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Abstract

The family Mugilidae Family consists mainly of diadromous species, whose reproduction
occurs in offshore waters. Pre-juveniles shift their diet in the surf zone (zooplanktophagous
to iliophagous). Later, during their recruitment into estuaries, huge changes take place in
their digestive system. However, digestive and metabolic characteristics and some
morphological traits at recruitment are unknown for Mugilidae. We performed
comparative studies on early and late pre-juveniles of Mugil liza recruited in Mar Chiquita
Coastal Lagoon (37°32'-37°45'S; 57°19'-57°26'W, Argentina). We determined digestive
enzyme activities (intestine), energy reserves (liver/muscle), total/standard length, total
weight, intestinal coefficient, hepatosomatic index and retroperitoneal fat. Pre-juveniles
exhibited amylase, maltase, sucrase, lipase, trypsin and APN activities, which were
maintained over a wide range of pH and temperature and exhibited Michaelis-Menten
kinetics. In late pre-juveniles, amylase (422+131umol maltose x min™ x mgprot?), sucrase
(86+14 mg glucose x mint x mg prot?), trypsin (84+9 umoles x mint x mg prot?) and
APN (0.58+0.08 pmoles x mint x mg prot!) activities were higher (42, 28, 35 and 28%,
respectively) than in the early stage. Also, the intestinal coefficient was higher in late
(3.04) than early (2.06) pre-juveniles. Moreover, liver appeared to be a main site of
glycogen and triglyceride storage in late pre-juveniles, muscle being the site of storage in
early pre-juveniles, which exhibited higher glycogen, free glucose and protein

concentrations (92, 82, 32%, respectively). The results suggest that pre-juveniles of M. liza
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exhibit an adequate digestive battery to perform complete hydrolysis of various dietary
substrates, availability of energy reserves and morphological characteristics to support
their feeding habit and growth after recruitment. Our results represent an important
contribution to knowledge of the ecology and digestive physiology of pre-juveniles of

Mugilidae in the wild.

Keywords: Mugil liza, Mar Chiquita Coastal Lagoon, pre-juveniles, digestive enzymes,

energy reserves, recruitment

1 Introduction

Members of the family Mugilidae, generally known as mullets, are coastal marine fishes
with a worldwide distribution. They inhabit offshore and coastal waters, but also spend
part or even their whole life cycle in coastal lagoons, lakes and/or rivers (Gonzalez-Castro
and Ghasemzadeh, 2016; Nelson, 2006). They occupy a unique position in the food web,
due to their primarily detritivorous (iliophagous) feeding (Blaber, 1976; Cardona, 2016)
and possess economic importance, particularly the Mugil cephalus Linnaeus, 1758 species-
complex (constituted by 14 parallel lineages that included Mugil liza Valenciennes, 1836
and 13 other lineages, all currently designated as M. cephalus (Gonzélez-Castro and

Ghasemzadeh, 2016; Whitfield et al., 2012)). The taxa belonging to the M. cephalus

This article is protected by copyright. All rights reserved.



species-complex constitutes the basis of significant commercial as well as artisanal
fisheries around the world (Crosetti, 2016; Gonzalez-Castro et al., 2009; Vieira et al.,
2008). Mullets are also cultured in many regions of the world, both in extensive systems
and in semi-intensive or intensive systems, often in polyculture with other species

(Crosetti, 2016; Leber et al., 2016; Liao et al., 2016; Sadek, 2016).

The southern population of Mugil liza is distributed from Argentina (47 °S) to the state of
Sdo Paulo, Brazil (23 °S) (Mai et al., 2014). In Argentina it supports a small-scale fishery,
with catches reported between 5.4 and 78.8 t from 2000 to 2010, with a maximum capture
of 194.0 t in 2004 (Gonzalez-Castro 2007; Gonzalez-Castro et al., 2009a; Navarro et al.,

2014).

Mar Chiquita Coastal Lagoon (MCh) is a brackish-water coastal lagoon located in the
Buenos Aires Province (Argentina) (37°32'-37°45'S; 57°19'-57°26'W), considered since
1996 as a World Biosphere Reserve by UNESCO. Mugil liza represents the second most
abundant species of mullet in MCh, in terms of both biomass and abundance (Gonzélez-

Castro et al., 2009a, b).

Mugil liza is characterized by a complex diadromous life cycle. Coastal reproductive
spawning occurs from May/June until August, in the offshore waters between Santa
Catarina and Parand, Brazil (28-26 °S) (Gonzalez-Castro and Minos, 2016; Lemos et al.,
2014). In August-September the reproductive events end and neustonic post larvae are

carried from offshore waters to the coast (surf zone), by wind generated surface currents
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(Gonzélez-Castro et al., 2009a; Vieira and Scalabrin, 1991). There, in the surf zone, the
pre-juveniles (<30 mm TL) can stay for a variable period of time, changing from
zooplanktophagous to iliophagous feeding, prior to recruitment into estuarine systems

(Vieira, 1991; Acha, 1990).

During their recruitment into estuaries/coastal lagoons, young mullets (M. liza) undergo a
series of changes in a short, but crucial period of time, which includes the morpho-
anatomical adaptation to iliophagy and also to brackish waters (Castellini et al., 2019).
This implies a strong challenge for the recruiters, with direct repercussions for the survival
of the species resource. It is precisely at this moment, when fry are termed Querimana by
some authors (Thomson, 1997; Castellini et al., 2019): i.e, pre-juvenile mullets having two
anal spines, including the transition period until the third spine is completely developed (as
in adult specimens), when it becomes juvenile (Jacot, 1920; Thomson, 1997). Castellini et
al. (2019) analysed the daily age at recruitment of Querimana (pre-juveniles) inside MCh
and recorded individuals between 67 and 117 days and 30 to 43 mm standard length.
During this particular stage, young mullets undergo huge changes to their digestive system,
in order to satisfy their new iliophagous feeding mode. Moreover, in a few days, pre-
juvenile individuals will move from the coast (surf zone) to the inner zones of coastal-
lagoons or estuaries. There, they must to adapt to live in a shallow environment, with
salinities close to fresh water (ranging between 0-10) (Gonzéalez-Castro et al., 2009b).

Despite the importance of pre-juveniles being successful for the establishment of the future
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cohorts of juveniles, not much attention has been given to this ontogenetic stage. There are
no published works dealing with both digestive and metabolic characteristics at the
biochemical level (e.g. occurrence of specific digestive enzymes/presence and distribution
of energy reserves) and also with morphological traits of recruited pre-juveniles in the

wild.

The presence of specific digestive enzymes (carbohydrases/lipases/proteases) in the
intestine (the main site of digestion and absorption of nutrients in fish) is generally related
to the nature of the dietary items potentially used in metabolic processes (Karasov and
Douglas, 2013; Sanz et al., 2015; Steimberg, 2018). The determination of amylase activity
(essential in initial steps of the digestion of key carbohydrates), allows evaluation of the
capacity for digestion of glycogenic substrates (Dhital et al., 2013; Karasov and Douglas,
2013). To determine the occurrence of lipase and key proteases such as trypsin allows
assessing lipolytic and proteolytic digestive capacity (Bakker et al. 2011; Steimberg,
2018). Trypsin is an endoprotease, which is also one of the most important proteases in
various teleost fish (Steimberg, 2018). Membrane-bound disacharidases (e.g. maltase and
sucrase) and the ectopeptidase aminopeptidase-N (APN) play a main role in the final steps
of digestion of glycogenic carbohydrates and proteins, respectively. Their existence in the
intestine are an index of intestinal maturity and extracellular digestion (del Valle et al.
2016; Holt, 2011; Tran et al., 2011). The determination of energy reserves (glycogen,

triglycerides, protein) in main storage organs is a common tool used to evaluate the
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metabolic characteristics at the biochemical level of an individual. When it is performed
concomitant with that of digestive enzymes, it allows an integrated analysis of the
digestive and metabolic profile (del Valle and Lopez Mafanes, 2012; del Valle et al.,
2016). On the other hand, to know morphological traits further helps in understanding the
relationship between physiological and biochemical functions of the digestive tract and

links to ecological issues (Kalhoro et al., 2018).

