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Abstract

Early life stages of marine fish populations may be strongly affected by environmental factors. Changes in the physical
environment or the availability of food resources could lead to stress-related physiological responses affecting larval fitness,
growth and survival. In the present study, we determined, for the first time, amino acid composition (AAC), lipid, and
carbohydrate content, as well as alkaline phosphatase and peroxidase activities in larvae from the European anchovy
Engraulis encrasicolus. Fishes were caught in two different spawning areas of the Strait of Sicily, characterized by different
environmental conditions, including a coastal upwelling with a lower temperature (Adventure Bank; 20.22 * 0.38°C) and
a thermohaline front with a higher temperature (Maltese Bank 23.10 * 0.25°C). The results showed that the two groups of
larvae, in their early life, had similar nutritional status. However, compared with the samples from the Maltese Bank, the
specimens collected in the Adventure Bank area exhibited higher alkaline phosphatase activity, lower concentrations of
aspartate plus asparagine, threonine, and arginine but a higher concentration of leucine, highlighting different patterns of
amino acid metabolism. Collectively, these results indicated that AAC analysis could represent an additional valid tool to
evaluate the link between physiological responses and environmental conditions at early life stages.

Keywords: Eye Amino Acid composition, habitar conditions, Engraulis encrasicolus larvae, enzyme, lipids, carbohydrates

Introduction (Somero & Hochachka 1976; Somero et al. 1983). In
this context, the physical and chemical characteristics
of the marine environment, as well as its intrinsic varia-
bility, present significant challenges to tissue proteins,
whose structures and biological activities are depen-
dent on non-covalent (“weak™) chemical bonds which
are readily disrupted by changes in temperature,
hydrostatic pressure, and solute composition
(Somero 2003). It is well known that wild fish are
exposed to large and rapid alterations in environmental
temperatures and, for this reason, they developed

Aquatic organisms react to changes in environmental
conditions through adaptive mechanisms that allow
them to cope with real or perceived environmental
variations to maintain their normal physiological
state. Changes in temperature, salinity, and hydrody-
namic conditions beyond naturally occurring ranges as
well as food limitations are stressors (i.e., conditions
threatening or disturbing the dynamic equilibrium of
organisms) that strongly affect metabolic and bio-
chemical processes and induce stress-related responses
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a variety of physiological responses to cope with these
changes (Wu et al. 2019). The stress measure should
provide insight into the homeostasis and survival of fish
when faced with noxious stimuli. In ectothermic
organisms, physiological rates can be adjusted to com-
pensate for some changes in temperature (Sopinka
et al. 2016). In fish, thermal acclimation is generally
determined by metabolic changes, during which an
initial period of thermal stress is followed by gradual
compensation (Faggio et al. 2014). When a stable
metabolic level is achieved, the animal is considered
to be fully acclimated (Maricondi-Massari et al. 1998).
In previous studies, it was found that amino acids play
an important role during salinity acclimation, either as
energy sources or as important osmolytes for cell
volume regulation. The osmotic acclimation to differ-
ent environmental salinities induced changes at
osmoregulatory and metabolic levels, as well as the
activation of the stress system (Arjona et al. 2007,
2008). Moreover, stress indicators are now used as
objective indices of the wellbeing status of fish
(Iwama 2007) and of the general condition of wild
populations (Madliger & Love 2014).

Amino acids are the building blocks of proteins and
regulate metabolic processes in the body (Wu et al.
2013). Generally, all cells have a basal requirement for
amino acids to support physiological processes such as
protein synthesis (Wu 2013). Recent studies have
shown that amino acids (e.g., glutamate, glutamine,
and aspartate) are major metabolic fuels in the prox-
imal intestine, liver, kidney, and skeletal muscle of
fish, such as hybrid-striped bass (Jia et al. 2017) and
largemouth bass (Li et al. 2020). Interestingly, the
most abundant amino acids in vertebrate’s eyes are
glutamate (for y-aminobutyrate synthesis; GABA)
and glycine. (Massey & Miller 1988; Redburn 1998;
Thoreson & Witkovsky 1999). In addition to peptide-
bound amino acids, eyes also contain free amino acids,
including aspartate, asparagine, glutamate, glutamine,
glycine, serine, proline, homocysteine, and taurine.

