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Abstract: The aim of this study was to compare the relative nutritional benefit of edible Malaysian
fishes from the coast of Terengganu in Malaysia, as well as to perform a taxonomical characterization
and metal assessment. Discrimination between species was carried out by a morphological and
molecular approach by evaluating the total concentrations of metals by ICP-MS analyses and the
fatty acids (FA) composition using the GC–MS approach on the fish fillet tissues. The taxonomical
studies detected fishes of 11 families and 13 species. The heavy metal assessment showed that all
detected elements did not exceed the regulatory limit stated by Malaysian Food Regulations. The
proportion of saturated fatty acids (SFA) ranged from 33 to 58.34%, followed by the polyunsaturated
fatty acids (PUFA) values from 24 to 51.8%, and the lowest proportion was of monounsaturated
fatty acids (MUFA), ranging from 12.7 to 35.9%. The ω-3/ω-6 PUFA and PUFA/SFA ratios were
determined in the range 1.1 to 7.4 and 0.35 to 1.6, respectively. The C20:5ω-3 and C22:6ω-3 acids
were detected at levels comparable to those found in the corresponding species from similar tropical
marine ecosystems. The high FA values can be useful biochemical tools for comparing the relative
nutritional benefits of these biodiverse and non-toxic edible Malaysian fishes.

Keywords: Malaysian fish; fish identification; chemical biomarkers; fatty acid profiling

1. Introduction

Malaysia is home to great marine biodiversity from the coastal area of the Malay penin-
sula extending to its islands and out to the sea. The wide range of fishes corresponding to
different ecological niches favors the Malay fishing industry, regardless of whether it is for
local food consumption or trade [1]. The growing popularity of consuming fish in Malaysia
has been noticeable over the last decade [2]. Malaysian consumers have become more
aware of the benefits of eating fish and consuming fish of high quality. Accurate species
identification and toxicity assessment are fundamental when referring to edible fishes.
The ability to correctly characterize organisms is rarely questioned when morphological
and biochemical or molecular identification is reported [3–5]. Furthermore, the levels
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of lipids in fish can change in relation to the redox state [6] and metal-influenced lipid
peroxidation [7,8]. It is known that heavy metals could influence the generation of reactive
oxygen species (ROS) through different metal-mediated mechanisms, and free radical
generation may affect the function of a great number of receptors and biomolecules [9,10].
An overexpression of ROS production induces oxidative damage, particularly lipid per-
oxidation, which can produce tissue damage and significant physicochemical alterations
of cell membranes [8,11,12]. Oxidative stress interferes with the organoleptic and health
quality of foods [13–15].

1.1. Fish as Source of Valuable Fatty Acids

Fishes are an important component of human nutrition because of the high quality
of their lipid content, acting as a source of health-beneficial polyunsaturated fatty acids
(PUFA), mainly eicosapentaenoic acid (EPA; C20:5 ω-3), docosahexaenoic acid (DHA;
C22:6 ω-3), linoleic acid (LA; C18:2 ω-6), and arachidonic acid (ARA; C20:4 ω-6). The
ω-3 PUFAs, mainly EPA and DHA, have been widely reported to produce several benefits
for human health [16]. EPA and DHA are ubiquitous components of cell membranes, the
developing brain, and the photoreceptors of fetuses and infants [17]. In aging populations,
EPA and DHA have been shown to reduce the incidence of cardiovascular disease [18],
heart failure [19], and sudden cardiac death [20], while providing protection against
the deleterious effects of cognitive aging [17,21]. In addition, they improve brain and
vision function and are involved in the prevention of cancer, arthritis, hypertension, and
diabetes mellitus [22]. EPA and ARA are important for many metabolic and physiological
functions and are precursor molecules for the production of eicosanoid hormones, which
play a role in the inflammatory response, immune function, and regulation, as well as
ionic regulation and reproduction in fish and mammals [23]. A deficiency in ω-6 PUFA
linoleic acid leads to poor growth, fatty liver, skin lesions, and reproductive failure [24,25].
However, in ecological studies, fatty acids are considered very important biomolecules
because they have been used as trophic biomarkers in the marine food chain analyses
of several ecological niches [26]. This is related to the fact that specific fatty acids, in
particular some polyunsaturated fatty acids, can be traced as essential dietary components
to higher trophic levels, such as zooplankton [27] and fish [28], as they are biosynthesized
only by their specific prey (phytoplankton and macroalga). In this sense, the methods for
determining fatty acid profiles act as a complement to the use of stable isotopes of carbon
and nitrogen [29] and DNA-based techniques [30] to investigate habitat ecology.

1.2. The Importance of the Taxonomic and Nutritional Characterization of Malaysian Fishes

Although several sources of information regarding the taxonomy and the distribution
in different geographic areas of fish species in Malaysian waters are available [31–33],
few studies have investigated the correlation between fish nutritional values and their
taxonomic profiles [34]. In the present study, the fatty acid (FA) tissue compositions of
13 species of fish from the Malaysia Sea were determined. This is the first extensive lipid
profiling involving many tropical edible fishes. Since these species are used in the diets
of the local populations, it was reasonable to select the fillet muscle as the target of our
investigation.

Our goal was to study the extent of the interspecific variation in the composition of
FA between the selected edible species after their taxonomic characterization and metal
assessment. These results could provide some indications on how to address the fishing
needs of consumers in emerging countries, respecting the sustainable development of
fishing and following the guidelines established by the United Nations FAO in the 2030
Agenda for the sustainable development of natural resources [35].
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2. Materials and Methods
2.1. Site of Fish Collection

Fishes were collected at Kuala Terengganu (Malaysia, Figure 1) in April 2019. Kuala
Terengganu belongs to the State of Terengganu, which is located on the east coast of the
Malaysian Peninsula. Terengganu borders Kelantan to the north and Pahang to the south,
and the coast of Terengganu faces the South China Sea. It is made up of three named zones,
the Western Belt, Central Belt, and Eastern Belt; and Kuala Terengganu is located in the
Eastern Belt (Figure 1). Igneous rocks in the Eastern Belt were found to be mostly biotite,
granite, and minor rocks of intermediate composition [36].

