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The rabbit fish, Siganus rivulatus, is a Mediterranean non-endogenous species, that has succeeded in
migrating to the different coasts of the Mediterranean Sea. The success of this species in the new envi-
ronment, with different trophic, biotic, and physical conditions, inspired the study of genetic variation
between the Rea Sea and Mediterranean Sea populations. The current study aims to use microsatellite
(SSR) and mitochondrial DNA sequence (mtDNA) markers to determine the genetic divergence and phy-
logenetic relationship of S. rivulatus from the Red Sea and the Mediterranean Sea. A total of 200 S. rivu-
latus samples (42.50 ± 3.89 gm) were collected from the Red Sea and the Mediterranean Sea. Twelve SSR
loci were screened to detect genetic differentiation, in addition to those in mtDNA. The results for the SSR
markers showed seventy polymorphic alleles, with an average of 5.83 alleles per locus. Additionally, the
inter-population genetic diversity was 0.063. The nucleotide composition of the MT-CO1 sequences
revealed clear variations between the two studied populations. Phylogenetic analyses indicated that
the Red Sea samples were more versatile than the Mediterranean Sea samples. The results indicated that
the mtDNA of S. rivulatus is very variable and a species-sensitive marker to detect possible genetic vari-
ations, which could be part of the eco-physiological adaptation and key to the success of the migrant S.
rivulatus in the Mediterranean Sea.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Siganids (rabbit fishes) are a small family of marine herbivorous
fish, with 27 species and two genera (Siganus and Lo), that are
widely distributed in the tropical waters of the Indo-Pacific, Indian
Ocean, and Red Sea (Woodland, 1983; Saoud, et al., 2008). Further-
more, these fish have been discovered in subtropical Mediter-
ranean regions (Saoud, et al., 2008; Insacco and Zava, 2016). The
siganidas were tolerant of a wide range of salinity and temperature
levels (Woodland, 1983; Saoud, et al., 2007). The growth of siga-
nida is comparable to that of other marine cultured species. It
can reach a weight of 318.2 g and a length of 32 cm (Bariche,
2005). As herbivorous fish (mainly algaevorous), siganida can be
reared for low-protein or vegetarian diets under captivity (Abou-
Daoud, et al., 2014; Abass, et al., 2016), with a low environmental
impact and nitrogen footprint (Roumieh, et al., 2013). Therefore,
Marbled spinefoot rabbitfish, Siganus rivulatus, has a great fishery
economic value and tremendous potential for intensive aquacul-
ture production in warm water (Saoud, et al., 2008).
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Table 1
Simple sequence repeat marker primer sequences, which were used with S. rivulatus
individuals from the Red and Mediterranean Sea, their loci, repeated motif, number of
alleles and sizes.