According to the preliminary study of Riveiro et al.
(2011), the eyes could be the best fish tissue to dis-
criminate among species through the amino acid com-
position (AAC) analysis. This is because animals
adapt to the different photic environments that are
often exposed to the dissolved substances depending
on temperature and salinity. Consequently, the result-
ing changes could affect eye pigments due to possible
alterations in amino acid metabolism and the AAC
within the opsin (Douglas et al. 1998).

The AAC is becoming an important tool in ecologi-
cal studies as it is able to indicate changes and/or adap-
tations in organism’s physiology that results from
different processes such as environmental variations

(Riveiro et al. 2003). Arjona et al. (2007), Arjona
et al. (2008) showed how osmotic acclimation to dif-
ferent salinities induced changes at osmoregulatory and
metabolic levels, as well as the activation of the stress
system which imply higher energy requirement. This
latter requirement must be fueled by nutrients and their
metabolites such as glucose, lactate, or amino acids
(Sangiao-Alvarellos et al. 2003; Polakof & Soengas
2008). Temperature changes produce immediate
effects on eurythermal aquatic animal physiology, due
to the high rate of heat exchange with water (Stevens &
Sutterlin 1976) and affect the metabolism of amino
acids in fish. In particular, activities of glutamate-
oxaloacetate and glutamate-pyruvate transaminases
are highly responsive to temperature change (Jiirss
1979). A common effect of a decrease in environmental
temperature is an increase in the syntheses and activities
of metabolic enzymes to compensate for the effects of
low thermal energy on enzyme-catalyzed reactions
(Somero 2004; Chebaani et al. 2014; Cordero et al.
2016; Reyes-Becerril et al. 2011).

In fish larvae, the high amino acid content is
necessary to fulfil their nutritional demand once
the yolk sac is absorbed (Rayner et al. 2017).
Some dietary amino acids are used for either the
synthesis of proteins or other purposes such as
ATP production (catabolized) and/or transamina-
tion into other amino acids (Houlihan et al. 1995).

The innate immune factors in the skin mucus of
fish are affected by the ecological and physiological
parameters such as salinity, pH, handling stress,
developmental stage and seasonal cycle (LLebedeva
1999; Subramanian et al. 2008; Magnadottir 2010).
Temperature is known as a principal factor, affect-
ing both innate and acquired immune responses in
fish (Hernandez & Tort 2003; Nikoskelainen et al.
2004; Bowden et al. 2007; Pascoli et al. 2011).

In this regard, the enzymatic activities of perox-
idase and alkaline phosphatase can be used as bio-
chemical indicators of oxidative stress (Ross et al.
2000), because they correlate with metabolic rate
and environmental food availability. Moreover, var-
iations in enzymatic activities may not always be
related to food availability per se, but occur as
a result of changes in other environmental variables
(Iger & Wendelaar Bonga 1994; Yang & Chen 2003;
Dahlhoff 2004; Shi et al. 2015). Abolfathi et al.
(2020) showed that activities of hydrolytic enzymes
were directly correlated with thermal changes in the
mucus of rainbow trout.

In the present work, we investigated the effect of
different environmental regimes on the AAC and
enzyme activity in Engraulis encrasicolus (Linnaeus
1758) larvae collected along the southern coast of



582 F. Falco et al.

Sicily. We collected the specimens in two specific areas
characterized by different environmental conditions.
In the study area, Basilone et al. (2013) identified two
main recurrent spawning areas for anchovy in the
southern coast of Sicily: a first area over the
Adventure Bank (AB; Figure 1), characterized by
upwelling events and a lower temperature, as well as
a second area over the Maltese Bank (MB; Figure 1),
influenced by the presence of thermohaline fronts with
a higher temperature (Bonanno et al. 2014). The early
life stages of such species are strongly affected by
environmental conditions influencing their fitness,
growth, and survival.