Foods 2021, 10, x FOR PEER REVIEW 3 of 17 
 

 

2. Materials and Methods 
2.1. Site of Fish Collection 

Fishes were collected at Kuala Terengganu (Malaysia, Figure 1) in April 2019. Kuala 
Terengganu belongs to the State of Terengganu, which is located on the east coast of the 
Malaysian Peninsula. Terengganu borders Kelantan to the north and Pahang to the south, 
and the coast of Terengganu faces the South China Sea. It is made up of three named 
zones, the Western Belt, Central Belt, and Eastern Belt; and Kuala Terengganu is located 
in the Eastern Belt (Figure 1). Igneous rocks in the Eastern Belt were found to be mostly 
biotite, granite, and minor rocks of intermediate composition [36]. 

 
Figure 1. Location of the study site at Kuala Terengganu in the Malaysian South China Sea. Triangles 
correspond to distances from 12 nautical miles up to 30 miles off the coast. 

The different fish species were recovered by professional fishermen with bottom 
trawls from a distance of 12 nautical miles up to 30 miles off the coast. Twenty specimens 
of each fish species were examined, regardless of the number of samples received. After 
creating photographic records and conducting external morphological examinations, fish 
fillet tissues from the center of each body (Supplementary Figure S1) were dissected from 
each specimen and stored at −20 °C until molecular processing. 

2.2. Identification of Malaysian Fish Species 
The fishes were identified from the family to the genus level on the basis of these 

macromorphological characteristics: features of the head, body shape and color, eye 
diameter and position, opercle, lateral line, number, position and form of the fins, size and 
shape of the scales, shape and position of the mouth, and type of teeth [37]. The most 
updated keys for identification were used, specifically WoRMS ID [38], FishBase [39], and 
the FAO [37]. Fish images were then created using the Inkscape program [40] to show the 
anatomical characteristics detected for taxonomical identification. Molecular recognition 
was also conducted for all specimens on 100 mg of fillet using the barcoding method 
reported in Di Finizio et al. [4] using the following primers: COI_UP (5′- 
ACTTCAGGGTGACCGAAGAATCAGAA-3′) and COI_DW (5′-
ATCTTTGGTGCATGAGCAGGAATAGT-3′) [41–43]. Using FASTA, the fragments of 
COI tRNA sequences obtained after amplification, purification, and sequencing were then 
compared to GenBank similar COI rRNA sequence data [44,45].  

  

Figure 1. Location of the study site at Kuala Terengganu in the Malaysian South China Sea. Triangles
correspond to distances from 12 nautical miles up to 30 miles off the coast.

The different fish species were recovered by professional fishermen with bottom trawls
from a distance of 12 nautical miles up to 30 miles off the coast. Twenty specimens of
each fish species were examined, regardless of the number of samples received. After
creating photographic records and conducting external morphological examinations, fish
fillet tissues from the center of each body (Supplementary Figure S1) were dissected from
each specimen and stored at −20 ◦C until molecular processing.

2.2. Identification of Malaysian Fish Species

The fishes were identified from the family to the genus level on the basis of these macro-
morphological characteristics: features of the head, body shape and color, eye diameter and
position, opercle, lateral line, number, position and form of the fins, size and shape of the
scales, shape and position of the mouth, and type of teeth [37]. The most updated keys for
identification were used, specifically WoRMS ID [38], FishBase [39], and the FAO [37]. Fish
images were then created using the Inkscape program [40] to show the anatomical character-
istics detected for taxonomical identification. Molecular recognition was also conducted for
all specimens on 100 mg of fillet using the barcoding method reported in Di Finizio et al. [4]
using the following primers: COI_UP (5′- ACTTCAGGGTGACCGAAGAATCAGAA-3′)
and COI_DW (5′-ATCTTTGGTGCATGAGCAGGAATAGT-3′) [41–43]. Using FASTA, the
fragments of COI tRNA sequences obtained after amplification, purification, and sequenc-
ing were then compared to GenBank similar COI rRNA sequence data [44,45].

2.3. Metals Quantification

Metal analysis was carried out on a pool of fillet tissue of each species of Malaysian
fish after acid digestion. Samples of 500 ± 5 mg were digested with 2 mL of ultrapure nitric
acid (HNO3 ≥ 69%, v/v) in test tubes. The latter were placed in a water bath, preheated
to 80 ◦C, and proceeded to digestion for 3 h. Samples were brought to a final volume
of 10 mL with a solution of HNO3, 2%, v/v for the subsequent elemental analysis by
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inductively coupled plasma–mass spectrometry (ICP–MS, Aurora M90, Bruker, Billerica,
MA, USA). The digestion step was performed using a blank sample to identify potential
metal contamination of any of the materials and reagents used. A calibration curve was
obtained for each analyzed element from a certified standard solution (Ultrascientific,
Bologna, Italy). The limit of detection (LOD) was calculated by the method of blank
variability for each investigated metal, and they were included in the range of 0.01–0.2 µg/g
in the final sample. The accuracy was evaluated using Certificated Reference Material
(CRM) of a fish-based sample from an interlaboratory comparison (QMAS, MT-281 Sample
742, LGC Standards Srl, Milano, Italy), obtaining a recovery in the range of 85–115% [46].

2.4. Lipid Extraction

Lipids were extracted by following the modified Bligh and Dyer [47] method. Each
frozen fish sample was analyzed in triplicate. Fish tissue fillets (~4–13 g of samples) were
immersed in 50–100 mL of chloroform: methanol (1:1 v/v), and lipid release was promoted
by crumbling the tissues in a mortar for 5–10 min. The procedure was repeated three
times with fresh aliquots of organic solvent mixture. The collected solvent fractions were
filtered on filter paper, transferred in a separating funnel, and combined with distilled
water (ratio 1:1 v/v). The organic layer was removed, dried over anhydrous sodium sulfate,
and reduced in vacuo. The extracted lipids were also placed in a desiccator to remove
residual solvent traces and weighed to determine the total lipid content in the fillet tissue
of each sample.