In this context, the aim of this work was to comparatively analyse the digestive/metabolic
characteristics at the biochemical level and morphological traits of early and late pre-
juveniles of M. liza in the wild, after its recruitment into Mar Chiquita Coastal Lagoon
(MCh), including: a) the total length, total weight, intestinal coefficient, hepatosomatic
index (HIS) and retroperitoneal fat as parameters of physical conditions; b) the occurrence
of amylase, maltase, sucrase, lipase, trypsin and APN activities in the intestine and c) the
concentration of glycogen, free glucose, triglycerides and protein in energy storage sites.
We hypothesized that early and late pre-juveniles of M. liza exhibit differences in their
digestive and metabolic characteristics at the biochemical level and morphological traits,
which constitute adaptive strategies to support feeding habit and growing after recruitment

in Mar Chiquita Coastal Lagoon.

2 Materials and methods
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2.1 Study area

Pre-juvenile individuals were collected during August 2019 after their recruitment into the
Zone Il of MCh, according to Gonzalez-Castro et al. (2009b). The Zone 11 is located inside
MCh, 6 Km far from the mouth of the lagoon to the sea and is characterized by mixo-
mesohaline waters ranging in salinity from 5 to 35. Water temperature ranges between 6°C
(winter) and 21°C (summer). It is a shallow environment, approximately between 0.30 and

1.20 m in depth.

2.2 Collection of individuals and sample procedures

Pre-juvenile individuals were collected with a beach seine net (10 m in length x 1.8 m
high; each wing measured 4 m in length and the cod-end was 3 m in length; the mesh in
the lateral wings was 10 mm, and the mesh in the cod-end was 5 mm) (Cousseau et al.,
2001). Water temperature (13°C) and salinity (18 PSU) data were recorded using an
alcohol thermometer and a refractometer, respectively. Fish were taxonomically identified
according to Cousseau and Perrotta (2013) and Gonzalez-Castro et al. (2012). Fresh
samples were put immediately on ice until loss of consciousness (about 10 min), frozen
and subsequently processed at the laboratory (Albanesi 2018; Albanesi et al 2017, 2018;
del Valle et al., 2016; Ma et al; 2019). Total length (TL), standard length (SL) and total

weight (TW) of each mullet were recorded, employing a digital caliper to the nearest mm
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and an electronic balance (0.1 g). The mullet sample was grouped into “early” and “late”
pre-juveniles (n=10 for each stage), according to the following criterion: i) early pre-
juveniles refers to young mullets, between 23 and 33 (mm) SL, with two anal spines and
the third anal element yet segmented, but with signs of incipient hyalinization; ii) late pre-
juveniles refers to those young individuals, between 38 and 47 (mm) SL, where the third
anal spine undergo hyalinization and is almost completely developed, but a slightly
segmentation in it is still present. Immediately, intestine, liver and muscle were excised
for each individual, weighed and put on ice to be used to prepare homogenates and to
determine hepatosomatic index (HSI %) (liver weight/total weight) x 100) and intestinal
coefficient (intestinal length/standard length). The presence/absence of retroperitoneal fat
was also recorded. The intestine and liver were separately homogenized in 50 mM
Tris/HCI, pH 7.4 (4 ml of tissue g*) (CAT 9 120 homogenizer, T10 tool) on ice (Albanesi,
2018; del Valle et al., 2016). The same procedure was followed for the body muscle
although 8 ml of tissue g ** was used (Albanesi, 2018; del Valle et al., 2016). Due to the
small size of the liver of early pre-juveniles, no homogenates could be prepared even by

pooling organ from different individuals.
This study was conducted following the regulations and statements of Ethics Committee

CICUAL (OCA 1499/12; FCEyNat, UNMdP, Argentina). There was no experimentation.
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2.3 Biochemical assays

Amylase activity in intestine was measured using starch (15 mg mL™?) as substrate,
according to del Valle et al. (2016), Albanesi (2018), Asaro et al. (2018). Briefly, the
corresponding sample was incubated for 15 min at 30 °C, in the presence of starch in 50
mM phosphate buffer (pH 7.4); 300 ul of dinitro salicylic acid reagent (Miller, 1959) was
added for further incubation for 10 min at 100 °C. After cooling immediately on ice, the
released maltose was assessed reading absorbance at 540 nm. To study the effect of pH,
temperature and starch concentration, the activity was assayed at varying pH (5.2-8.2) (50
mM phosphate buffer), temperature (4-45°C) and starch concentration (0.06-18 mg x ml™)
in the reaction mixture.

Maltase and sucrase activity were determined measuring the glucose released from the
specific substrate as we detailed (Albanesi 2018; Asaro et al 2018; del Valle et al., 2016).
The sample was incubated during 10 min at 30 °C with 42 mM of maltose or sucrose in
buffer 0.1 M malate buffer (pH 6, 4). The reaction was stopped with 1.5 mL of a glycemia
kit ((glucose oxidase 10 kU L; peroxidase 1 kU; l,4-aminophenazone 0.5 mmol L%
phosphates pH 7.0100 mmol L%, hydroxybenzoate12 mmol L) (Wiener Lab Glicemia
AA) and further incubated during 5 min at 37 °C. Glucose amount was quantified reading
absorbance at 505 nm of the colored quinone complex. The effect of pH, temperature and
substrate concentration on disaccharidases activity was studied measuring the activity at

various pH (maltase: 3.5-8.0, sucrase 5.2-8.0) (0.1 mM maleate buffer), temperatures (4-
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45°C) and substrate concentrations (0.56-42 mM) in the reaction mixture (del Valle et al.,
2016).

Lipase activity was determined colorimetrically by quantification of p-nitrophenol (pNP)
released from p-nitrophenyl-palmitate as we described (Michiels et al., 2013, del Valle et
al., 2016). The sample was incubated with 0.85 mM pNPP in buffer 50 mM Tris-HCI pH
8.5 during 5 min at 37 ° C. The reaction was stopped by adding 0.5 ml of TCA 0.1% (w /
v). The amount of p- nitrophenol released was determined by reading the absorbance at
410 nm. To determinate the effect of pH, temperature and substrate, the activity was
assayed at various pH (6.0-9.0) (50 mM phosphate buffer, pH 6.0, 50 mM Tris-HCI buffer,
pH 7.2-9.0), temperature (4-45°C) and pNPP concentrations (0.017-0.9 mM) of the
reaction mixture.