Differences in stress levels were investigated by
determining the activities of enzymes, alkaline phos-
phatase, and peroxidase, while the possible presence
of food limiting factors was assessed by analyzing
lipids and carbohydrates, representing indicators of
energy reserves in the metabolic status of animals
(Wang et al. 2012; Wu 2018).

Materials and methods
Description of the sampling areas

The study area (Figure 1) is located in the Sicily
channel which connects the two main basins of the
Mediterranean Sea. Here the surface water movement
is mainly influenced by the Atlantic Ionian Stream
(AIS), producing a complex mesoscale surface circu-
lation, characterized by distinctive oceanographic fea-
tures such as a coastal upwelling in the western
part, cyclonic, and anti-cyclonic vortexes, and
a thermohaline front located in the easternmost sector
of the study area (Bonanno et al. 2006). In particular,
the AIS, which is the most energetic stream of the
Modified Atlantic Water (MAW), is directed eastward
and, due to a topographic effect, forms two large
meanders, while approaching the southern Sicilian
coast over the Adventure and Maltese banks. Along
its path, AIS produces a coastal upwelling that is
a permanent feature in the westernmost part of the
study area in summer (Bonanno et al. 2014).
Conversely, when crossing the Maltese Bank, the
AIS flows parallel to the thermohaline front positioned
south of Cape Passero, making this sector an area
characterized by a higher temperature and more stable
environmental conditions than the Adventure Bank
(Bonanno et al. 2014).

In order to assess differences in primary production
between the two sampling sites, weekly images of sur-
face chlorophyll concentration (CHL,,, mg/m?), dur-
ing the annual 15 days period of surveys were
downloaded from the “Copernicus” data portal

(http://marine.copernicus.eu/). Downloaded images
were temporally averaged to obtain the average
CHL,,, values during the considered period. The differ-
ences between CHL,, and the conductivity, tempera-
ture, and depth (CTD) values in each year of the study
were obtained by means of spatial overlap.

Biological and environmental sampling

The sampling activities were performed during three
summers (2012, 2013, and 2015) and were carried
out in strict accordance with Directive 2010/63/EU
of the European Parliament and of the European
Council of 22 September 2010 on the protection
of animals used for scientific purposes, within the
work plan of the regional project MIPAF-FAO,
with the approval of the Institute for Coastal and
Marine Environment (IAMC), Detached Units of
Capo Granitola, Naples, Italy. The general objective
of BANSIC oceanographic campaign, has been the
relationship between oceanography structure and
spatial biology phenomena, based on the specimens
of the first levels of the trophic chain. The ichtyo-
plankton was sampled using Bongo 40 net with
a mouth diameter of 40 cm and mesh size 200 um
(Basilone et al. 2013). The maximum sampling
depth was 100 m as anchovy larvae are mainly
found in the upper 100 m of the water column
with a higher density in the first 20 m (Palomera
et al. 2007).

The fish larvae identified as anchovy were col-
lected individually to make sure they were still alive
and were euthanized with tricaine methanesulfo-
nate, also known as MS-222, at the concentration
of 200 mg/L in deionized water, with the pH of the
solution being adjusted to 7.4 through the addition
of sodium bicarbonate (Parisi et al. 2017). The lar-
val eyes from the dead fish were taken with
a tweezers and individually collected and introduced
in HCI 6 N at 114°C for 24 h for the amino acid
analysis or stored in frozen at —20°C. Thus, whole
body without eyes were then fixed in alcohol and the
main morphological measurements as standard
length (SL), head length (HL), body depth (BD),
eye diameter (ED) and anal length (AL: distance
from the anteriormost part to the anterior limit of
the anal aperture) were taken by means of an optical
microscope (Cuttitta et al. 2015).

Collected samples were preserved in buffered 70%
alcoholic solution at 4°C for the analyses of AAC,
lipids and carbohydrates. For the determination of
total lipid content, we also used alcohol conservation
solutions, and the reported values of lipid content
referred to the sum of both larval body extracts and
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Figure 1. Study area; black and gray lines are the 100 m and 200 m isobaths. The Adventure Bank (AB) and the Maltese Bank (MB) areas

were indicated by dashed ellipses.

conservation solution content. Samples for the mea-
surement of enzyme activities were frozen at —80°C.

