood meal (supplied by Dibaq,
Spain); c Ulva meal (supplied by Puerto Muiños S.L., Spain); d Rapeseed 0.0 (supplied by Dibaq, Spain); e Flours
obtained from local producers; f Soy protein concentrate (Sopropeche, France); g Soy lecithin (92% fat) (supplied
by Korott S.L., Spain); h Vitamin premix containing (mg kg-1 or IU/kg of dry feed): thiamine 40 mg, riboflavin
50 mg, pyridoxine 40 mg, calcium pantothenate 117 mg, nicotinic acid 200 mg, folic acid 10 mg, cyanocobalamin,
0.5 mg, choline chloride 2700 mg, myo-inositol 2000 mg, ascorbic acid 5000 mg, menadione 20 mg, cholecalciferol
2000 IU, ethoxyquin 100 mg, retinol acetate 5000 IU, vitamin E (DL-alpha-tocopherol acetate) 250 mg; i Mineral
premix containing (g/kg of dry feed): calcium orthophosphate 1.60 g, calcium carbonate 4 g, ferrous sulphate
1.5 g, magnesium sulphate 1.6 g, potassium phosphate 2.8 g, sodium phosphate 1 g, aluminium sulphate 0.02 g,
zinc sulphate 0.24 g, copper sulphate 0.20 g, manganese sulphate 0.08 g, potassium iodate 0.02 g; j Sigma-Aldrich,
Munich, Germany; k carboxymethylcellulose (sodium salt, Sigma-Aldrich, Munich, Germany).

After 6 weeks of feeding, fish samples were collected to measure the length of the
digestion process and the total production of alkaline protease and amylase, which was
the information required to develop the in vitro digestive simulation assay. For this, af-



Animals 2023, 13, 287 4 of 11

ter a fasting period of 48 h, fish were fed following the two established patterns (one
or three meals/day) and sampled at two different moments (15 and 40 h post-feeding)
to check potential differences in enzyme activities between a fully established and al-
most finished digestion process. The manipulation and sacrifice of fish were rigorously
conducted according to the European Union Directive (2010/63/EU) on animal welfare
protection for scientific purposes. The experimental protocol performed for this work was
approved by the Bioethical Committee of the University of Las Palmas de Gran Canaria
(OEBA_ULPGC_09/2020).

Once sacrificed using immersion in ice-cold water, fish were measured and then
dissected to separate the intestines. At that moment, body indexes were determined and
samples from the liver and muscle were also conserved for biochemical analysis. The
hepatosomatic index (HSI), percentage of eviscerated weight, and percentage of digestive
tract weight were calculated with the following formulas:

Hepatosomatic index (HSI) (%) = liver weight (g)/fish weight (g) × 100.
Eviscerated weight (%) = eviscerated weight (g)/fish weight (g) × 100.
Digestive weight (%) = digestive tract weight (including perivisceral fat) (g)/fish

weight (g) × 100.

2.3. Biochemical Assays

The muscle and liver samples (3 fish per tank) were pooled (9 fish and 3 pools per
treatment) and stored at −80 ◦C until analysed. The analyses of the proximate composition
of tissues and the experimental diet were performed following the techniques described
in AOAC [16], with proteins being determined using the Kjeldahl technique [17], and the
total lipids being determined following the protocol described by Folch et al. [18].

Crude enzyme extracts used for measuring enzyme activities and to develop the
in vitro digestion assays were prepared with manual homogenization of the whole intestine
and its contents in distilled water (1:10, weight/volume), followed by centrifugation
(12.000 rpm, 3 ◦C, 15 min) (6 fish per tank and 3 pools in total per treatment). Total alkaline
protease activity in the extracts was measured at pH 8.5 according to Kunitz’s method [19]
which was modified by Walter [20] using casein as substrate. One unit of enzyme activity
(U) was defined as the amount of enzyme needed to catalyse 1 µg of tyrosine formation per
minute. Total amylase activity was measured at pH 7.5, following the 3,5-di-nitrosalicylic
acid (DNSA) method [21], using starch as substrate. One unit of amylase activity was
defined as the amount of enzyme needed to catalyse the formation of 1 µg of maltose
equivalent per minute.