2.5. Fatty Acids Analysis

The qualitative and quantitative characterizations of the total fatty acids recovered
from the fillet tissue organic extracts were determined by GC–MS on the corresponding
fatty acid methyl esters (FAMEs) obtained after the saponification of lipid extracts and
following a modified AOAC Official Method, 991.39 [34]. The lipid fraction was derivatized
to fatty acid methyl esters (FAMEs) by methanolic sodium methoxide anhydrous (2–4 mL,
1 N) at 90 ◦C for 55 min [48]. All operations involving lipids or their constituent fatty
acids were conducted in an atmosphere of pre-purified nitrogen in order to minimize
the oxidation of the polyunsaturated chains. FAMEs were recovered by adding diethyl
ether (extraction with three aliquots of 1–2 mL each) to the cooled reaction mixture. The
FAME mixtures were dissolved in diethyl ether (EE, 1 mgmL−1) and analyzed by GC–MS
equipped with an ion-trap (Thermo Scientific, Waltham, MA, USA) on a 5% diphenyl-
polysiloxane column (OV-5 column, VF-5ms 30 × 0.25, Agilent Technologies, Middelburg,
The Netherlands), Thermo Scientific™ PolarisQ ™ GC/MSn Benchtop Ion Trap Mass
Spectrometer in EI (70 eV), and positive mode analysis (mass range 50–450). The elution of
free fatty acid methyl esters required an increasing temperature gradient according to the
following method: 160 ◦C for 3 min, then 3 ◦C/min until reaching 260 ◦C and 30 ◦C/min
until reaching 310 ◦C; the system was held at 310 ◦C for 5 min. Samples of 2 µL were
directly injected in split mode (1:10) and a split flow of 10 mL min−1, with a blink window
of 3 min (with an inlet temperature of 270 ◦C, the transfer line set at 280 ◦C, and an ion
source temperature of 250 ◦C). The carrier gas was helium, which was used at a constant
flow of 1.0 mL min−1. FAMEs were identified by comparison of their retention time with
those present in a mixture of 11 standard FAMEs (marine source, analytical standard,
Sigma Aldrich) which was analyzed in the same conditions. To monitor the performance
of the column in the GC, the standard FAMEs mixture was chromatographed at regular
intervals after every ten samples. Aiming to quantitatively characterize each fish fatty
acid mixture, for each GC–MS measurement, an internal standard was added to a FAME
solution to be analyzed; 50 µL of a 2.5 mg mL−1 solution of methyl tricosanoate (C23:0)
was used, corresponding to 0.125 mg of internal standard per mL of the solution to be
analyzed (0.238 µg for each injection of 2 µL).

The equation

CFA = [(mIS × AFA × RRFFA)/(1.04 ×mfis × AIS)]/V-injection
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was used to quantify all measured fatty acids, where CFA is the concentration of the fatty
acid in mgmL−1, V-injection is the volume of each injected sample solution (2 µL), mIS is the
weight of the internal standard, AFA is the fatty acid peak area in the GC spectrum, RRFFA
is the relative retention factor for each fatty acid [34], 1.04 is the correlation factor between
the fatty acids and the fatty acid methyl esters, and AIS is the internal standard peak area
in the GC spectrum. The RRF value accounts for the effective carbon number, and it was
calculated according to previously published methods [49]. The response factors for each
of the FAMEs not present in the standard mixture were estimated by comparison with the
standard FAMEs that resembled them most closely in terms of the chain length and the
number of double bonds. Starting from CFA, it was possible to establish the total amount
of each fatty acid (FA) contained in the recovered EE extract of each fish species; according
to the weight of the frozen fillet fish tissue (mfis), the milligrams of each fatty acid in 100 g
of fish fillet tissue were determined using the following formula:

[(mg FA in 1 mg of EE extract × total mg of EE extract)/g mfis] × 100

where g mfis corresponds to the grams of fish fillet tissue analyzed. Three replicates of each
sample were obtained. A total of 11 fatty acids were measured, with a limit of quantification
(LOQ) of 0.2 mg/100 g of fillet.

2.6. Statistical Analysis

The results obtained were presented as the means of the measurements and standard
deviation (SD) or standard error (SE). Significant differences in the contents of metals
and fatty acids in the fillet of the studied fish were estimated using a one-way analysis of
variance (ANOVA). Differences were reported as statistically significant at p < 0.05.

3. Results
3.1. Fish Identification
3.1.1. Morphological Identification

The application of taxonomical criteria adopted to discriminate the fishes from family
to species is shown in Figure 2.
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Figure 2. Photographs and drawings of fishes of the Carangidae family: Selar crumenophthalmus (A) and Caranx sexfasciatus
(B). The colors of the arrows are indicative of the anatomical features.

Fishes with lateral lines elevated anteriorly and straight posteriorly, extending onto
the caudal fin, were categorized as members of the Carangidae family. Fishes of this family
were Selar crumenophthalmus and Caranx sexfasciatus.

Specimens in which we detected a shoulder girdle (cleithrum) margin with a furrow
ventrally, a large papilla immediately above it, and a smaller papilla near the upper edge
were identified as belonging to the genus Selar. The characteristics of a curved part of the
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lateral line with 48 to 56 scales, a moderately curved part of the lateral line with the chord
of the curved part contained 0.7 to 1.2 times within the straight part; and smaller scutes
showed that these fish of the genus Selar belonged to the species crumenophthalmus.

Specimens in which we detected characteristics of a posterior straight part of the
lateral line with enlarged hardened scutes and long, falcate pectoral fins that were longer
than the head were classified as belonging to the genus Caranx.