Locus Primer sequence (50-30) Repeated motif

Sfus-5 F: GGTAAGGGGCCAGCAAAT
R: CCATTTCAGGTTTGCATGTG

(GT)16

Sfus-6 F: ACAATCCAGGATGCAAGTCC
R: CGAATTGCCACATGCAATAA

(AC)10

Sfus-8 F: TCAAAAAGAAGAGCAAGGAGAA
R: AAGAGAGGATGGGTTTGTGG

(AGAA)17

Sfus-9 F: CAATGTGTCACAGATGGTAACAA
R: TGGCCTGGTGCTTTTCTACT

(AG)8

Sfus-21 F: CCCAGCTTTTGTTTTATTCA
R: TGCAAGCTTTTAGAAGACTGTAT

(CT)27

Sfus-22 F: GAGCACAACAGGCATTTGAA
R: CTGGGATCAGAGGGTGAAAG

(AC)19

Sfus-56 F: ACGATACAGGGGCAACAATA
R: TGCTCGGCTTTTATATTATGAC

(TTC)4

Sfus-76 F: ACGAGTAAGGACGTTGTCCA
R: AAATGTTCTCTGTCTCCTCATTTTT

(TG)32

Sfus-95 F: TCCTCCTTGCTTTTCCTGTG
R: ATCACTGTGCCCCACACAAT

(CT)20

Sfus-98 F: TATGAACACTTCCGCTGCTG
R: ACCCAAACCCATTTTCACAC

(GT)16

Sfus-113 F: CTTCGCCTGAACCCTCATCT
R: TGGAGTAACAGTCCAGGTTGTG

(TG)21

Sfus-167 F: CAACGTGCTGCCTCTAAACA
R: GCCAAGGTTTTCCATTTAGC

(AC)15
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At the beginning of the last century and after the opening of the
Suez Canal, S. rivulatus colonized the Mediterranean Sea by Lessep-
sian migration from the Red Sea, and the first record of this species
in the Mediterranean was on the Palestinian coast in 1924 (Ben-
Tuvia, 1964). Among a hundred species of Indo-Pacific fish species
that were introduced into the Mediterranean, S. rivulatus suc-
ceeded in colonizing the eastern Mediterranean sea and spreading
to the western Mediterranean, up to the Aegean sea and the South-
ern Mediterranean, from Egypt to Tunisia (Insacco and Zava, 2016).
The introduction of these invasive species causes ecological
changes (Zhao, et al., 2019). Furthermore, it may be able to adapt
to the new environment, which will have different trophic and bio-
tic conditions than the source water bodies (Bonhomme, et al.,
2003). However, there were some alterations found in the ichthy-
ofauna (prey size) and diet composition between the Mediter-
ranean and Red Sea fish (Golani, 1993; 1996). To evaluate this
eco-physiological adaptation of the invasive species, a study of
the genetic diversity between populations, which provides clues
to the population’s evolutionary and conservation history, is
required (Williamson, 2001).

The development of molecular markers has the power to iden-
tify the genetic variations between individuals and evaluate the
genetic diversity between or within species. Molecular markers,
protein or DNA (genomic and mitochondrial DNA) are now being
used in fisheries and aquaculture (Hallerman, 2003; Bektas and
Belduz, 2009). The mitochondrial cytochrome c oxidase gene
(MT-CO1) is frequently used as a barcoding method to identify ani-
mal species (Saoud, et al., 2007). For instance, mitochondrial DNA
(mtDNA) sequences have been used as reliable markers for species
identification, for instance, in tuna (Chow and Inoue, 1993), billfish
(Finnerty and Block, 1992), snapper (Hare, et al., 1998), myctophi-
dae (Suneetha, et al., 2000) and grey mullet (Murgia, et al., 2002).
Additionally, mtDNA has been used as an adaptive evolution bio-
marker in several aquatic and terrestrial animals (Andrews, et al.,
1998; Abdelsalam, et al., 2019). Therefore, the present work aimed
to determine the genetic divergence and phylogenetic relationship
between S. rivulatus from the Red and the Mediterranean Sea using
microsatellite (SSR) and mitochondrial DNA sequence (mtDNA)
markers.
Table 2
Mitochondrial cytochrome oxidase subunit I gene (MT-CO1) primer sequences that
were used. with S. rivulatus individuals from the Red and Mediterranean Seas.

Primer name Primer sequence (50–30)

FishF1 50-TCAACCAACCACAAAGACATTGGCAC-30

FishF2 50-TCGACTAATCATAAAGATATCGGCAC-30

FishR1 50-TAGACTTCTGGGTGGCCAAAGAATCA-30

FishR2 50-ACTTCAGGGTGACCGAAGAATCAGAA-30
2. Materials and methods

2.1. Sample collections

A total of 200 fish samples of S. rivulatus (42.50 ± 3.89 gm in
weight, means ± SE) were collected from the Red Sea and the
Mediterranean Sea. The samples (100 fish samples from each
sea) were collected in a plastic sachet, immediately transported
to the laboratory in an ice pack container and stored at �20 �C until
use.

2.2. DNA extraction

Genomic DNA was obtained from the muscle tissues of
S. rivulatus using a DNA extraction kit (G-Spin; iNtRON Biotechnol-
ogy, Inc, Seongnam, Korea). The obtained DNA from all samples
was stored at �20 �C until use. The quality of the DNA was
detected by 1% agarose gel electrophoresis. The determination of
the DNA concentration was conducted using a spectrophotometer
(NanoDropTM 2000 Spectrophotometer, Thermo Scientific).

2.3. Microsatellite markers assay

Twelve SSR loci were screened for 200 S. rivulatus samples
(Table 1). These microsatellites were reported by (Ravago-
2

Gotanco, et al., 2010). Amplification of SSR was assayed in PCR
reactions in a total volume 25 ll, containing 20 ng template
DNA, 1X PCR buffer (Promega), 0.3 mM of each dNTPs, 0.1 U of
Taq polymerase (GoTaq, Promega), and 0.5 mM of each primer.
The PCR conditions were 5 mins at 94 �C, followed by 60 sec at
94 �C, 45 sec at 50 �C and 60 Sec at 72 �C for 35 cycles, with a final
step of 10 mins at 72 �C. The PCR products were separated on %6
denaturing polyacrylamide gels in 1X TBE buffer. After elec-
trophoresis, the gel was stained with silver nitrate solution and
photographed. A 100 bp DNA ladder plus (iNtRON Biotechnology,
Inc, Seongnam, Korea) was used to detect the obtained PCR
products.