2.4. In Vitro Digestion Assays

The in vitro digestion assays were performed using membrane bioreactors modified
from those described by Morales and Moyano [22]. The device consists of two chambers
separated by a semipermeable membrane of 3500 kDa MWCO (Kilodalton, molecular
weight cut-off). Fish enzyme extracts and feed samples were placed in the upper chamber
and maintained under continuous agitation using a magnetic stirrer. Hydrolysis prod-
ucts (either amino acids or reducing sugars) passing across the membrane into the lower
chamber were recovered at different time intervals during the reaction time. The whole
system was maintained at 25 ◦C within a temperature-controlled chamber. The release
of amino acids was quantified using the orthophthaldehyde (OPA) method described by
Church et al. [23], and reducing sugars were measured using the DNSA method mentioned
above. Some of the operating conditions used in the assays were maintained constant: 4 h
total time, with samplings each hour, and pH = 8.2, while the enzyme: substrate ratio (E:S)
was adapted to simulate the expected changes correlated to the different feeding patterns.
This physiological E:S ratio (Table 2) was estimated only for protease. It was determined
considering, on the one hand, the total enzyme production calculated for the average size
of the individuals used in the experiment, and, on the other hand, the average intake of
protein ingested when the fish received the amount of feed corresponding to the daily
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ration either in one or three meals. Hence, in the assays, a fixed amount of enzyme extracts
was combined with two different amounts of the substrate assuming that, in the live fish,
enzyme secretion as a response to intake is independent of the quantity of feed ingested.

Table 2. Enzyme: substrate ratios used in the in vitro assays.

Species Total U × 103/Fish Meals/Day Food Intake Per Meal
(mg)

Protease E:S Ratio
(U/mg Food)

Amylase E:S Ratio
(U/mg Food)

L. aurata 7.22 ± 3.65 1 350 21.82 ± 13.85 0.01 ± 0.00
3 120 50.18 ± 21.15 0.03 ± 0.00

C. labrosus 15.72 ± 5.51
1 350 40.79 ± 2.27 0.02 ± 0.00
3 120 142.08 ± 54.26 0.06 ± 0.00

Data expressed as means ± standard deviation (SD).

2.5. Statistical Analysis

After completing normality and homoscedasticity tests, data obtained in the different
experiments were evaluated using a two-way ANOVA (species (S) and feeding frequency
(F)) followed by a “least significant difference” (LSD) test or a Kruskal–Wallis’s test in cases
where the data did not meet normality or homoscedasticity. All analyses were carried out
using the program IBM® SPSS Statistic 20 (New York, NY, USA). In addition, the statistical
power analysis program G*power [24] was used to determine the minimum number of fish
required to run the experiment.

3. Results
3.1. Somatic Indexes

The results of somatic indexes are shown in Table 3. Significant differences were
evidenced between both species, with a higher liver and digestive tract size measured in
C. labrosus and a higher percentage of eviscerated weight for L. aurata. Additionally, mullets
fed once daily presented a higher weight percentage of the digestive tract.

Table 3. Somatic indexes expressed by species (S) and feeding frequency (F) (n = 18).

L. aurata C. labrosus p Values

One Meal Three Meals One Meal Three Meals S F S × F

%Eviscerated weight 87.38 ± 0.17 90.24 ± 1.58 86.55 ± 2.55 86.51 ± 0.64 0.02 0.10 0.10
HSI 0.83 ± 0.11 0.82 ± 0.03 1.04 ± 0.07 0.97 ± 0.04 0.00 0.30 0.41
% Digestive weight 7.02 ± 0.64 5.99 ± 0.37 11.16 ± 0.38 9.96 ± 1.11 0.00 0.04 0.82

Data expressed as means ± standard deviation (SD).