The SL of each specimen was also evaluated in
the laboratory in order to evaluate possible differ-
ences in length frequency distribution (LFD) of lar-
vae between the two considered sampling areas and
among surveys.

Temperature and salinity data along the water
column were determined by means of a Seabird
CTD probe (SBE 9/11 plus). The collected down-
cast data were quality checked and processed
according to the Mediterranean and Ocean Data
Base instructions, using the SEASOFT-Win32
SBE Data Processing. The mean values of tempera-
ture and salinity were computed for the upper layer
of the water column (0-20 m).

Biochemical analysis

The AAC, as well as lipid and carbohydrate content,
were evaluated for each larval specimen. In particular,

AAC (relative abundance, %) was evaluated in larval
fish eyes (Falco et al. 2016) by means of high-
performance liquid chromatography, as described by
Dai et al. (2014). For the hydrolysis of protein in eyes,
we used the method described by Wu et al. (1999) and
Riveiro et al. (2011). The following amino acids were
analyzed: aspartate plus asparagine (ASP + ASN),
glutamate plus glutamine (GLU + GLN), serine
(SER), glycine (GLY), histidine (HIS), arginine
(ARG), threonine (THR), alanine (ALA), tyrosine
(TYR), valine (VAL), lysine (LYS), isoleucine (ILE),
leucine (LEU), phenylalanine (PHE), and methionine
(MET). Lipids and carbohydrate as well as alkaline
phosphatase and peroxidase analyses activities were
determined with sub-samples of larvae. In particular,
the method described by Dubois et al. (1956), invol-
ving phenolic sulphuric acid, was used to analyze the
carbohydrate content, while lipid content was ana-
lyzed by wusing the sulfophosphovanillin method
(Zollner & Kirsch 1962). In both methods,
a Shimadzu spectrophotometer (UV- mini 1240) was
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used, and wavelengths were 485 nm for carbohydrate
and 530 nm for lipid analysis. As the analysis was
conducted with whole-larvae samples, values were
normalized to the larval weight. The enzymatic activ-
ities were determined in a pool of about 5 larval fish.
Specifically, the fish were homogenized in
a phosphate-buffered solution (pH 7.0), centrifuged
at 12000 x g for 30 min at 4°C, and the resulting
supernatant were diluted with water to obtain
a similar protein concentration. The phosphatase
activity was measured in a solution consisting of
30 pL of the larval extract with 170 pLL p-nitrophenyl
phosphate 4 mmol ™! (Sigma) in ammonium bicar-
bonate buffer containing 1 mmol L™* MgCl,, pH 7.8
(Ross et al. 2000). The peroxidase activity was evalu-
ated, according to Quade and Roth (1997) with slight
modifications. In larval extracts samples were mea-
sured by using 50 pL 3,3',5,5' tetramethylbenzidine
solution (Sigma) as substrates and 30 pL of the sample
diluted with 120 pL. of Hank’s buffer and, after
15 min, the reaction has been stopped with 100 pLL
of a 0.5 M H,S0,. The produced yellow color was
read at 450 nm. One OD arbitrary unit was defined as
the amount of enzyme-producing an absorbance
change of 0.01 and the activity expressed as OD
unit mg-1 protein.

Statistical methods

The differences in AAC, lipids, carbohydrate, or
enzymatic activity of larvae as well as the differences
in the environmental conditions between the AB
and MB area were statistically evaluated by mulzs-
variate analysis (Kruskal Wallis ANOVA test)
(Kruskal & Wallis 1952). In particular, for each
comparison, normality and homoscedasticity (the
two basic assumptions of t-test) were evaluated by
means of the Shapiro-Wilk and Levene’s tests,
respectively. If such assumptions were not verified,
the non-parametric Mann—Whitney test was used.
Because the AA profile of larvae changes consid-
erably during larval development (Conceigdo et al.
1998), in all statistical analyses we considered only

the specimens belonging to a common length range
(2 mm < SL < 12 mm). Furthermore, as the LFD
showed great variability among survey and sites,
AAC, lipid, and carbohydrate measurements were
averaged according to survey, area and 1 mm length
classes, therefore avoiding possible biases linked to
differences in the LFD as well as pseudo-replication
problems, typical of multistage sampling design,
inflating the Type I error rate in statistical tests.
Data on enzyme activities (Table II) were statisti-
cally analyzed for a total of 29 larvae from both BM
and BA and dividing in a seven pool of about 5
larval fish for each pool. The Mann—Whitney
U test was used for highlight significant differences.