Trypsin activity was determined using N-a-benzoyl-DL-arginine-4-nitroanilide (BAPNA)
as substrate (Candiotto et al., 2017) as we described (del Valle et al., 2016; Michiels et al.,
2017). The sample was incubated in 1.23 mM of the substrate in 50 mM Tris buffer / HCI
pH 9.0/ 400 mM Cl,Ca during 15 min at 45 ° C. The reaction was stopped by adding 250l
of 0.1 M KOH and absorbance was measured at 405 nm. The effect of pH, temperature and
substrate was determined by assaying the activity at various varying pH (range 6.0-11.0)
(50 mM phosphate buffer, pH 6.0, 50 mM Tris-HCI buffer pH 7.4-9.0, 50 mM Glicine pH
11), temperatures (4-70°C) and BAPNA concentrations (0.12-1.23 mM) in the reaction

mixture (del Valle et al., 2016).
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The measurement of APN activity was made by using L-alanine-p-nitroanilide (L-Ala
pNA) according to (Michiels et al., 2015a, 2017; del Valle et al., 2016). The reaction was
initiated by the addition of substrate (final concentration 0.33mM) to a reaction mixture
containing the sample in 50 mM Tris-HCI buffer to pH 7.4. After incubation for 15
minutes at 45 ° C, the reaction was stopped with 0.2 ml of cold 2 M acetic acid and
absorbance was determined at 384 nm. To study the effect of pH and temperature on APN
activity, the activity was measured at varying pH (range 6.0-9.0) (50 mM phosphate buffer,
pH 6.0, 50 mM Tris-HCI buffer pH 7.4-9.0), temperature (4-45°C) and L-Ala-pNA
concentrations (0.04-0.4 mM) in the reaction mixture (del Valle et al., 2016).

Glycogen was measured as glucose equivalent as previously described (Pinoni et al., 2011,
2013; del Valle et al., 2016). The corresponding sample was boiled for 4 minutes and then
incubated in acetate buffer (pH 4.8) in the presence and absence of 0.2 mg ml-1 of a-
amyloglucosidase (Sigma Chemicals) for 2.5 h at 55 °C. After incubation, samples were
centrifuged at 3000 rpm for 15 minutes. Glucose was quantified in the supernatant using
the commercial kit for enzyme glycemia (Wiener Lab AA). Released glucose from
glycogen hydrolysis was calculated as the difference between the values obtained with and
without a-amyloglucosidase. Free glucose was assessed from assay without a-
amyloglucosidase.

Triglycerides (TAG) were measured by the colorimetric method of glycerol phosphate
oxidase (TAG Wiener-Lab AA code 861110001). An aliquot of the corresponding sample

was incubated with this reactant for 5 minutes at 37 °C (Michiels et al., 2016; Pinoni et al.,
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2011). The amount of released glycerol was determined by reading the absorbance at 505

nm of the colored quinone complex.

The protein concentration was assayed according to Bradford (1976). Bovine serum

albumin (0.96 mg x mI™) was used as standard.

2.4 Statistical analysis

The results of the effect of different substrate concentrations on the enzymatic activities
were analysed by a nonlinear regression analysis (GraphPad Prism4.0 software). The curve
that appears is the one that best fits to the experimental data according to estimation by
GraphPad Prism 4.0 software, showing adjustment to Michaelis-Menten model. Km value
(Michaelis—Menten constant) was estimated from this curve (GraphPadPrism 4.0
software). Statistical analysis was carried out using the Sigma 3.0 program for Windows,
which automatically performs previous test of equality of variances and normality.
Analysis of variance (one-wayANOVA) or t-test were used to estimate the statistical
significance of the differences and P<0.05 was considered significant. ANOVA (Student-

Newman-Keuls) was used to identify differences. (del Valle et al., 2016).

3 Results

3.1 Morphological traits of early and late pre-juveniles of M. liza
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Early and late pre-juveniles exhibited statistically significant variations (p<0.05) in size,
ranging between 26 and 40.5 mm TL (mean 36.08 mm) and 45 to 56 mm TL (mean 50.8
mm), respectively (Table 1). Moreover, they showed significant differences (p<0.05) in
TW (mean of 0.34 and 1.74 g, respectively) and IC (2.06 and 3.04, respectively). However,
no difference was found in hepatosomatic index of both sub-stages. In addition,

retroperitoneal fat was not found in either early or late pre-juveniles (Table 1).

3.2 Digestive enzyme activities in intestine of early and late pre-juveniles of M. liza

Initially, we determined the occurrence and made a partial characterization of amylase,
maltase, sucrase, lipase, trypsin and APN activities in intestine of late pre-juveniles.
Amylase activity increased from pH 5.2 to 7.4 At pH 8.2 the activity decreased until values
similar to those found at pH 5.2-6.0 (Fig. 1a). Amylase activity was similar at 4 and 20°C,
but it enhanced at 30°C. At 45°C, the activity decreased being similar to that at 4 and 20°C
(Fig. 1b). Amylase activity exhibited Michaelis-Menten kinetics (apparent Km= 3.58 mM)
(Fig 1.c). Maltase activity increased from pH 5.2 to 6.4 and it was quite similar up to pH
8.0 (Fig. 1d). Maltase activity was similar within the range of temperature 4-45 °C (Fig.
1e) and exhibited Michaelis-Menten kinetics (apparent Km=2.60 mM) (Fig. 1f). Sucrase
activity increased from pH 5.2 to 6.4. At pH 7.4 and 8.0 the activity was decreased being
similar to that at pH 5.2 (Fig 1g). Sucrase activity was similar within the range of

temperature 4-45 °C (Fig. 1g) and showed Michaelis-Menten kinetics (apparent Km=2.95
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mM) (Fig. 1i). Lipase activity in intestine of late pre-juveniles was similar within the range
of pH 6.0-9.0 (Fig. 2a); it increased from 4 to 45°C (Fig. 2b) and also exhibited Michaelis-
Menten kinetics (apparent Km=0,58 mM) (Fig. 2c). Trypsin activity was detected over a
wide range of pH. The activity increased from pH 7.4 to 9.0 and decreased at pH 11.00 to
values similar to those at pH 7.4 (Fig. 2d). Trypsin activity was similar at 4 and 20°C and
increased at 45-75°C (Fig. 2e) and showed a Michaelis-Menten kinetics (apparent Km=
1.38 mM) (Fig. 2f). APN activity increased from pH 6.0 to 7.4-9.0 (Fig. 2g), it was similar
at 4 and 20°C and increased with an enhancement of temperature up to 45°C (Fig. 2g). This

activity also showed a Michaelis-Menten kinetics (apparent Km= 0.32 mM) (Fig. 2i).

The intestine of early pre-juveniles also exhibited amylase, maltase, sucrase, lipase, trypsin
and APN activity (Fig. 3). Amylase, sucrase, trypsin and APN specific activity were
significantly lower (p<0.05) when compared to the corresponding activity in late pre-

juveniles (Fig. 3).

3.3 Energy reserves in early and late pre-juveniles of M. liza

Glycogen was detected in both liver and muscle in late pre-juveniles. Its concentration was
higher in liver (about 87%) than in muscle (Fig. 4a). Free glucose concentration was

similar in liver and muscle (Fig. 4b). Triglyceride concentration was also significantly
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higher (p<0.05) in liver (about 87%) than in muscle (Fig. 4c). Protein concentration was

significantly higher (p<0.05) in muscle (about 29%) than in liver (Fig. 4d).

Glycogen was also detected in muscle of early pre-juveniles. Glycogen, free glucose and
protein concentration was significantly higher (92, 82, 32 %, respectively) (p<0.05) in
muscle of early pre-juveniles, compared to late pre-juveniles (Fig. 4a, 4b and 4d).

Triglycerides concentration was similar (Fig 4c).