3.2. Biochemical Assays

The proximate composition of the muscle and liver is detailed in Table 4. The muscle
lipid content was significantly higher in L. aurata than in C. labrosus. The liver lipid content
was significantly higher in fish receiving their daily ration in only one meal.

3.3. In Vitro Digestion Assays

Activities of intestinal alkaline protease and amylase are presented in Figure 1 for both
species. The results showed significantly higher values for both enzymes in samples from
C. labrosus (p ≤ 0.01). The effect of the number of daily meals and sampling moments on
the enzyme activities of each species is shown in Table 5. In L. aurata, the protease activity
was significantly decreased (p = 0.01) with time spent after the first meal. In contrast, the
intestinal protease activity in C. labrosus did not show significant variations related to the
feeding frequency or sampling moment. This was also the case for amylase activity in
both species.
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Table 4. Proximal composition (% of dry weight) of the muscle and liver expressed by species (S) and
feeding frequency (F) (n = 9).

L. aurata C. labrosus p Values

One Meal Three Meals One Meal Three Meals S F S × F

Muscle
Lipid 16.49 ± 0.69 18.97 ± 3.19 13.18 ± 1.58 13.15 ± 1.06 0.00 0.29 0.21
Protein 80.83 ± 1.89 83.26 ± 4.82 84.46 ± 0.40 87.52 ± 2.40 0.08 0.08 -
Ash 6.89 ± 0.05 6.13 ± 0.53 6.00 ± 0.72 6.18 ± 0.62 0.08 0.26 -

Liver
Lipid 40.22 ± 4.56 31.53 ± 5.53 44.14 ± 3.37 38.94 ± 5.33 0.61 0.03 0.52

Data expressed as means ± standard deviation (SD).
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Figure 1. Average activity of total alkaline protease (a) and amylase (b) (U/g live weight) in the
intestines of C. labrosus and L. aurata juveniles (n = 36). Data expressed as means± standard deviation
(SD). Significant differences between species (p < 0.05) are indicated using lowercase letters (a, b).

Table 5. Protease and amylase activities (U/g live weight) of C. labrosus and L. aurata as a function of
the number of daily meals and sampling moment, expressed as sampling moment (SM) and feeding
frequency (F) (n = 18).

Feeding Frequency (F) Sampling Moment (SM) p Values

One Meal Three Meals 15 h 40 h F SM F × SM

C. labrosus
Protease 411.35 ± 129.03 487.13 ± 185.88 500.68 ± 176.49 397.80 ± 130.95 0.25 0.13 0.01
Amylase 0.18 ± 0.03 0.21 ± 0.03 0.20 ± 0.03 0.20 ± 0.04 0.16 0.99 0.65
L. aurata
Protease 218.22 ± 133.47 172.05 ± 72.52 270.25 ± 101.8 120.02 ± 21.01 0.26 0.01 0.13
Amylase 0.09 ± 0.03 0.10 ± 0.01 0.11 ± 0.03 0.09 ± 0.02 0.69 0.15 0.12

Data expressed as means ± standard deviation (SD). Data on enzyme activities as a function of feeding frequency
is calculated irrespectively of the sampling moment and vice versa.

The results obtained with the in vitro assays are shown in Figures 2 and 3 and reflect
the specific differences observed in the enzyme activity levels for both species. Hence, after
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hydrolysis, the release of amino acids was significantly higher (p = 0.04) when simulating
digestion in C. labrosus than in L. aurata. On the other hand, the total release of amino acids
was not significantly affected by the different E:S ratios used to simulate the conditions
associated with the two feeding patterns in both species. In contrast, a significantly lower
release of reducing sugars was obtained when testing an E:S ratio adapted to simulate three
meals in L. aurata, but this was not the case in C. labrosus.
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4. Discussion

The low voluntary intake in a single meal observed in both species can be partially
explained by considering that mullets are continuous feeders. Their stomachs are formed by
a thin-walled cardiac and a thick-walled pyloric portion [25], which is adapted to function
as a mill for feed particles, similar to the gizzards of birds. For this reason, such a stomach
is much less distensible than that present in other fish species with a more discontinuous
feeding pattern, which limits to a great extent the maximum amount of feed that mullets can
ingest in one meal [26]. This could explain why, in the present experiment, the maximum
intake in one single meal used as a reference for the two selected feeding patterns accounted
for only 1% of the body weight.