Results

The analysis of the environmental dataset high-
lighted the presence of significant differences in tem-
perature and CHL,,, while no significant differences
were detected in the salinity of the environmental
water. In particular, a significantly (W = 15468,
p-value < 0.01) higher temperature was recorded
over the Maltese Bank, while CHL,; values were
significantly higher (W = 13848, p-value < 0.01)
than those for the Adventure Bank (Table I).

The LFD highlighted differences in SL ranges, with
the observed ranges being 2-20 mm in the MB area
and 2-12 mm in the AB one.

Overall, the amino acid, lipid, and carbohydrate
content for the larval nutritional status were evaluated
in 29 specimens caught in the AB area and 63 in the
MB from the years of 2012 to 2015. The results
showed higher percentages of GLU+GLN, ASP
+ASN (AB), LEU and LIS (MB), while lower average
percentages were recorded for MET and TYR (MB)
(Table II). Significant differences between the two
sampling sites were found for ASP+ASN (t = 3.2751,
df = 33, p-value = 0.002), THR (W = 79,
p-value = 0.041), ARG (t = 2.9197, df = 33,
p-value = 0.006) and LEU (t = 4.7343, df = 33,
p-value = 4.028e-05). In particular, ASP+ASN,
THR and ARG values were lower in the AB area

Table 1. Basic statistics (median and Quartile Range) by area (AB: Adventure Bank; MB: Maltese Bank)
related to the considered environmental parameters. Absolute differences between the median values in the

two areas are reported in the last row.

Temperature (°C)

Salinity (PSU) CHLsat (mg/m?®)

Area Median QR Median QR Median QR
AB 20.22 18.8-21.2 37.9 37.8-38.1 0.08 0.06
MB 23.1 22.1-24.4 38 37.7-38.2 0.05 0.04
Median difference 2.88 -0.1 -0.07
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Table II. Basic statistics (Minimum, Mean, Maximum and
Standard Deviation) of AAC, lipids, carbohydrates and enzymes
in analyzed samples. The AAc is expressed as percentage (%) of
the total analyzed amino acids in the acid hydrolysates of larvae,
and carbohydrates and lipid content as pg/ml of tissue homoge-
nate. Values for alkaline phosphatase and peroxidase activities are
expressed as OD unit/mg protein. Asterisk beside the biochem-
ical and amino acids indicate statistically significant differences
(P < 0.05).

Adventure Bank Maltese Bank

Mean Std. Dev. Mean Std. Dev.

ASP+ASN* 11.19 3.58 9.77 3.28
GLU+GLN* 13.08 3.28 12.27 3.33
SER 5.70 2.63 5.26 2.58
HIS 3.84 2.08 3.98 2.41
GLY* 6.38 2.41 5.39 2.35
THR 5.06 1.67 5.03 1.83
ARG* 8.74 2.17 7.98 2.05
ALA 7.20 3.54 7.29 3.74
TYR 3.04 0.95 3.16 1.05
MET* 2.69 5.51 3.41 7.38
VAL 5.81 1.78 5.80 2.26
PHE 6.63 1.46 6.34 1.37
ILE 5.62 1.20 5.91 1.48
LEU* 8.76 2.67 10.01 2.72
LYS* 8.15 4.57 9.80 5.23
Carbohydrate 25.26 30.31 18.91 13.29
Lipid 12.07 7.18 15.78 14.38
Alkaline Phosphatase* 34.65 32.90 20.62 27.56
Peroxidase 6.66 5.70 9.00 8.40

than those in the MB area (Figure 2). On the contrary,
LEU was higher in the AB area than in the MB area
(Figure 2).