4 Discussion

In the present paper we analysed, for the first time, the digestive and metabolic profile at
the biochemical level of pre-juveniles of M. liza inside a coastal lagoon after recruitment.
Our results show that early and late pre-juveniles from MCh exhibit a battery of digestive
enzymes in the intestine that support their feeding habit (iliophagous). The existence of
specific digestive enzymes (as being a link between digestion and absorption of nutrients)
is generally related to the nature of the dietary components potentially used in metabolic
processes (Cadiz et al., 2018; Cali et al., 2019; Faulk and Holt, 2009; Guo et al., 2019;
Karasov and Douglas, 2013). The digestion of key glycogenic substrates (e.g.
starch/glycogen) by amylase and membrane-bound disacharidases in the intestine is a main
source of circulating glucose in fish (Bakker et al., 2011; Gominho-Rosa et al., 2015;
Polakof et al., 2011, 2012; Steimberg, 2018). This is important for maintaining glucose

homeostasis and, therefore, to support regular functions and responses to environmental
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stresses (Chen et al., 2018; La Fleur et al., 2014; Polakof et al., 2011, 2012). The presence
in the intestine of amylase and membrane-bound-disacharidases (maltase and sucrase),
point out the ability of pre-juveniles of M. liza from MCh for complete digestion of dietary
glycogenic items. The presence of lipase activity in intestine of pre-juveniles of M. liza,
indicates the ability for dietary lipid digestion and their potential use for metabolic
processes (Casas-Godoy et al., 2012; Karasov and Douglas, 2013; Steimberg, 2018) at
early stages. The occurrence of key endo and membrane-bound ecto-proteases (e.g.
trypsin/APN) in the intestine are an index of the proteolytic digestive capacity (Bakker et
al., 2011; Steimberg, 2018). The existence of trypsin and APN activity (involved in final
protein digestion) suggests the potential ability of pre-juveniles of M. liza from MCh for
complete hydrolysis of dietary protein. The ontogenetic appearance of digestive enzymes
activities are index of functional development of the digestive tract and digestive abilities
of the individual (Kumar Pradhan et al., 2013). The existence of activity of membrane-
bound enzymes indicates that early pre-juveniles of M. liza have reached intestinal
maturity and the ability to carry out extracellular final dietary glycogenic carbohydrate and

protein digestion (Holt, 2011; Tang et al., 2016; Tran et al., 2011).

The knowledge about biochemical characteristics (e.g. response to pH, temperature and
kinetic parameters) of digestive enzymes of pre-juveniles in the wild is lacking. The
maintenance of the activity of various digestive enzymes in the intestine over a wide range

of pH, temperature and the Michaelis-Menten kinetics has been described in various fish
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under controlled conditions (del Valle et al., 2016; Gioda et al., 2017; Huo et al., 2019;
Kuz'mina et al.,, 1996). The tolerance to a wide range of temperatures is one of the
characteristics of M. liza, that supports its potential use in aquaculture. In MCh, M. liza
were recorded exposed to a wide range of water temperature (5-25°C), denoting the
thermal plasticity of this species (Acha, 1990; Gonzélez-Castro, 2007; Gonzalez-Castro et
al., 2009b; Castellini et al., 2019). The fact that amylase, maltase, sucrase, lipase, trypsin
and APN were active over a wide range of temperatures would indicate their
thermotolerance in the intestine of pre-juveniles of M. liza. This characteristic could allow
the maintenance of the capability for digestion of glycogenic carbohydrates, lipid and
protein and, then, to sustain key physiological functions under distinct environmental
temperatures. This could be important for M. liza inhabiting zones Il and 11l of MCh
(Gonzalez-Castro et al., 2009b), which exhibit higher temperatures compared to those of
coastal water. Particularly, active digestive enzymes at high temperatures could ensure an
adequate supply of the resulting metabolites to support the growth during summer, when

water temperature increases due to the shallow depth of the inner zones of MCh.

The higher amylase, sucrase, trypsin and APN specific activities in late pre-juveniles of M.
liza, shown in the present work, suggested the occurrence of digestive adjustments at the
biochemical level in relation to age, which could lead to an increased ability for glycogenic
carbohydrates and protein digestion. Unlike sucrase, similar maltase activity was found in

early and late pre-juveniles. This suggests that this activity could correspond to a sucrase-
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independent maltase-glucoamylase complex (Bertucci et al., 2018; Brun et al., 2020;
Chaudet et al., 2019; Dhital et al., 2013; Morelos-Castro el at., 2020). Furthermore, the
potential increased ability for final glycogenic carbohydrates digestion could be mainly
sustained by sucrase activity in late pre-juveniles. The similar lipase specific activity in the
intestine of early and late pre-juveniles suggests that changes in dietary lipid digestion
would not be an adjustment at the biochemical level in relation to age. The fact that lipase
and maltase specific activities were similar in both sub-stages of pre-juveniles (while those
of the other digestive enzymes determined increased) suggests that specific refined
mechanisms of regulation are involved in digestive adjustments related to a short-term age
variation. Amylase activity has also the ability to digest glycogen in various animals
(Asaro et al., 2017). Therefore, a high amylase activity in the intestine of carnivorous and
omnivorous fish enable them to take a higher advantage of nutrients via the hydrolysis of
glycogen from items of animal origin (Uscanga-Martinez et al., 2011). This could be the
case for pre-juveniles of M. liza from MCh. The values of IC found in the present work of
early (2,06) and late (3,04) pre-juveniles of M. liza are in accordance with an iliophagous
diet (Brusle, 1981; Cardona, 2016; Castellini et al., 2019; Karachle & Stergiou, 2010) and
corresponded to those found for estuary-recruited pre-juveniles (Acha, 1990). The IC (and
number of pyloric cacae) are commonly employed in Mugilidae as index of the digestion
efficiency (Whithfield, 2016). Marais (1980) showed that M. cephalus has an IC
approximately two times higher when compared with Liza tricuspidens (Smith 1935), L.

richardsoni (Smith 1846) and L. dumerili (Steindachner 1870) of the Swartkops estuary,
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although by the opposite, the former species presented the fewest and most poorly
developed pyloric caeca. According to Odum (1970), it can be suggested that increased IC
of M. cephalus would be necessary in this species for complete digestion of detrital
material and diatom algae, in the absence of large number of well-developed pyloric caeca.
Despite the changes in the diet of young mullets (zooplanktophagous to iliophagous) that
occurs in the surf zone, the observed differences in IC and digestive capacity at the
biochemical level between early and late pre-juveniles strongly suggest that a continuous

post-recruitment adaptation to its new feeding habits occurs inside the estuary.