With regards to biochemical composition, interestingly, muscle from L. aurata juve-
niles presented a higher percentage of lipids than C. labrosus, which is a valuable feature
due to the beneficial role of marine products from aquaculture in human nutrition and
health [27,28], especially for its polyunsaturated fatty acid content. In the case of the livers,
many fish species are known to store lipids in this organ, which is sensitive to feeding
management [29]. In the present trial, fish fed only once per day presented a higher amount
of liver lipids, indicating that these animals could accumulate energy reserves in the form
of fat when food is offered infrequently. Furthermore, the higher weight percentage of
the digestive tract (produced probably by a higher amount of perivisceral fat) in mullets
fed once per day supports this hypothesis. On the other hand, the lower proportion of
viscera in relation to the carcass of L. aurata, in addition to a more stylized body, gives an
interesting benefit to increasing the culture of these animals.

Essential differences in the use of nutrients are determined by specific features of the
digestive biochemistry of fish species [30,31]. In the present study, significantly higher total
activities of both protease and amylase were measured in C. labrosus compared to L. aurata.
This suggests a higher potential for the hydrolysis of essential nutrients in the former
species that could reflect differences in the proximate composition of the food items that
constitute its diet under natural conditions. In the present study, two factors may influence
the measured total activities of digestive enzymes: the number of daily meals and the
moment of sampling. In this sense, lower enzyme activities could be expected when fish are
fed under suboptimal feeding frequencies [32]. On the other hand, since digestive enzymes
are partially hydrolysed and eliminated with faeces as digestion progresses [33], samplings
done at different moments after a meal should evidence a decreasing trend in the activities.
In the present study, the number of daily meals and sampling moments influenced enzyme
activities differently in both species. In C. labrosus, no significant variations in the total
activities of protease or amylase were detected irrespective of the amount of food ingested
or the sampling moment. This suggests the existence of a pattern of enzyme production
frequently described in continuous feeders, in which the maintained presence of food in the
gut is associated with a continuous secretion of the enzymes, ensuring suitable hydrolysis
of the primary substrates [34]. This maintained production of intestinal proteases is also a
typical feature described in stomachless fish as a compensatory mechanism for the absence
of acid hydrolysis of proteins [35]. In the case of L. aurata, the observed reduction in the
total activity of alkaline protease linked to the digestion time points suggests an enzyme
production pattern less identifiable compared to that of a continuous feeder. However, the
observed variations cannot be fully assigned to an occasional feeder.

Both species have been widely described as omnivorous and opportunistic fishes
having high trophic overlap [36], analogous trophic niche breadths [37], and similar relative
gut lengths [27]. However, for different seasons and estuarine systems, a slightly higher
trophic level has been described for L. aurata (3.02–3.30) than for C. labrosus (2.16–3.29) [9].
In addition to the differences found in digestive biochemistry, this point contributes to
differentiating physiological strategies in each species that can be driven by the differences
in the composition of the food items they preferably consume in the wild.