Caranx with dorsal fin lobes with white tips; a dorsal profile with the head moderately
convex and a black spot on the upper margin of the opercle, a shorter postorbital head length
contained 6.4 to 8.2 times in the fork length, and a longer dorsal fin lobe contained 5 to
6.6 times in fork length; and 10 + 15 vertebrae were classified as sexfasciatus. A similar analysis
was performed for all fishes utilized in our studies. The tools of this morphological research
consisted of determination keys, images, field guides, and other textual information. The
photographs and drawings created for all species identified and their schematic anatomical
characteristics are extensively described in Table S1 of the Supplementary Materials.

3.1.2. Barcoding Sequences

The described set of different primers successfully amplified the corresponding mito-
chondrial region fragment of cytochrome oxidase 1 (COI) examined (data not shown) in all
fish samples. Their PCR products isolated from the gel were sequenced. All sequences sub-
jected to FASTA searches against the NCBI DNA database were classified according to the
sequences with which they aligned with the highest identity, confirming the morphological
identification of all specimens, representing 13 species and 11 families (Table 1).

Table 1. Common names, scientific names, taxonomy, and relative GenBank accession numbers of the COI barcode
sequences for Malaysian fish species discrimination in this study.

English Common Name/Local
Fish Common Name

Identified Species
Taxonomy

(Genus, Species,
Family)

COI Genbank
Accession Number

1 Blue and gold fusilier/
Delah biru emas

Caesio caerulaurea
Caesionidae (Lutjanoidea) JF492993.1

2 Bigeye trevally/
Belukok putih

Caranx sexfasciatus
Carangidae KY371313.1

3 Areolate grouper/
Kerapu bintik bulat

Epinephelus areolatus
Serranidae KJ202152.1

4 Dwarf whipray/
Pari ketuka tanjung

Himantura walga
Dasyatidae KF604912.1

5 Big-snout croaker/
Gelam bangkok

Johnius macrorhynus
Sciaenidae KX777976.1

6 Barramundi/
Siakap putih

Lates calcarifer
Latidae JF919828.1

7 Redspot emperor/
Landok calit merah

Lethrinus lentjan
Lethrinidae MF123937.1

8 Fork-tailed threadfin
bream/Kerisi Nemipterus furcosus Nemipteridae KY371807.1

9 Cinnabar goatfish/
Biji nangka

Parupeneus heptacanthus
Mullidae KY371924.1

10 Parrot fish/
Bayan belang biru

Scarus ghobban
Scaridae JF494439.1

11 Monogrammed monocle
bream/Pasir-pasir jalur jeap

Scolopsis monogramma
Nemipterida KP195008.1

12 Bigeye scad/
Lolong jalur

Selar crumenophthalmus
Carangidae KY372157.1

13 Longfin tuna/
Tuna sirip kuning

Thunnus alalunga
Scombridae KT074102.1
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3.2. Metals Accumulation

The concentration of 16 elements (Al, As, Be, Cd, Co, Cr, Cu, Hg, Li, Mn, Ni, Pb, Sb,
Se, V, and Zn) was evaluated by ICP–MS analyses to assess any interspecific differences in
the fillet tissue bioaccumulation.

Concentrations of non-essential elements such as antimony (Sb), beryllium (Be), cad-
mium (Cd), mercury (Hg), and lead (Pb) are shown in Table 2.

Table 2. Concentrations of non-essential metals in the fillets of different Malaysian fish species
(mean mg/kg of fillet ± SD).

Name Be Cd Hg Sb Pb

1 Caesio
caerulaurea <0.2 <0.02 <0.01 <0.02 0.033 ± 0.007

2 Caranx
sexfasciatus <0.2 <0.02 <0.01 <0.02 0.024 ± 0.005

3 Epinephelus
aerolatus <0.2 <0.02 0.016 ±

0.003 <0.02 0.039 ± 0.008

5 Johnius
macrorhynus <0.2 <0.02 0.024 ±

0.005 <0.02 <0.02

6 Lates
calcarifer <0.2 <0.02 <0.01 <0.02 <0.02

7 Lethrinus
lentjan <0.2 <0.02 <0.01 <0.02 0.10 ± 0.02

8 Nemipterus
furcosus <0.2 <0.02 0.090 ±

0.018 <0.02 0.031 ± 0.006

9 Parupeneus
heptcanthus <0.2 <0.02 0.023 ±

0.005 <0.02 0.025 ± 0.005

10 Scarus
ghobban <0.2 <0.02 <0.01 <0.02 0.021 ± 0.004

11 Scolopsis
monogramma <0.2 <0.02 0.015 ±

0.003 <0.02 0.059 ± 0.012

12 Selar
crumneuphthalmus <0.2 <0.02 <0.01 <0.02 <0.02

13 Thunnus
alalunga <0.2 <0.02 <0.01 <0.02 0.033 ± 0.007

Malaysian MTL 1 1.0 1.0 1.0 1.0 1.0

European MTL 2 — 0.05 0.50 — 0.30
1 Maximum tolerable limit (MTL) according to Malaysian Food Act 1983 and Regulation 1985. 2 Maximum
tolerable limit (MTL) according to EU Commission Regulation No. 1881/2006.

Among the analyzed species, the amount of Sb, Be, and Cd was below the limit of
detection (LOD) for all the fishes.

Table 3 shows the concentrations of the group of essential metals consisting of copper
(Cu), manganese (Mn), nickel (Ni), selenium (Se), and zinc (Zn), along with additional
trace elements, which were elements without well-defined roles and may be essential [50].

Among the 12 species of analyzed fillets, the amount of Li and Ni below the LOD was
detected only in Scolopsis monogramma (0.28 mg/kg).

Figure 3 reports the differences between the 12 species for the contents of essential
metals and additional trace elements.
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Table 3. Concentrations of essential metals in the fillets of different Malaysian fish species (mean mg/kg of fillet ± SD).