The levels and types of energy reserves are an expression of the metabolic characteristics
of an animal (del Valle and Lépez Mafianes, 2012). Both liver and muscle of late pre-
juveniles of M. liza from MCh appear to be glycogen storage sites. The higher free glucose
content in liver than in muscle suggests a main role for the liver, probably in the
maintenance of an adequate and sustained glucose supply. Under controlled conditions,
juveniles of this species store glycogen in liver (Lisboa et al., 2015; Ramos et al., 2015). In
early pre-juveniles, muscle also appears to be a site of glycogen storage. Since we could
not determine energy reserves in the liver, whether this organ has a role in carbohydrate
storage (or of other energy substrates) remains to be investigated. In various fish, lipids are
used as sources of energy for the maintenance of various physiological processes, growth,
reproduction, migration and movement (Sandre et al., 2017; Steimberg, 2018; Tocher,

2003). After feeding, excess fatty acids are exported as lipoproteins from the liver and
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stored as triglycerides in specific sites (Ballantyne, 2014; Grosell et al., 2011). Adult
mullets possess not only liver and muscle storage of lipids, but also an important site of
accumulation of lipid tissue, which is commonly known as “retroperitoneal fat”. This
tissue becomes particularly evident in adult individuals of M. liza, captured in April-May,
prior to their reproductive migration (Gonzélez-Castro 2007; Gonzélez-Castro et al.,
2009a). The fact that no retroperitoneal fat was found in both pre-juvenile stages suggest
the role of other organs in triglyceride storage. This appears to be the case for muscle in
late pre-juveniles of M. liza. The storage of triglycerides in muscle occurred in several
fishes, and can explain a large proportion of the total reserves (Peng et al., 2015; Tocher
2003; Xie, 2017). The lower triglyceride content in the liver of late pre-juveniles suggests
that this organ could be a source for storage and mobilization of these reserves. Since the
lipid digestion—absorption routes are unknown in M. liza, further experimental approaches
are needed to establish the possible interaction between lipase activity in the intestine and
metabolic pathways in energy storage tissues. Similar to late pre-juveniles, the muscle also
appeared to be a site for triglyceride storage in early pre-juveniles. Both liver and muscle
appeared to be sites for protein reserves in late pre-juveniles of M. liza and muscle also for
early pre-juveniles from MCh. These findings suggest a link between APN activity in the
intestine and adequate absorption of amino acid to be used in protein storage building. In
mammalian intestine, APN forms complexes with neutral amino acid transporters

influencing amino acid absorption (Fairweather et al., 2012).
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In summary, the occurrence of amylase, maltase, sucrase, lipase, trypsin and APN
activities in the intestine and the profile of energy reserves suggest that pre-juveniles of M.
liza from MCh exhibit an adequate digestive battery to potentially perform complete
hydrolysis of various dietary substrates, supporting feeding and growth inside the estuary
after recruitment. Our results represent an important contribution that increases knowledge
of the biochemical and ecophysiology of pre-juveniles (Querimana) of M. liza in particular,

and of Mugilidae in general.

Acknowledgements This work was partially supported by grants from the University of
Mar del Plata (EXA N°892/18 and EXA N° 993/20) and from Consejo Nacional de
Investigaciones Cientificas y Tecnologicas (CONICET), Argentina (PIP N° 112 201301
00009 and PIP N° 0339). C. Albanesi is supported by a Doctoral scholarship from
Comision de Investigaciones Cientificas (CIC) (Provincia Buenos Aires, Argentina). We
want to thank to Agustin Texeira-Moreira, Damian Castellini, Cristian Di Paolo, Daniel
Blanco, Juan Pablo Gaudioso and Santiago Gaudioso for their help in specimens collect;

also to MCh Town Hall authorities/forest guard for their logistic support.

This article is protected by copyright. All rights reserved.



References
Acha, E. M. (1990). Estudio anatémico-ecoldgico de la lisa (Mugil liza) durante su primer
afio de vida.[Anatomic and ecological study of the mullet (Mugil liza) during the first year

of life]. Frente maritimo, 7: 37-43.

This article is protected by copyright. All rights reserved.



Albanesi, C. (2018). Flexibilidad fenotipica en el lenguado Paralichthys orbignyanus:
ajustes digestivos y metabolicos a nivel bioquimico. Tesis de grado, Departamento de
Biologia Universidad Nacional de Mar del Plata, Buenos Aires.

Albanesi, C. P., Radonic, M., Lépez, A., & Lépez Mafianes, A.A. (2017). Modulacion
post-ingesta de la actividad de amilasa y N-aminopeptidasa (APN) en intestino del
lenguado (Paralichthys orbignyanus). X1I Encuentro Bidlogos En Red, Pag. 72; Mar del
Plata, Argentina ISSN: 1853-3426.Advances in Physiology Education, 34: 44-53.
Albanesi, C., Lopez Mafianes, A. A., & Gonzalez Castro, M. (2018). Perfil digestivo de
individuos virginales de Mugil liza (Actinopterygii; Mugilidae) de la laguna costera Mar
Chiquita (Pcia de Bs. As). Xl Encuentro Biologos En Red. Pag. 117; Mar del Plata,
Argentina ISSN: 1853-3426.

Asaro, A., Paggi, R.A., De Castro, R., & Ldpez Marfianes, A. (2017). Amylase in the
hepatopancreas of a euryhaline burrowing crab: characteristics and modulation. Turkish
Journal of Zoology, 41: 443-453.

Asaro, A., Paggi, R.A., del Vallg, J.C., & Lépez Mafianes, A.A. (2018). Glucose
homeostasis in the euryhaline crab Cytograpsus angulatus: Effects of the salinity in the
amylase, maltase and sucrase activities in the hepatopancreas and in the carbohydrate
reserves in different tissues. Comparative Biochemistry and Physiology Part B:

Biochemistry and Molecular Biology, 216: 39-47.

This article is protected by copyright. All rights reserved.



Bakker, A.M., Sissener, N.H., Sanden, M., Krogdahl, A., Johannessen, L.E. & Hemre,
G.l. (2011). Genetically modified plants as fish feed ingredients. Canadian Journal of
Fisheries and Aquatic Sciences, 68: 563-574.

Ballantyne, J.S. (2014). Membranes and metabolism of fishes. En: The Physiology of
Fishes. CRC Press Boca Raton, FL, pp: 81-147.

Bertucci, J. ., Blanco, A. M., Sanchez-Bretafio, A., Unniappan, S., & Canosa, L. F.
(2019). Ghrelin and NUCB2/Nesfatin-1 Co-Localization with Digestive Enzymes in the
Intestine of Pejerrey (Odontesthes bonariensis). The Anatomical Record, 302(6), 973-982.
Blaber, S. J. (1976). The food and feeding ecology of Mugilidae in the St. Lucia lake
system. Biological Journal of the Linnean Society, 8(3), 267-277.

Bradford, M.M. (1976). A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
biochemistry, 72(1-2), 248-254.

Brun, A., Mendez-Aranda, D., Magallanes, M. E., Karasov, W. H., Martinez del Rio, C.,
Baldwin, M. W., & Caviedes-Vidal, E. (2020). Duplications and functional convergence
of intestinal carbohydrate-digesting enzymes. Molecular Biology and Evolution, 37(6),
1657-1666.

Brusle, J. (1981). Food and feeding in grey mullet. International Biological Programme.
Cadiz, L., Zambonino-Infante, J. L., Quazuguel, P., Madec, L., Le Delliou, H. y

Mazurais, D. (2018). Metabolic response to hypoxia in European sea bass (Dicentrarchus

This article is protected by copyright. All rights reserved.



labrax) displays developmental plasticity. Comparative Biochemistry and Physiology Part
B: Biochemistry and Molecular Biology, 215: 1-9.

Cahu, C. L., & Infante, J. Z. (1994). Early weaning of sea bass (Dicentrarchus labrax)
larvae with a compound diet: effect on digestive enzymes. Comparative Biochemistry and
Physiology Part A: Physiology, 109(2), 213-222.

Cali, C., Tauffenberger, A. y Magistretti, P. (2019). The strategic location of glycogen
and lactate: from body energy reserve to brain plasticity. Frontiers in cellular
neuroscience, 13: 82.

Candiotto, F. B., Freitas-Junior, A. C. V., Neri, R. C. A, Bezerra, R. S., Rodrigues, R. V.,
Sampaio, L. A., & Tesser, M. B. (2018). Characterization of digestive enzymes from
captive Brazilian flounder Paralichthys orbignyanus. Brazilian Journal of Biology, 78(2),
281-288.