Lipids and carbohydrates of larvae (Table II) did
not show significant differences between the two
sampling areas.

There were significant differences (t = 4.29,
df = 12, p-value = 0.001) in alkaline phosphatase
activity between the AB and MB areas (Figure 2),
while no significant difference was detected in per-
oxidase activity between the two sampling areas.

Discussion

The adaptation phenomenon that leads to the devel-
opment of complex eyes, like those of mammals and
teleost fish, results from different factors, such as the
influence of specific environmental changes on the
biochemical composition of the tissue structure of
a living (Nissling & Vallin 1996; Guisande et al.
1998). Thus, changes in the AAC and nutrient con-
tent of the eyes may be useful indicators of the
responses of aquatic animals to alterations in the
environment (Riveiro et al. 2000, 2003).

Animals adapt to their habitat environments to
survive when faced with specific environmental pres-
sures. Importantly, changes in AAC and the density
patterns of pelagic and mesopelagic fish larvae may
provide evidence for the oceanographic phenom-
enon in different areas of the Central
Mediterranean Sea. The animals attempt to adapt
to their habitats for survival in response to specific
environmental pressures. We proposed that the
AAC, nutrient content, and the density pattern of
pelagic and mesopelagic fish (Cuttitta et al. 2006;
Bonanno et al. 2013) are also affected by the ocea-
nographic phenomenon in the Sicily channel. Our
study investigates the effect of environmental-
related stressors on the physiology of anchovy larvae
through the AAC analysis. Although the AAC in the
eyes of pelagic fishes is species-specific (Riveiro et al.
2011; Falco et al. 2016), differences in some AAs
were detected between larvae from the AB and MB
areas. Moreover, aquatic animals of species respond
consistently to climate changes, i.e., a specie is
adapted equally well as other species to different
environmental conditions (Garland & Kelly 2006).
Nonetheless, intra-species variations as a result of
environmental changes were observed in the present
study in agreement with other studies (Guisande
et al. 1998; Riveiro et al. 2000, 2003). Among the
considered environmental factors that are able to
induce physiological stress, no significant differences
were observed in the salinity of the water, while
significant differences were recorded for the tem-
perature and CHLsat. The latter factors are
reported as the environmental parameters that char-
acterize the AB and differentiate the area from the
MB, probably due to the upwelling events as
reported by (Bonanno et al. 2014). Interestingly,
lipid or carbohydrate content in the larvae did not
differ between the individuals collected from the AB
and MB areas. Because of our limited analysis of
nutrient metabolism in the larvae, the present study
does not permit us to exclude a possible effect of the
primary production (CHL) on the observed AAC
variation between the two areas. However, the
observed differences in the anchovy larvae AAC
may be considered to be induced by the different
temperature regimes of the two groups of larvae.
The influences of the water temperature on most
of the biochemical and physiological processes
make it the most important factor for the survival
of organisms inhabiting the aquatic environment
(Reynolds & Casterlin 1979). Due to the indirect
observations, more data are necessary for a definitive
conclusion. Early life stages of marine fish are parti-
cularly sensitive to environmental stressors, due to
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Figure 2. Boxplot of eyes AAs and larval whole-body enzymes found significantly different between the two areas.

either the lack or low functional capacity of some
organs and to the high metabolic rates needed for
ATP production as well as growth and development
(Pimentel et al. 2015). The higher activity of alka-
line phosphatase in the larvae from the AB area than
those from the MB area suggests that specimens
from the AB area are exposed to a higher level of
stress. In agreement with this view, alkaline phos-
phatase was used as a stress biomarker in the skin
mucus of fish (Ross et al. 2000). Moreover, changes
in the alkaline phosphatase activity of the rod cells
have been demonstrated in common carp (Cyprinus
carpio) (Iger 1994) and rainbow trout in response to
various stress conditions, such as the acidity, heavy
metals, temperature, and pollution of water in rivers
(Iger & Abraham 1997). Furthermore, results by
Abolfathi et al. (2020) revealed that the activity of