Name Li Al V Cr Mn Co Ni Cu Zn As Se

1 Caesio
caerulaurea <0.2 <2 0.10 ± 0.02 0.10 ± 0.02 0.38 ± 0.08 0.020 ± 0.004 <0.2 2.2 ± 0.4 3.6 ± 0.7 2.0 ± 0.4 0.58 ± 0.12

2 Caranx
sexfasciatus <0.2 <2 0.10 ± 0.02 0.11 ± 0.02 0.27 ± 0.05 <0.02 <0.2 2.1 ± 0.4 2.8 ± 0.6 0.6 ± 0.1 0.40 ± 0.08

3 Epinephelus
aerolatus <0.2 <2 <0.1 0.08 ± 0.02 0.27 ± 0.05 <0.02 <0.2 2.1 ± 0.4 2.6 ± 0.5 2.9 ± 0.6 0.54 ± 0.11

5 Johnius
macrorhynus <0.2 6.5 ± 1.2 <0.1 0.11 ± 0.02 0.35 ± 0.07 0.020 ± 0.004 <0.2 1.4 ± 0.3 3.3 ± 0.6 1.0 ± 0.2 0.22 ± 0.04

6 Lates
calcarifer <0.2 <2 <0.1 0.07 ± 0.01 0.21 ± 0.04 <0.02 <0.2 0.9 ± 0.2 2.7 ± 0.5 0.3 ± 0.1 <0.2

7 Lethrinus
lentjan <0.2 <2 <0.1 0.03 ± 0.01 <0.2 <0.02 <0.2 0.7 ± 0.1 1.6 ± 0.3 1.2 ± 0.2 0.23 ± 0.04

8 Nemipterus
furcosus <0.2 2.1 ± 0.4 <0.1 0.10 ± 0.02 0.41 ± 0.08 <0.02 <0.2 2.7 ± 0.5 3.5 ± 0.7 4.3 ± 0.8 0.79 ± 0.16

9 Parupeneus
heptcanthus <0.2 2.9 ± 0.6 <0.1 0.10 ± 0.02 0.22 ± 0.04 <0.02 <0.2 1.7 ± 0.3 3.6 ± 0.7 2.4 ± 0.5 0.36 ± 0.07

10 Scarus
ghobban <0.2 <2 <0.1 0.04 ± 0.01 <0.2 0.020 ± 0.004 <0.2 0.7 ± 0.1 1.9 ± 0.4 1.9 ± 0.4 0.62 ± 0.12

11 Scolopsis
monogramma <0.2 4.1 ± 0.8 0.10 ± 0.02 0.11 ± 0.02 0.68 ± 0.14 0.020 ± 0.004 0.28 ± 0.06 2.1 ± 0.4 5.7 ± 1.1 1.7 ± 0.3 0.51 ± 0.10

12 Selar
crumneuphthalmus <0.2 <2 <0.1 0.09 ± 0.02 0.20 ± 0.04 <0.02 <0.2 1.7 ± 0.3 3.0 ± 0.6 0.8 ± 0.2 0.31 ± 0.06

13 Thunnus
alalunga <0.2 <2 <0.1 0.09 ± 0.02 0.26 ± 0.05 <0.02 <0.2 2.6 ± 0.5 5.8 ± 1.2 0.4 ± 0.1 0.95 ± 0.19

Malaysian MTL 1 — — — — — — — — — 1 # —

European MTL 2 — — — — — — — — — — —
1 Maximum tolerable limit (MTL) according to Malaysian Food Act 1983 and Regulation 1985: metals not allowed. 2 Maximum tolerable limit (MTL) according to EU Commission Regulation No. 1881/2006:
metals not allowed. # This value indicates inorganic arsenic.
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3.3. Fatty Acids Profile

The total lipid profile was determined for fillet tissues of all species collected in this
study. A summary of the total fat, FAs, saturated fatty acids (SFA), monounsaturated
fatty acids (MUFAs), and PUFAs (polyunsaturated fatty acids), with attention to ω-3
and ω-6 FAs, recovered for each species is presented in Table 4. Among the 13 species
of analyzed fillets, the amount of total fat ranged from 1.84% (Selar crumenophthalmus)
to 0.57% (Parupeneus heptacanthus); Lates calcarifer (1.56%), Johnius macrorhynus (1.16%),
Thunnus alalunga (1.14%), Lethrinus lentjan (1.14%), and Himantura walga (1.12%) had the
next highest fat content, and Scolopsis monogramma (0.64%) and Caesio caerulaurea (0.67%)
had the other lowest values of total fat content.

Furthermore, the fatty acid profiles of the investigated fish tissues were also considered.
The SFAs were the predominant fatty acid class and ranged from 14.2 ± 1.7 mg/100 g of
fillet for Epinephelus areolatus to 360.2 ± 23.8 mg/100 g of fillet for Himantura walga. An
evaluation of the percentage of SFAs of the total FAs furnished a range of values from
33 to 58.4%. The second highest class was the PUFAs, ranging from 10.5 ± 2.0 mg/100 g
in the fillet of Epinephelus areolatus to 209.6 ± 13.2 mg/100 g of fillet for Lates calcarifer,
corresponding to a range from 24 to 51.8% of the total FAs.

The proportion of MUFAs was the lowest, ranging from 4.5 ± 0.1 mg/100 g of fillet
for Epinephelus areolatus to 241.4 ± 23.6 mg/100 of fillet for Lates calcarifer, corresponding to
a range of 12.7 to 35.9% of the total FAs.

Lates calcarifer was found to be the species with the highest content of fatty acids,
corresponding to 672.8 ± 46.3 mg/100 g of fillet. However, of this amount, 33% was
comprised of SFAs (221.8 ± 9.5 mg/100 g), and only 31.2% was represented by ω-3 and
ω-6 fatty acids (209.6 ± 13.2 mg/100 g). Interestingly, this was the highest content ofω-3
and ω-6 fatty acids recovered among the investigated fillet species. Himantura walga fillets
contained 636.5 ± 47.7 mg of FAs per 100 g of tissue, of which 56.6% was comprised of
SFAs (360.2 ± 23.8 mg /100 g), and 26.8% was represented by ω-3 and ω-6 fatty acids
(170.7 ± 14.6 mg/100 g).