Regarding the results obtained with the in vitro simulation of digestion, the higher
protease activity measured in the digestive tract of C. labrosus determined a significantly
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higher release of amino acids from the same amount of substrate than that of L. aurata.
Surprisingly, no significant differences were obtained in the total amount of amino acids
released when simulating the two different enzyme: substrate ratios theoretically present in
the guts of fish ingesting their daily ration either in one or three meals. In the first case, the
expected net release of amino acids from the feed should have been higher than when three
times less substrate was present. This points out that in the case of intestinal proteases,
an optimal enzyme: substrate ratio is reached when a very low amount of substrate is
present and suggests that, from a practical point of view, it should be better to distribute the
daily ration into several meals. Results obtained for carbohydrate hydrolysis in C. labrosus
confirm this suggestion and are in concordance with those obtained in juveniles of Mugil
liza, in which a higher feed efficiency was obtained when fish were fed three times per
day [38]. In addition, Solovyev and Gisbert [39] recorded inappropriate enzyme/substrate
ratios and lower digestive efficiency and growth rates in Mugil cephalus fry fed one or two
times per day, compared to mullet fry provided a continuous regime. Similar results have
also been described in other species such as the snapper (Lutjanus johnii) [40] or the doctor
fish (Garra rufa) [41].

5. Conclusions

To summarize, concerning the comparison between feeding frequencies, the results
obtained in the digestion model support the observed benefits for three daily meals instead
of one. Regarding the comparison between the two species, L. aurata showed higher muscle
lipid content compared to C. labrosus, in addition to a greater eviscerated weight and lower
HSI. C. labrosus instead presented higher protease and amylase activities which determined
an increased release of amino acids and reducing sugars in the in vitro assays. The obtained
results suggest the different potentialities of these similar fish species when reared under
diverse circumstances and open the future to species-specific nutrition and feeding research
among others.

Author Contributions: “Conceptualization, R.Q.-P., L.R., and F.J.M.; methodology, R.Q.-P., L.R., and
F.J.M.; investigation, R.Q.-P., A.V.-C., S.R.-B., and K.B.; writing—original draft preparation, R.Q.-P.;
writing—review and editing, L.R., F.J.M., and J.R.; supervision, L.R.; project administration, L.R.;
funding acquisition, L.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by the Projects Interreg mac 2014–2020 (MAC/1.1a/207),
R+D+i towards aquaponic development in the UP islands and the circular economy (ISLANDAP),
and ISLANDAP ADVANCED (MAC2/1.1a/299) R+D+i towards aquaponic development in the UP
islands and the circular economy. Interregional forward challenges. The first author (R.Q.-P.) was
supported by a predoctoral grant from the University of Las Palmas de Gran Canaria.

Institutional Review Board Statement: This study was conducted in accordance with the European
Union Directive (2010/63/EU) on animal welfare protection for scientific purposes and approved by
the Bioethical Committee of the University of Las Palmas de Gran Canaria (OEBA_ULPGC_09/2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Naylor, R.L.; Hardy, R.W.; Buschmann, A.H.; Bush, S.R.; Cao, L.; Klinger, D.H.; Little, D.C.; Lubchenco, J.; Shumway, S.E.; Troell,

M. A 20-year retrospective review of global aquaculture. Nature 2021, 7851, 551–563. [CrossRef] [PubMed]
2. FAO. The State of World Fisheries and Aquaculture 2022. In Towards Blue Transformation; FAO: Rome, Italy, 2022. [CrossRef]
3. Tacon, A.G.; Metian, M.; Turchini, G.M.; De Silva, S.S. Responsible aquaculture and trophic level implications to global fish

supply. Rev. Fish. Sci. Aquac. 2009, 18, 94–105. [CrossRef]
4. FAO. Fishery and aquaculture Statistics 2017/FAO annuaire. Statistiques des pêches et de l′aquaculture 2017/FAO anuario.

Estadísticas de pesca y acuicultura: 2017. In FAO Yearbook; FAO: Rome, Italy, 2019.
5. Lebreton, B.; Richard, P.; Parlier, E.P.; Guillou, G.; Blanchard, G.F. Trophic ecology of mullets during their spring migration in a

European saltmarsh: A stable isotope study. Estuarine, Coast. Shelf Sci. 2011, 91, 502–510. [CrossRef]

http://doi.org/10.1038/s41586-021-03308-6
http://www.ncbi.nlm.nih.gov/pubmed/33762770
http://doi.org/10.4060/cc0461en
http://doi.org/10.1080/10641260903325680
http://doi.org/10.1016/j.ecss.2010.12.001


Animals 2023, 13, 287 10 of 11

6. Crosetti, D.; Blaber, S.J. Morphology and Morphometry Based Taxonomy of Mugilidae. In Biology, Ecology and Culture of Grey
Mullets (Mugilidae); CRC Press: Boca Raton, FL, USA, 2015; pp. 1–21.