Cardona, L. (2016). Food and feeding of Mugilidae. Biology, Ecology and Culture of
Grey Mullet (Mugilidae). CRC Press. New York p, 165-190.

Casas-Godoy, L., Duquesne, S., Bordes, F., Sandoval, G. y Marty, A. (2012). Lipases: an
overview. In: Lipases and phospholipases. Humana Press, pp. 3-30.

Castellini, D. L., Brown, D., Lajud, N. A., De Astarloa, J. M. D., & Gonzélez-Castro, M.
(2019). Juveniles recruitment and daily growth of the southern stock of Mugil liza
(Actinopterygii; Fam. Mugilidae): new evidence for the current life-history

model. Journal of the Marine Biological Association of the United Kingdom, 99(1), 215-

221.

This article is protected by copyright. All rights reserved.



Chaudet, M. M., Amiri, M., Marth, N., Naim, H. Y., & Rose, D. R. (2019). Phylogenetic
analysis reveals key residues in substrate hydrolysis in the isomaltase domain of sucrase-
isomaltase and its role in starch digestion. Biochimica et Biophysica Acta (BBA)-General
Subjects, 1863 (9), 1410-1416.

Chen, Y.J., Wang, X.Y., Pi, R.R., Feng, J.Y., Luo, L., Lin, S.M. y Wang, D.S. (2018).
Preproinsulin expression, insulin release, and hepatic glucose metabolism after a glucose
load in the omnivorous GIFT tilapia Oreochromis niloticus. Aquaculture, 482: 183-192.
Cousseau, M. B., & Perrotta, R. G. Peces marinos de Argentina: biologia, distribucion,
pesca (2013). Instituto Nacional de Investigaciones y Desarrollo Pesquero Mar del Plata,
187-203.

Cousseau, M. B., Diaz de Astarloa, J. M., & Figueroa, D. E. (2001). La ictiofauna de la
laguna Mar Chiquita. Reserva de la Biosfera Mar Chiquita: Caracteristicas Fisicas,
Bioldgicas y Ecoldgicas’. (Ed. O. Iribarne.) pp, 187-203.

Crosetti, D. (2016). Current state of grey mullet fisheries and culture. Biology, ecology
and culture of grey mullet (Mugilidae), 398-450.

del Valle, J. C., & Lopez Mafianes, A. A. (2012). Fisiologia integrativa y adaptativa de
roedores subterraneos Ctenomys talarum: Modelo de estudio de cambios plésticos frente a
variaciones del ambiente y de demanda energética LAP Lambert Academic Publishing
GmbH&Co. Editorial Académica Espafiola.

del Valle, J.C; Michiels, M.S y Lopez Mafianes A.A. (2016). Digestive and metabolic

profile at the biochemical level of juvenile flounder Paralichthys orbignyanus

This article is protected by copyright. All rights reserved.



(Valenciennes, 1839) (Pleuronectiformes: Paralichthyidae). Pan-American Journal of
Aquatic Sciences, 11: 309-323.

Dhital, S., Lin, A.H.M., Hamaker, B.R., Gidley, M.J. y Muniandy, A. (2013). Mammalian
mucosal a-glucosidases coordinate with a-amylase in the initial starch hydrolysis stage to
have a role in starch digestion beyond glucogenesis. PloS one, 8: e62546.

Fairweather, S.J, Broer, A., O’Mara, L.M. y Broer, S. (2012). Intestinal peptidases
formfunctional complexes with the neutral amino acid transporter BOAT1. Biochemical
Journal, 446: 135-148.

Faulk, C. K., & Holt, G. J. (2009). Early weaning of southern flounder, Paralichthys
lethostigma, larvae and ontogeny of selected digestive enzymes. Aquaculture, 296(3-4),
213-218.

Gioda, C. R, Pretto, A., Freitas, C. D. S., Leitemperger, J., Loro, V. L., Lazzari, R., &
Salbego, J. (2017). Different feeding habits influence the activity of digestive enzymes in
freshwater fish. Ciéncia Rural, 47(3).

Gominho-Rosa, M., Rodrigues, A.P.O., Mattioni, B., de Francisco, A., Moraes, G. y
Fracalossi, D.M. (2015). Comparison between the omnivorous jundia catfish (Rhamdia
quelen) and Nile tilapia (Oreochromis niloticus) on the utilization of dietary starch
sources: Digestibility, enzyme activity and starch microstructure. Aquaculture, 435:92-99.
Gonzélez Castro, M., Abachian, V., & Perrotta, R. G. (2009a). Age and growth of the

striped mullet, Mugil platanus (Actinopterygii, Mugilidae), in a southwestern Atlantic

This article is protected by copyright. All rights reserved.



coastal lagoon (37° 32" S—=57° 19" W): a proposal for a life-history model. Journal of
applied ichthyology, 25(1): 61-66.

Gonzalez Castro, M., Diaz de Astarloa, J. M., Cousseau, M. B., Figueroa, D. E., Delpiani,
S. M., Bruno, D., Guzonni, J. M., Blasina, G. E., Deli Antoni, M.Y. (2009b). Fish
composition in a south-western Atlantic temperate coastal lagoon: Spatial-temporal
variation and relationships with environmental variables. Journal of the Marine
Biological Association of the United Kingdom, 89: 593-60

Gonzalez Castro, M., Ibafiez, A. L., Heras, S., Roldan, M. I., & Cousseau, M. B. (2012).
Assesment of lineal versus landmarks-based morphometry for discriminating species of
Mugilidae (Actinopterygii).

Gonzalez-Castro, M. (2007). Los peces representantes de la familia Mugilidae en
Argentina. Tesis Doctoral. UNMdP, 187 pp.

Gonzalez-Castro, M., & Ghasemzadeh, J. (2016). Morphology and morphometry based
taxonomy of Mugilidae. Biology, Ecology and Culture of Grey Mullet (Mugilidae), 1-20.
Gonzalez-Castro, M., & Minos, G. (2016). Sexuality and reproduction of

Mugilidae. Biology, ecology and culture of grey mullets (mugilidae), 227-263.
Gonzalez-Castro, M., Macchi, G. J., & Cousseau, M. B. (2011). Studies on reproduction
of the mullet Mugil platanus Ginther, 1880 (Actinopterygii, Mugilidae) from the Mar
Chiquita coastal lagoon, Argentina: similarities and differences with related

species. Italian Journal of Zoology, 78(3), 343-353.

This article is protected by copyright. All rights reserved.



Goodman, B.E. (2010). Insights into digestion and absorption of major nutrients in
humans.

Grosell, M., Farrell, A.P. y Brauner, C.J. (2011). Fish physiology: The multifunctional
gut of fish (Vol. 30). Academic Press, p:1-55.

Guo, C., Sun, D., Wang, X. y Mao, S. (2019). An integrated metabolomic and proteomic
study revealed the difference in metabolite and protein expression profiles in ruminal
tissue from goats fed hay or high grain diets. Frontiers in physiology, 10: 66.

Holt, G. J. (2011). Larval fish nutrition. John Wiley & Sons.

Huo, Z., Rbbani, M. G., Cui, H., Xu, L., Yan, X,, Fang, L., & Yang, F. (2019). Larval
development, juvenile survival, and burrowing rate of geoduck clams (Panopea japonica)
under different pH conditions. Aquaculture International, 27(5): 1331-1342.

Infante, J. Z., & Cahu, C. L. (2001). Ontogeny of the gastrointestinal tract of marine fish
larvae. Comparative Biochemistry and Physiology Part C: Toxicology &

Pharmacology, 130(4), 477-487.Journal of fish biology, 92: 3-16.