The species with the third-highest content of FAs was Johnius macrorhynus, with
474.6 ± 25.7 mg/100 g of fish tissue; 53.2% (252.2 ± 13.4 mg/100 g) were SFAs, and 12.40%
consisted ofω-3 andω-6 fatty acids (88.0 ± 10.2 mg/100 g).
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Table 4. Total fat, total FA, SFA, MUFA, and PUFA concentration (mean mg/100 g of tissue ± SE) in fillets of Malaysian edible fishes.

a b c d e f g h

Species Total Lipids
(g/100 g)

Total FA a

(mg/100 g)
SFA b

(mg/100 g)
MUFA c

(mg/100 g)

PUFA d:
ω-3 e + ω-6 f FA

(mg/100 g)

ω-3 e FA
(mg/100 g)

ω-3/ω-6 PUFA
Ratio PUFA/SFA Ratio

1 Caesio
caerulaurea 0.67 ± 0.04 104.7 ± 7.6 61.1 ± 2.3 18.2 ± 1.8 25.4 ± 3.5 19.1 ± 2.5 3.1 ± 0.9 0.41 ± 0.10

2 Caranx
sexfasciatus 0.90 ± 0.05 151.6 ± 7.8 80.0 ± 2.2 43.1 ± 2.5 28.4 ± 3.1 23.0 ± 2.5 4.2 ± 0.9 0.36 ± 0.06

3 Epinephelus
areolatus 0.84 ± 0.04 29.2 ± 3.8 14.2 ± 1.7 4.5 ± 0.1 10.5 ± 2.0 7.2 ± 1.6 2.2 ± 0.8 0.74 ± 0.16

4 Himantura
walga 1.12 ± 0.06 636.5 ± 47.7 360.2 ± 23.8 105.6 ± 9.3 170.7 ± 14.6 127.8 ± 4.4 3.0 ± 0.8 0.47 ± 0.08

5 Johnius
macrorhynus 1.16 ± 0.05 474.6 ± 25.7 252.2 ± 13.4 134.5 ± 2.0 88.0 ± 10.2 58.9 ± 6.1 2.0 ± 0.5 0.35 ± 0.05

6 Latscalcarifer 1.56 ± 0.06 672.8 ± 46.3 221.8 ± 9.5 241.4 ± 23.6 209.6 ± 13.2 112.0 ± 4.3 1.2 ± 0.2 0.95 ± 0.15

7 Lethrinus
lentjan 1.14 ± 0.05 384.4 ± 20.7 197.5 ± 11.5 97.3 ± 2,7 89.6 ± 6.4 60.6 ± 4.0 2.1 ± 0.3 0.45 ± 0.05

8 Nemipterus
furcosus 1.06 ± 0.05 64.0 ± 1.9 30.1 ± 0.6 7.9 ± 0.4 26.0 ± 0.6 22.9 ± 0.5 7.4 ± 0.4 0.87 ± 0.07

9 Parupeneus
heptacanthus 0.57 ± 0.03 125.8 ± 10.7 72.3 ± 4.9 16.0 ± 1.4 37.5 ± 4.4 23.9 ± 2.4 1.8 ± 0.44 0.52 ± 0.11

10 Scaurus
ghobban 0.85 ± 0.04 239.7 ± 27.9 110.0 ± 4.6 56.3 ± 9.4 73.4 ± 13.9 44.1 ± 10.5 1.5 ± 0.5 0.67 ± 0.24

11 Scolopsis
monogramma 0.64 ± 0.04 197.5 ± 10.7 63.9 ± 3.0 31.4 ± 1.2 102.22 ± 6.46 70.47 ± 5.29 2.2 ± 0.2 1.60 ± 0.16

12 Selar
crumenophthalmus 1.84 ± 0.07 400.30 ± 15.82 226,.2 ± 5.2 78.0 ± 4.4 96.0 ± 6.2 76.3 ± 3.6 3.9 ± 0.7 0.42 ± 0.05

13 Thunnus
alalunga 1.14 ± 0.05 233.80 ± 9.03 85.1 ± 2.1 40.2 ± 1.6 108.5 ± 5.4 95.4 ± 4.5 7.3 ± 0.8 1.28 ± 0.11

a: Total fatty acids recovered from fillets. b: Total SFAs in fillets, including C14:0 (myristic acid), C15:0 (pentadecylic acid), C16:0 (palmitic acid), C17:0 (margaric acid), C18:0 (Stearic acid), C19:0 (nonadecylic acid),
C20:0 (arachidic acid), and C22:0 (behenic acid). c: Total of all MUFAs in fillets, including C16:1ω-7 (palmitoleic acid), C17:1; C18:1 (elaidic acid (C18:1 ω-7) or vaccenic acid (C18:1ω-7), and C18:1ω-9 (oleic acid).
d: Total PUFAs in fillets; the most abundant were evaluated, and they corresponded toω-3 andω-6 fatty acids. e: Totalω-3 fatty acids in fillets, including C20:5ω-3 (EPA) and C22:6ω-3 (DHA). f: Totalω-6 fatty
acids in fillets, including 18:2ω-6 (linoleic acid) and 20:4ω-6 (arachidonic acid) and traces of α-linolenic acid (ALA, C18:3ω-3).
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Himantura walga was the species with the highest content of ω-3 fatty acids
(127.8 ± 4.4 mg/100 g) among the investigated fish fillets, followed by Lates calcarifer,
with 112.0 ± 4.3 mg/100 g of fillet, and Thunnus alalunga, with 95.4 ± 4.5 mg/100 g of
fillet. Thunnus alalunga was also the species with the lowest amount of saturated fatty
acids (SFAs) of the three species mentioned above, with only 85.1 ± 2.1 mg/100 g of
fillet. However, the ω-3 fatty acids values were also interesting for Selar crumenophthal-
mus (76.3 ± 3.5 mg/100 g), Scolopsis monogramma (70.5 ± 5.3 mg/100 g), Lethrinus lentjan
(60.6 ± 4.0 mg/100 g), and Johnius macrorhynus (58.9± 6.1 mg/100 g). In addition, Lates cal-
carifer and Selar crumenophthalmus fillets contained not only a good percentage of ω-3 fatty
acids (16.5 and 19.1% of the total FAs, respectively), but these fishes were considered fatty
fishes, with SFA contents of 221.8 ± 9.5 and 226.2 ± 5.2 mg/100 g of fillet, corresponding
to 33 and 56.5% of the total FAs, respectively.