7. Altunok, M.; Özden, O. Effect of dietary protein on the growth of mullet, Chelon labrosus, reared in sea cages. Fish. Aquat. Life.
2017, 25, 157–164. [CrossRef]

8. Ben Khemis, I.; Hamza, N.; Sadok, S. Nutritional quality of the fresh and processed grey mullet (Mugilidae) products: A short
review including data concerning fish from freshwater. Aquat. Living Resour. 2019, 32, 2. [CrossRef]

9. Salvarina, I.; Koutrakis, E.; Leonardos, I. Comparative study of feeding behaviour of five Mugilidae species juveniles from two
estuarine systems in the North Aegean Sea. J. Mar. Biol. Assoc. UK 2016, 98, 283–297. [CrossRef]

10. Crosetti, D.; Blaber, S.J. Biogeography and Distribution of Mugilidae in the Mediterranean and the Black Sea, and North-East
Atlantic. In Biology, Ecology and Culture of Grey Mullets (Mugilidae); CRC Press: Boca Raton, FL, USA, 2015; pp. 116–127.

11. Quirós-Pozo, R.; Ventura-Castellano, A.; Ramírez-Bolaños, S.; Roo-Filgueira, J.; Robaina, L. Evaluation of Aloe vera by-product
against cereals in feeds for golden mullet (Liza aurata). Aquac. Rep. 2021, 20, 100659. [CrossRef]

12. Ojaveer, H.; Morris, P.C.; Davies, S.J.; Russell, P. The response of thick-lipped grey mullet, Chelon labrosus (Risso), to diets of varied
protein-to-energy ratio. Aquac. Res. 1996, 27, 603–612. [CrossRef]

13. Wassef, E.A.; El Masry, M.H.; Mikhail, F.R. Growth enhancement and muscle structure of striped mullet, Mugil cephalus L.;
fingerlings by feeding algal meal-based diets. Aquac. Res. 2001, 32, 315–322. [CrossRef]

14. Gisbert, E.; Mozanzadeh, M.T.; Kotzamanis, Y.; Estévez, A. Weaning wild flathead grey mullet (Mugil cephalus) fry with diets with
different levels of fish meal substitution. Aquaculture 2016, 462, 92–100. [CrossRef]

15. Busti, S.; Bonaldo, A.; Dondi, F.; Cavallini, D.; Yúfera, M.; Gilannejad, N.; Moyano, F.J.; Gatta, P.P.; Parma, L. Effects of different
feeding frequencies on growth, feed utilisation, digestive enzyme activities and plasma biochemistry of gilthead sea bream
(Sparus aurata) fed with different fishmeal and fish oil dietary levels. Aquaculture 2020, 529, 735616. [CrossRef]

16. Association of Official Analytical Chemists (AOAC). Official Methods of Analysis, 17th ed.; Association of Official Analytical
Chemists: Gaithersburg, MD, USA, 2000.

17. Kjeldahl, J.A. Neue Methode zur Bestimmung des Stickstoffs in Organischen Korpern. Z. Anal. Chem. 1883, 22, 366–382.
[CrossRef]

18. Folch, J.; Lees, M.; Sloane Stanley, G.H. A simple method for the isolation and purification of total lipids from animal tissues. J.
Biol. Chem. 1957, 226, 497–509. [CrossRef]