Jacot A.P. (1920) Age, growth and scale characters of the mullets, Mugil cephalus and
Mugil curema. Transactions of the American Microscopical Society, 39: 199-229.
Kalhoro, H., Zhou, J., Hua, Y., Ng, W. K., Ye, L., Zhang, J., & Shao, Q. (2018). Soy
protein concentrate as a substitute for fish meal in diets for juvenile Acanthopagrus
schlegelii: Effects on growth, phosphorus discharge and digestive enzyme

activity. Aquaculture Research, 49(5), 1896-1906.

This article is protected by copyright. All rights reserved.



Karachle, P. K., & Stergiou, K. I. (2010). Intestine morphometrics of fishes: a
compilation and analysis of bibliographic data. Acta ichthyologica et piscatoria, 40(1).
Karasov, W.H. y Douglas, A.E. (2013).Comparative digestive physiology.
Comprehensive Physiology, 271-283.

Kumar Pradhan, P., Jena, J., Mitra, G., Sood, N., & Gisbert, E. (2013). Ontogeny of the
digestive enzymes in butter catfish Ompok bimaculatus (Bloch) larvae. Aquaculture, 372:
62-69.

Kuz'mina, V. V., Golovanova, I. L., & Izvekova, G. I. (1996). Influence of temperature
and season on some characteristics of intestinal mucosa carbohydrases in six freshwater
fishes. Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular
Biology, 113(2), 255-260.

La Fleur, S.E., Fliers, E. y Kalsbeek, A. (2014). Neuroscience of glucose homeostasis.
Handbook of Clinical Neurology, 126: 341- 351.

Leber, K. M., Lee, C. S., Brennan, N. P., Arce, S. M., Tamaru, C. S., Blankenship, H. L.,
& Nishimoto, R. T. (2016). Stock enhancement of Mugilidae in Hawaii (USA).

Lemos, V. M., Varela Jr, A. S., Schwingel, P. R., Muelbert, J. H., & Vieira, J. P. (2014).
Migration and reproductive biology of Mugil liza (Teleostei: Mugilidae) in south

Brazil. Journal of Fish Biology, 85(3), 671-687.

Liao IC, Chao NH, Tseng CC (2016) Capture and culture of Mugilidae in Taiwan. In:
Biology, Ecology and Culture of Grey Mullets (Mugilidae). CRC Press, Boca Raton pp

487-500

This article is protected by copyright. All rights reserved.



Lisboa, V., Barcarolli, I. F., Sampaio, L. A., & Bianchini, A. (2015). Effect of salinity on
survival, growth and biochemical parameters in juvenile Lebranch mullet Mugil liza
(Perciformes: Mugilidae). Neotropical Ichthyology, 13(2): 447-452.

Ma, F., Yang, Y., Jiang, M., Yin, D., & Liu, K. (2019). Digestive enzyme activity of the
Japanese grenadier anchovy Coilia nasus during spawning migration: influence of the
migration distance and the water temperature. Journal of fish biology, 95(5), 1311-1319
Mai, A. C., Mino, C. I., Marins, L. F., Monteiro-Neto, C., Miranda, L., Schwingel, P. R.,
& Vieira, J. P. (2014). Microsatellite variation and genetic structuring in Mugil liza
(Teleostei: Mugilidae) populations from Argentina and Brazil. Estuarine, Coastal and
Shelf Science, 149: 80-86.

Marais, J. F. K. (1980). Aspects of food intake, food selection, and alimentary canal
morphology of Mugil cephalus (Linnaeus, 1958), Liza tricuspidens (Smith, 1935), L.
richardsoni (Smith, 1846), and L. dumerili (Steindachner, 1869). Journal of Experimental
Marine Biology and Ecology, 44(2), 193-209.

Michiels, M.S., del Valle, J.C. y Lopez Mafanes, A.A. (2013). Effect of environmental
salinity and dopamine injections on key digestive enzymes in hepatopancreas of the
euryhaline crab Cyrtograpsus angulatus (Decapoda: Brachyura: Varunidae). Scientia
Marina, 77: 129-136.

Michiels, M.S., del Valle, J.C. y Lépez Mafianes, A.A. (2015a). Biochemical

characteristics and modulation by external and internal factors of aminopeptidase-N

This article is protected by copyright. All rights reserved.



activity in the hepatopancreas of a euryhaline burrowing crab. Journal of Comparative
Physiology Biochemical, Systems, and Environmental Physiology, 185: 501-510.
Michiels, M.S., del Valle, J.C. y Lopez Mafanes, A.A. (2017). Trypsin and N-
aminopeptidase (APN) activities in the hepatopancreas of an intertidal euryhaline crab:
Biochemical characteristics and differential modulation by histamine and salinity.
Comparative Biochemistry and Physiology, Molecular & Integrative Physiology, 204:
228-235.

Miller, G.L. (1959). Use of dinitrosalicylic acid reagent for determination of reducing
sugar. Analytical chemistry, 31: 426-428.

Morelos-Castro, R. M., Roméan-Reyes, J. C., Luis-Villasefior, I. E., Ramirez-Pérez, J. S.,
& Rodriguez-Montes de Oca, G. A. (2020). Expression analyses of digestive enzymes
during early development and in adults of the chame fish Dormitator latifrons.
Aquaculture Research, 51(1), 265-275.

Navarro G., Rozycki V. and Monsalvo M. (2014) Estadisticas de la Pesca Marina en la
Argentina. Evolucion de los desembarques 2008-2013. Buenos Aires: Ministerio de
Agricultura, Ganaderia y Pesca de la Nacion.

Nelson, J. S. (2006). Fishes of the world John Wiley and Sons. Inc., Hoboken, New Jersey
Odum, W. E. (1970). Utilization of the direct grazing and plant detritus food chains by the
striped mullet Mugil cephalus. In J.H. Steele (ed.). Marine food chains. Oliver and Boyd,

Edinburg. 552 p.

This article is protected by copyright. All rights reserved.



Peng, T., Wang, D., Yu, Y., Liu, C., y Zhu, B. (2015). Identification and expression of an
ecdysteroid-responsive amylase from red crayfish Procambarus clarkii. Fisheries
Science, 81: 345-352.

Pinoni, S.A., Iribarne, O. y Lépez Mafianes, A.A. (2011). Between-habitat comparison of
digestive enzymes activities and energy reserves in the SW Atlantic euryhaline burrowing
crab Neohelice granulata. Comparative Biochemistry and Physiology, Molecular &
Integrative Physiology, 158: 552-559.

Pinoni, S.A., Michiels, M.S. y Lopez Mafianes, A.A. (2013). Phenotypic flexibility in
response to environmental salinity in the euryhaline crab Neohelice granulata from the
mudflat and the saltmarsh of a SW coastal lagoon. Marine biology, 160: 2647-2661.
Polakof, S., Mommsen, T.P. y Soengas, J.L. (2011). Glucosensing and glucose
homeostasis: from fish to mammals. Comparative Biochemistry and Physiology,
Biochemistry and Molecular Biology, 160: 123-149.

Polakof, S., Panserat, S., Soengas, J.L. y Moon, T.W. (2012). Glucose metabolism in fish:
a review. Journal of Comparative Physiology, Biochemical, Systems and Enviromental
Physiology, 182: 1015-1045.

Ramos, L. R. V., Romano, L. A., Monserrat, J. M., Abreu, P. C., Verde, P. E., & Tesser,
M. B. (2015). Biological responses in mullet Mugil liza juveniles fed with guar gum
supplemented diets. Animal Feed Science and Technology, 205: 98-106.