In Table 4, theω-3/ω-6 PUFA and PUFA/SFA ratios are also reported: theω-3/ω-6
PUFA ratio ranged from 7.4 ± 0.4 for Nemipterus furcosus to 1.2 ± 0.2 for Lates calcarifer,
and the PUFA/SFA ratio ranged from to 0.35 ± 0.05 in Johnius macrorhynus to 1.6 ± 0.2 in
Scolopsis monogramma.

4. Discussion
4.1. Fish Identification

Ocean products form the basis of many activities, such as the fishing industry, and are
important for nutrition and well-being. The consumption of endemic fish has increased
significantly over the last few decades, and specifically, the demand has also increased for
fish, which is considered the most common source of lipids, proteins, and antioxidants.
Today, the correct identification of fish species and their precise, updated, and taxonomic
ordering, as well as the detection of metals (essential and non-essential) and their nutritional
value, particularly in terms of lipid content, are the basis of most of the international fish
trade [51]. In countries where the fish market is increasingly evolving, as well as in
Malaysia, there are legal regulations that cover these points [52].

In addition, tools are needed to enable the rapid, reliable, and cost-effective identifi-
cation of highly processed fishery products in the markets. In this study, 13 different fish
species from Kuala Terengganu were preliminarily and morphologically identified with
the aim of properly assigning the genus and species for their taxonomic characterization,
as reported in Table S1 of the Supplementary Materials, and then genetically investigated.
A dataset of 13 different COI sequences was obtained (Table 1) and compared with those
already present in the GenBank data. Table 1 indicates that the barcoded specimens that
were reliably assigned binomial names a priori possessed distinct COI sequences and could
be aligned and referred to the sequenced specimens already published. As known, barcod-
ing is defined as the use of a standardized short region of DNA to verify species identity,
which for fish is typically the COI region of mitochondrial DNA, with the generation of
publicly accessible and highly comparable data using GenBank [5,42,43].

Our data confirmed the taxonomy of widely distributed species present in Malaysia [53,54]
and permits the identification of species of great interest for human consumption. Further-
more, these data highlight the importance of Kuala Terengganu for its richness in biodiversity.
However, barcoding requires sophisticated laboratory instrumentation; it has a only small role
in whole fish identification and limited use in other areas if not tied to taxonomic baseline data.
In this sense, the availability of tools to identify images or morphological keys for non-experts
(Table S1) would facilitate the classification and the possible direct marketing of products
without adding further non-productive costs needed for barcoding [55].

Moreover, further molecular characterization of the collected fish fillets was carried
out, and their metal concentrations and fatty acids (FA) profiles were determined. In recent
years, studies on heavy metal bioaccumulation have been in progress, both in fish, marine
waters, and seaweed.
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4.2. Metal Accumulation

The results for the heavy metal content in the fish species in this study showed a low
risk related to the accumulation of toxic elements, as has already been demonstrated in
other aquatic organisms in Malaysia [56], in particular in Kuala Terengganu [57,58].

As food consumption is one of the main routes of exposure to metals [59], regulatory
authorities in many countries have set limits for heavy metal concentrations in foodstuffs.

Our results indicate that the risk of exposure to heavy metals from the consumption of
the Malaysian fish collected is relatively low and in compliance with the Malaysian Food
Act 1983 and Regulation 1985 and with EU regulations.

In fact, five species (Table 2) showed the presence of Hg above the LOD, with a range
of concentrations between 0.015 to 0.090 mg/kg, and nine species showed the presence of
Pb in the range 0.021 to 0.10 mg/kg.

Concerning Pb, Cd, Sb, and Hg concentrations, the preliminary results presented here
support the possibility of using these fish species for human consumption without hazard
because the measured levels of these elements were found to be below the fixed limit of
1 mg/kg of wet weight. All samples were also below the maximum tolerable limit (MTL)
defined by EU Commission Regulation No. 1881/2006 (Reg. 1881/2006), in which the limit
values for fish meat, particularly for fillet, are 0.30 mg/kg for Pb, 0.050 mg/kg for Cd, and
0.50 mg/kg for Hg.

Among the detected metals, we also studied those which are essential elements
(Table 3, Figure 3) according to the World Health Organization (WHO) classification, which
considers their daily intake and nutritional importance [60]. The essentiality of an element
is derived from its role in biochemical functions. Hence, if their daily intake is less than
100 mg/day, the resulting deficiency could cause a reduction in physiologically important
functions [60]. All the species showed a high concentration of essential elements (Cu, Zn,
and Se, up to 5.8 mg/kg), except for Mn, which was present in all species at a concentration
between 0.2 to 0.68 mg/kg. The safe limits for concentrations set by the Malaysian Food
Act 1983 and Regulation 1985 are 10 mg/kg for Cu and 100 mg/kg for Zn. There are no
regulated limits for the other metals, except for inorganic As, which is fixed at 1 mg/kg.

In our results, As was expressed as total arsenic, so we could not compare our concen-
trations obtained in the samples to the allowed limit. The high toxicity of As is primarily
due to the inorganic form, while organic forms of arsenic may be contained in fish and
seafood, but these are less hazardous [61,62]. Metals are elements with significant roles as
precursors in many enzymatic reactions. They have considerable importance in biological
functions, and their deficiency can cause metabolic disorders [63,64]. Investigated metals
have a redox potential contribution to the formation of ROS and subsequent lipid peroxi-
dation [65], so we expect that a low metal content does not affect the lipid pattern in the
investigated species.