19. Kunitz, M. Crystalline soybean trypsin inhibitor II. General properties. J. Gen. physiol. 1947, 30, 291–310. [CrossRef]
20. Walter, H.E. Methods of Enzymatic Analysis; Verlag Chemie: Weinheim, Germany, 1984.
21. Miller, G.L. Modified DNS method for reducing sugars. Anal. Chem. 1959, 31, 426–428. [CrossRef]
22. Morales, G.A.; Moyano, F.J. Application of an in vitro gastrointestinal model to evaluate nitrogen and phosphorus bioaccessibility

and bioavailability in fish feed ingredients. Aquaculture 2010, 306, 244–251. [CrossRef]
23. Church, F.C.; Swaisgood, H.E.; Porter, D.H.; Catignani, G.L. Spectrophotometric Assay Using o-Phthaldialdehyde for Determina-

tion of Proteolysis in Milk and Isolated Milk Proteins. J. Dairy Sci. 1983, 66, 1219–1227. [CrossRef]
24. Faul, F.; Erdfelder, E.; Lang, A.G.; Buchner, A. G* Power 3: A flexible statistical power analysis program for the social, behavioral,

and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef]
25. Crosetti, D.; Blaber, S.J. Food and Feeding of Mugilidae. In Biology, Ecology and Culture of Grey Mullets (Mugilidae); CRC Press:

Boca Raton, FL, USA, 2015; pp. 165–195.
26. Talbot, C.; Corneillie, S.; Korsøen, Ø. Pattern of feed intake in four species of fish under commercial farming conditions:

Implications for feeding management. Aquac. Res. 1999, 30, 509–518. [CrossRef]
27. Beveridge, M.C.M.; Thilsted, S.H.; Phillips, M.J.; Metian, M.; Troell, M.; Hall, S.J. Meeting the food and nutrition needs of the

poor: The role of fish and the opportunities and challenges emerging from the rise of aquaculture. J. Fish Biol. 2013, 83, 1067–1084.
[CrossRef]

28. Thilsted, S.H.; Thorne-Lyman, A.; Webb, P.; Bogard, J.R.; Subasinghe, R.; Phillips, M.J.; Allison, E.H. Sustaining healthy diets: The
role of capture fisheries and aquaculture for improving nutrition in the post-2015 era. Food Policy 2016, 61, 126–131. [CrossRef]

29. Schloesser, R.W.; Fabrizio, M.C. Condition Indices as Surrogates of Energy Density and Lipid Content in Juveniles of Three Fish
Species. Trans. Am. Fish. Soc. 2017, 146, 1058–1069. [CrossRef]

30. Moyano, F.J.; Diaz, M.; Alarcon, F.J.; Sarasquete, M.C. Characterization of digestive enzyme activity during larval development of
gilthead seabream (Sparus aurata). Fish. Physiol. Biochem. 1996, 15, 121–130. [CrossRef]

31. Infante, J.Z.; Cahu, C. Dietary modulation of some digestive enzymes and metabolic processes in developing marine fish:
Applications to diet formulation. Aquaculture 2007, 268, 98–105. [CrossRef]

32. Tian, H.-Y.; Zhang, D.-D.; Li, X.-F.; Zhang, C.-N.; Qian, Y.; Liu, W.-B. Optimum feeding frequency of juvenile blunt snout bream
Megalobrama amblycephala. Aquaculture 2015, 437, 60–66. [CrossRef]

33. Cordova-Murueta, J.H.; García-Carreño, F.; de los A Navarrete-del, M. Digestive enzymes present in crustacean feces as a tool for
biochemical, physiological, and ecological studies. J. Exp. Mar. Biol. Ecol. 2003, 297, 43–56. [CrossRef]

34. Karasov, W.H.; Douglas, A.E. Comparative Digestive Physiology. Compr. Physiol. 2013, 3, 741–783. [CrossRef]
35. German, D.P.; Horn, M.H.; Gawlicka, A. Digestive Enzyme Activities in Herbivorous and Carnivorous Prickleback Fishes