Sadek, S. 2016. Culture of Mugilidae in Egypt. Biology, Ecology and Culture of Grey

Mullets (Mugilidae), 1841719133, pp.501-513.

This article is protected by copyright. All rights reserved.



Sandre, L.C.G., Buzollo, H., Neira, L.M., Nascimento, T.M.T., Jomori, R.K. y Carneiro
D.J. (2017). Growth and Energy Metabolism of Tambaqui (Colossoma Macropomum)
Fed Diets with Different Levels of Carbohydrates and Lipids. Fisheries and Aquaculture
Journal, 8: 1-8.

Sanz, A., Furné, M., Hidalgo, M.C., Domezain, A. y Garcia-Gallego, M. (2015). Growth
and Digestive Enzymatic Profile of Acipenser naccarii and Oncorhynchus mykiss Fed on
Different Dietary Macronutrient Levels. A Comparative Study. Journal of Aquaculture
Research & Development, 6: 1-6.

Steimberg, C.E. (2018). Diets and Digestive Tracts—*Your Food Determines Your
Intestine’. En: Aquatic Animal Nutrition. Springer, Cham, pp: 9-59.

Tang, Y., Zhang, B, Li, X,, Chen, P. X,, Zhang, H., Liu, R., & Tsao, R. (2016). Bound
phenolics of quinoa seeds released by acid, alkaline, and enzymatic treatments and their
antioxidant and a-glucosidase and pancreatic lipase inhibitory effects. Journal of
agricultural and food chemistry, 64(8), 1712-1719.

Thomson, J. M. (1997). The Mugilidae of the world.. Memoirs of the Queensland
Museum, 41: 457-562.

Tocher, D.R. (2003). Metabolism and functions of lipids and fatty acids in teleost fish.
Reviews in fisheries science, 11: 107-184.

Tran, C. D., Cool, J., & Xian, C. J. (2011). Dietary zinc and metallothionein on small
intestinal disaccharidases activity in mice. World Journal of Gastroenterology:

WIJG, 17(3): 354.

This article is protected by copyright. All rights reserved.



Uscanga-Martinez, A., Perales-Garcia, N., Alvarez-Gonzalez, C. A., Moyano, F. J.,
Tovar-Ramirez, D., Gisbert, G. E., & Indy, J. R. (2011). Changes in digestive enzyme
activity during initial ontogeny of bay snook Petenia splendida. Fish Physiology and
Biochemistry, 37(3), 667-680.

Vandermarliere, E., Mueller, M. y Martens, L. (2013). Getting intimate with trypsin,
theleading protease in proteomics. Mass spectrometry reviews, 32: 453-465

Vieira, J. P. (1991). Juvenile mullets (Pisces: Mugilidae) in the estuary of Lagoa dos
Patos, RS, Brazil. Copeia, 409-418.

Vieira, J. P., & Scalabrin, C. (1991). Migracéo reprodutiva da “tainha”(Mugil platanus
Gunther, 1980) no sul do Brasil. Atlantica, 13(1), 131-141.

Vieira, J.P., A.M. Garcia and A.M. Grimm. (2008). Evidences of El Nifio effects on the
mullet fishery of the Patos Lagoon Estuary. Bras. Arch. Biol. Technol. 51: 433-440.
Wang, Y.Z., Sun, J.F., Lv, AJ., Zhang, S.L., Sung, Y.Y., Shi, H.Y., y Xing, K.Z. (2018).
Histochemical distribution of four types of enzymes and mucous cells in the
gastrointestinal tract of reared half-smooth tongue sole Cynoglossus semilaevis.
Whitfield, A. K., Panfili, J., & Durand, J. D. (2012). A global review of the cosmopolitan
flathead mullet Mugil cephalus Linnaeus 1758 (Teleostei: Mugilidae), with emphasis on
the biology, genetics, ecology and fisheries aspects of this apparent species

complex. Reviews in Fish Biology and Fisheries, 22(3), 641-681.

This article is protected by copyright. All rights reserved.



Xie, D., Yang, L., Yu, R,, Chen, F., Lu, R., Qin, C. y Nie, G. (2017). Effects of dietary
carbohydrate and lipid levels on growth and hepatic lipid deposition of juvenile tilapia,

Oreochromis niloticus. Aquaculture, 479: 696-703.

This article is protected by copyright. All rights reserved.



Accepted Article

Figure captions

Figure 1. Partial characterization of amylase, maltase and sucrase activities in intestine
of late pre-juveniles of Mugil liza. Effect of pH (a), temperature (b) and starch
concentration (c) on amylase activity. The values are expressed in relation to the
activity at pH 7.4, 30°C and 15 mg ml™ starch, respectively (100%). Effect of pH (d),
temperature (e) and maltose concentration (f) on maltase activity. Effect of pH (g),
temperature (h) and sucrose concentration (i) on sucrase activity. The values of maltase
and sucrase activity are expressed in relation to the corresponding activity at pH 6.4,
37°C and 28 mM sustrate, respectively (100%). Data are the mean + S.E. for ten

individuals. Different letter indicates significant differences.

Figure 2. Partial characterization of lipase, trypsin and APN activities in intestine of
late pre-juveniles of Mugil liza. Effect of pH (a), temperature (b) and pNPP
concentration (c) on lipase activity. The values are expressed in relation to the activity
at pH 8.5, 37°C and 0.87 mM pNPP, respectively (100%). Effect of pH (d), temperature
(e) and BAPNA concentration (f) on trypsin activity. The values are expressed in
relation to the activity at pH 9.0, 45°C and 1.23 mM sustrate, respectively (100%).
Effect of pH (g), temperature (h) and L-Ala pNA concentration (i) on APN activity.
The values are expressed in relation to the activity at pH 7.4, 45°C and 0.4 mM
sustrate, respectively (100%). Data are the mean = S.E. for ten individuals. Different

letter indicates significant differences.

Figure 3. Amylase, maltase, sucrase, lipase, trypsin and APN specific activity in the

intestine of early and late pre-juveniles of M. liza. The asterisks indicate difference
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from the corresponding value in early pre-juveniles (P <0.05). Data are the mean = SE

for ten individuals for each stage.

Figure 4. Glycogen (a) free glucose (b), triglycerides (TAG) (c), and protein (d)
concentration in liver and muscle of early and late pre-juveniles of M. liza. The
asterisks indicate difference between organ (P <0.05). Data are the mean + SE for ten

individuals for each stage.
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Table 1. Total length (TL), standard length (SL), total weight (TW), intestinal coefficient (IC), hepatosomatic index (HSI) and retroperitoneal fat
of early and late pre-juveniles of M. liza recruited in Mar Chiquita Coastal Lagoon. Mean: M; range: Rg; standard deviation: (SD); number of
samples: N. *The asterisks indicates significantly different from the corresponding value in early pre-juveniles (p <0.05).

TL (mm)

SL (mm) TW (q) IC HSI (%) RF(g) N

M Rg SD M  Rg SD M Ry SD M Rg SD

Early
pre-

juveniles 36,08 26-40,5 4,29

0,00 10

30,05 23-33 344 034 0,105 013 206 1,78-321 0,38 206 0,3-3,3 0,96

Late
pre-

juveniles 50,8* 45-56 3,19

0,00 10

42,8* 38-47 2,78 1,74* 1-19 0,29 3,04* 2,22-363 0,52 1,96 0,44-29 0,68
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