4.3. Fatty Acid Profile

An extensive FA profiling was determined for fillet tissues of all species collected in
this study. A summary of the total fat, FAs, SFAs, MUFAs, and PUFAs, with attention to
ω-3, andω-6 FAs, recovered for each species is presented in Table 4.

In general, the fats and fatty acid profiles in fishes vary with fish species; there are
several factors responsible for this variation, such as the geographical location, season,
food availability, water temperature, age, size of the fish, and maturation status [54,64,66].

It was previously discovered that levels of fatty acids also differ between latitudes,
with species from high latitudes having higher amounts of PUFAs than tropical, low-
latitude species [67,68]. In agreement with previous studies [26,33,54,69,70], the saturated
fatty acids (SFAs) were the predominant fatty acid class and ranged from 32.96 to 58.38%
of the total free fatty acids. In general, fishes recovered from warm seas tend to show
high levels of SFAs with higher levels of palmitic and stearic acids compared to those
from cold waters. This difference is due to metabolic differences between cold and warm
water species because these fatty acids are not usually subject to differences in diet [67].
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The lipid content percentage of Lates calcarifer (1.56%) was in agreement with findings in
studies previously performed in species from the Vietnamese seas (1.7%) and showed clear
differences with fishes recovered from different geographic areas, such as the Australian
coasts (3.2%). Furthermore, the fatty acid (FA) profiles of fishes from different geographic
areas were similar to our findings. For example, the Vietnamese species had levels of 24.8%
for MUFAs, 41.0% for SFAs, and 13.3% for ω-3 FAs; in particular, this last value is very
comparable to the 16.65%ω-3 FA level recorded in our fillets but very different from the
4.1%ω-3 FA value recovered in Australian species [71]. Concerning Thunnus alalunga, the
total lipid content and free fatty acid composition (36.38% for SFAs, 17.20% for MUFAs, and
40.82% for PUFAs) is comparable with that of fish fillets from the Mauritius coasts in the
western Indian Ocean [33]. In agreement with the abovementioned fatty acid composition
of fishes collected in warmer waters, Thunnus alalunga specimens harvested off the U.S.
West Coast have been reported to be less rich in SFAs than Malaysian ones, with a total
ω-3 FA content averaging 40% of total fatty acids, which is very similar to our results [72].
The Selar crumenophthalmus fatty acids profile results were comparable to those reported by
Metillo et al. [26] for species recovered in the Philippine seas; it should be noted that for the
Malaysian species, an increase in the quantity ofω-3 andω-6 FAs was recorded: 23.99% of
total FA (96.03 ± 6.18 mg/100 g) compared with the previously reported 14.44% value [26].

Fish are able to synthesize SFAs and MUFAs de novo and selectively adsorb and
metabolize dietary fatty acids, including PUFAs. The PUFA conversion capacity varies
among fish species [73]. Theω-3/ω-6 PUFAs and PUFA/SFA ratios have been suggested as
useful indicators for comparing the relative nutritional values of fishes [74,75]. PUFA/SFA
ratios above 0.45 andω-3/ω-6 ratios above 0.25 have been advisable by the UK Department
of Health [76]. The best PUFA/SFA andω-3/ω-6 PUFA ratios were recorded for Thunnus
alalunga, Nemipterus furcosus, Lates calcarifer, and Scolopsis monogramma, as shown in Table 4.
Our results should give some indication about the species which may be introduced
into the Malaysian diet; in fact, considering the percentage of FA ω-3, Thunnus alalunga
could be replaced by Scolopsis monogramma and Lethrinus lentjan because their fillets have
an interesting amount of the ω-3 fatty acids (70.47 ± 5.29 and 60.61 ± 4.0 mg 3/100 g,
respectively) and a relatively low amount of SFA (63.88± 2.97 and 197.50± 11.54 mg/100 g,
respectively). An increase in the human dietary ω-3/ω-6 fatty acid ratio is essential to
help prevent coronary heart disease by reducing plasma lipids and to reduce cancer risk; it
also seems to be effective in preventing toxic shock syndrome and cardiomyopathy [77].
According to these benefits, the European Food Safety Authority (EFSA) recommends that
adults (especially pregnant and nursing women and seniors) consume 227–340 g of seafood
each week, which may provide 250 mg of EPA plus DHA per day [78]. These results could
provide some indication about how to address the fishing needs of consumers in emerging
countries, respecting the sustainable development of fishing and in accordance with the
guidelines established by the United Nations FAO in the 2030 Agenda for the sustainable
development of natural resources [35].

5. Conclusions

Fish is an important dietary component in many countries, and in 2017, fish con-
sumption accounted for 17% of the world’s consumption of animal protein. The actual
transfer and application of fish identification and nutritional evaluation technologies for
the enhancement of Malaysian local fish products in management projects and schemes
are overdue. An important objective of this paper was to promote the informed use of
the Malaysian fish species of Kuala Terengganu, particularly regarding the nutritional
lipid profile and possible metal contamination. In this sense, 13 fish species belonging
to 11 families were taxonomically identified, and drawings were created for all species
with the schematics of the anatomical characteristics described. Their fillet tissues were
chemically investigated and characterized for the total metal content and lipid profile with
particular attention to their FA composition. In general, all analyzed species showed a high
concentration of essential metals and a low amount of heavy and non-essential metals,
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which are defined on the basis of their toxicity and the absence of a biological role. In
addition, interesting values of PUFA/SFA and ω-3/ω-6 PUFA ratios were recorded for
Thunnus alalunga, Nemipterus furcosus, Lates calcarifer, and Scolopsis monogramma. Overall,
the results reported in the present study underline the need for different approaches when
making evaluations about the nutritional quality of foods. In particular, an integrated
study on the total lipid content and fatty acid composition, together with an evaluation
of heavy metal content, is essential for providing nutritional information to the consumer
and contributing to market foods in the category of healthiness and well-being.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10102456/s1, Table S1. Fish species identified in Kuala Terengganu, Malaysia. Figure S1.
Sites (1–5) of fillet collection. Fillet aliquots of this study were obtained from site 3.
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