(Teleostei: Stichaeidae): Ontogenetic, Dietary, and Phylogenetic Effects. Physiol. Biochem. Zool. 2004, 77, 789–804. [CrossRef]
36. Gisbert, E.; Cardona, L.; Castelló, F. Competition between mullet fry. J. Fish. Biol. 1995, 47, 414–420. [CrossRef]

http://doi.org/10.1515/aopf-2017-0015
http://doi.org/10.1051/alr/2018026
http://doi.org/10.1017/S0025315416001211
http://doi.org/10.1016/j.aqrep.2021.100659
http://doi.org/10.1111/j.1365-2109.1996.tb01293.x
http://doi.org/10.1046/j.1355-557x.2001.00043.x
http://doi.org/10.1016/j.aquaculture.2016.04.035
http://doi.org/10.1016/j.aquaculture.2020.735616
http://doi.org/10.1007/BF01338151
http://doi.org/10.1016/S0021-9258(18)64849-5
http://doi.org/10.1085/jgp.30.4.291
http://doi.org/10.1021/ac60147a030
http://doi.org/10.1016/j.aquaculture.2010.05.014
http://doi.org/10.3168/jds.S0022-0302(83)81926-2
http://doi.org/10.3758/BF03193146
http://doi.org/10.1046/j.1365-2109.1999.00369.x
http://doi.org/10.1111/jfb.12187
http://doi.org/10.1016/j.foodpol.2016.02.005
http://doi.org/10.1080/00028487.2017.1324523
http://doi.org/10.1007/BF01875591
http://doi.org/10.1016/j.aquaculture.2007.04.032
http://doi.org/10.1016/j.aquaculture.2014.11.032
http://doi.org/10.1016/S0022-0981(03)00355-1
http://doi.org/10.1002/cphy.c110054
http://doi.org/10.1086/422228
http://doi.org/10.1111/j.1095-8649.1995.tb01910.x


Animals 2023, 13, 287 11 of 11

37. Cardona, L. Non-competitive coexistence between Mediterranean grey mullet: Evidence from seasonal changes in food availability,
niche breadth and trophic overlap. J. Fish Biol. 2001, 59, 729–744. [CrossRef]

38. Calixto da Silva, E.; Sterzelecki, F.C.; Musialak, L.A.; Sugai, J.K.; Castro, J.D.J.P.; Pedrotti, F.S.; Magnotti, C.; Cipriano, F.D.S.;
Cerqueira, V.R. Effect of feeding frequency on growth performance, blood metabolites, proximate composition and digestive
enzymes of Lebranche mullet (Mugil liza) Juveniles. Aquac. Res. 2019, 51, 1162–1169. [CrossRef]

39. Solovyev, M.; Gisbert, E. Feeding regimes affected the circadian rhythms of pancreatic digestive enzymes and somatic growth
in flathead grey mullet (Mugil cephalus) fry. Comp. Biochem. Physiol. B Mol. Amp. Integr. Physiol. 2021, 264, 111116. [CrossRef]
[PubMed]

40. Abbas, G.; Waryani, B.; Ghaffar, A.; Rahim, A.; Hafeez-ur-Rehman, M.; Aslam, M. Effect of ration size and feeding frequency on
growth, feed utilization, body composition and some haematological characteristics of juvenile snapper, Lutjanus johnii (Baloch,
1792). Pak. J. Zool. 2015, 47, 719–730.

41. Catarino, M.M.; Gomes, M.R.; Ferreira, S.M.; Gonçalves, S.C. Optimization of feeding quantity and frequency to rear the cyprinid
fish Garra rufa (Heckel, 1843). Aquac. Res. 2019, 50, 876–881. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/j.1095-8649.2001.tb02376.x
http://doi.org/10.1111/are.14466
http://doi.org/10.1016/j.cbpa.2021.111116
http://www.ncbi.nlm.nih.gov/pubmed/34785378
http://doi.org/10.1111/are.13961

	Introduction 
	Materials and Methods 
	Fish and Facilities 
	Experimental Design 
	Biochemical Assays 
	In Vitro Digestion Assays 
	Statistical Analysis 

	Results 
	Somatic Indexes 
	Biochemical Assays 
	In Vitro Digestion Assays 

	Discussion 
	Conclusions 
	References