alkaline phosphatase was significantly decreased
with increasing water temperature from winter to
spring in their experimental groups. Alterations in
enzyme activities are of central importance in the
mechanism of adaptations to cold environments
(Hochachka & Somero 1984) to compensate for
the effects of low body temperature. Alkaline phos-
phatase is an important enzyme in metabolic pro-
cesses in animals, including fish (Ram &
Sathayanesan 1985), and plays a key role in the
digestion, absorption, and transition of nutrients
(Swarup 1981; Wu 2018). The observed increase
in the enzymatic activity of alkaline phosphatase in
the larvae from the AB area (Figure 2) is consistent
with the finding of Das and Majhi (2015) that the
activities of metabolic enzymes in fish are increased
in response to a low environmental temperature.
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Moreover, an increase in alkaline phosphatase activ-
ity in larval fish may indicate an increase in the
synthesis of enzymes in response to cold stress
(Yang & Chen 2003; Hassaan et al. 2019).
According to Shi et al. (2015), in short-term cold
stress, the profiles of enzymes activities such as ala-
nine transaminase, aspartate transaminase and lac-
tate dehydrogenase are substantially elevated in Nile
tilapia.

A novel and important observation from the present
study is that the AAC of the larvae differed between the
AB and MB areas. Specifically, ASP+ASN, THR, and
ARG showed lower concentrations in larvae collected in
the AB area, while the opposite was true for LEU. The
carbon skeletons of both THR and ARG are not synthe-
sized by animal cells and these amino acids must be
provided from the diet (Wu 2013; Wu et al. 2013).
However, there was no difference in the lipid and car-
bohydrate content of the larvae between the AB and
MB areas. In tissues of fish, lipids and carbohydrates are
only minor metabolic fuels, as reported for hybrid
striped bass (Jia et al. 2017) and largemouth bass (Li
et al. 2020). Thus, our data should be interpreted to
reflect the differences in the utilization of macronutri-
ents in fish and further underscore the important role of
amino acids in the survival adaptation of fish larvae to
environmental changes. This notion is consistent with
the suggestion that metabolic activity in fish can alter in
response to energy demands and thermal stress
(Wendelaar Bonga 1997; Portz et al. 2006). In addition,
the utilization of food and performance of the fish
decline in response to a high environmental tempera-
ture (Katersky & Carter 2005) because their metabolic
and physiological functions are coordinated to maintain
thermal equilibrium (Elliot 1981; Goldspink 1995;
Beitinger et al. 2000), leading to an increase in intracel-
lular proteolysis and a decrease in the intracellular
synthesis of proteins (Carter et al. 2006). ARG is an
indispensable AA for fish, which serves as a building
block of tissue proteins and participates in several meta-
bolic pathways, including nitric oxide, polyamine and
creatine syntheses (Wu 2013). These metabolites are
essential for cell growth and survival, as well as immune
responses and reproduction (Wu et al. 2009). Aragao
et al. (2008) found that the Senegalese sole living under
stressful conditions have higher amino acid require-
ments for the synthesis of stress-related proteins. This
could agree with our observation of the lower ARG
concentration in the AB larvae. On the contrary, ASP
is a major energy substrate in fish (Li et al. 2020), and
this view is in agreement with Somero (2004).

LEU can stimulate muscle growth (Li et al. 2009;
Wu 2009) and was found to be more abundant in the
larvae from the AB area. We surmise that LEU is

preserved possibly as a result of decreased catabolism,
so that this functional amino acid (Wu 2013) can
regulate intracellular protein synthesis (Ballantyne
2001; Wu et al. 2013). Future experiments are war-
ranted to test this hypothesis and understand the
mechanisms responsible for stress-related physiologi-
cal responses to environmental stressors. In those new
studies, the analysis of the AAC may provide insight
into the physiological adaptation to environmentally
related stressors. During the last decades, in order to
develop effective management plans, considerable
efforts have been made to understand the link between
environmental conditions, spatial distribution, and
population dynamics in some economically important
fish species. Assessing the link between physiological
and environmental conditions represents an important
step to better define the relationship between environ-
mental complexity and population dynamics.
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