2.4. Data analysis

Microsatellites data were calculated by using GenAlEx Version
6.5 Software (Peakall and Smouse, 2006) and POPGENE Version
1.32 Software (Yeh, et al., 1999) to determine genetic parameters,
such as genetic variation (Ht), inter-population genetic diversity
(GST), Nei’s genetic diversity (Ne), gene flow (Nm), and genetic dis-
tance between two S. rivulatus populations.

3. Mitochondrial cytochrome oxidase subunit I gene (MT-CO1).

To study the MT-CO1, 36 S. rivulatus individuals from the Red
Sea and Mediterranean Sea (18 samples from each sea, 9 males
and 9 females) were used, and the MT-CO1 primer sequences used
with the S. rivulatus individuals from both seas are shown in
Table 2.
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3.1. MT-CO1 primers

To amplify the target region of the MT- CO1 gene, universal pri-
mer pairs (F. 50-TCGACTAATCATAAAGATATCGGCAC-30 and R. 50-T
AGACTTCTGGGTGGCCAAAGAATCA-30), were used as universal for
fishes (Ward, et al., 2005). The different combinations of primers
were made to detect the most suitable and productive one. The dif-
ferent primer combinations that were used in the present study are
presented in Table 3.

3.2. PCR amplification conditions

The PCR amplification was carried out, with an initial denatura-
tion at 94 �C for 5 min, followed by 35 cycles of PCR amplification
(denaturation at 94 �C for 60 sec, annealing at (55 �C) for 45 sec,
and extension at 72 �C for 45 sec, with a final extension at 72 �C
for 7 min). The PCR products were confirmed by 2% agarose gel
electrophoresis, and a 100 bp DNA ladder plus (iNtRON Biotechnol-
ogy, Inc, Seongnam, Korea) was used to determine the size of the
obtained fragments. The electrophoresis run was achieved at
75 V in a DNA electrophoresis unit (Bio-Rad) for 90 mins.

3.3. DNA bands elution from the agarose gel

The DNA bands of the MT-CO1 gene were eluted from the agar-
ose gel using an elution kit from iNtRON Biotechnology, Inc. Korea.
For the elution, 40 l of PCR product from each sample was loaded
into a 0.8% agarose medium. The elution steps were conducted
according to Kit manual.

3.4. MT-CO1 gene sequence analysis

Partial sequencing of the MT-CO1 gene from thirty-six S. rivula-
tus samples was carried out using a BigDye� Terminator v3.1 Cycle
Sequencing Kit and an Applied Biosystems 373xl DNA Analyzer
(Korea). DNA sequencing was conducted using a forward-specific
primer. To obtain the related sequences of MT-CO1 from GenBank,
the Blast program from the National Center for Biotechnology
Information (NCBI), USA (https://www.ncbi.nlm.nih.gov/Blast)
was used. Related MT-CO1 gene sequences were recovered from
GenBank and were aligned with the MT-CO1 gene sequences from
the different locations to construct a Neighbor-Joining tree. Phylo-
genetic analyses were conducted using MEGA X (Kumar, et al.,
Table 3
Mitochondrial cytochrome oxidase subunit I gene (MT-CO1) primer combinations
that were tested with S. rivulatus individuals from the Red and Mediterranean Seas.

Combination name Primers combinations

Combination 1 FishF1- 50-TCAACCAACCACAAAGACATTGGCAC-3
FishR1-50-TAGACTTCTGGGTGGCCAAAGAATCA-30

Combination 2 FishF2- 50-TCGACTAATCATAAAGATATCGGCAC-30

FishR2- 50-ACTTCAGGGTGACCGAAGAATCAGAA-30

Combination 3 FishF2- 50-TCGACTAATCATAAAGATATCGGCAC-30

FishR1-50-TAGACTTCTGGGTGGCCAAAGAATCA-30

Combination 4 FishF1- 50-TCAACCAACCACAAAGACATTGGCAC-30

FishR2- 50-ACTTCAGGGTGACCGAAGAATCAGAA-30

Table 4
The means of the different body measurements of the collected samples of S. rivulatus fro

Body
part

Sample source Total length
(cm)

The depth
(cm)

Head length
(cm)

Head de
(cm)

Mean Red Sea 17.50 ± 1.50 6.0 ± 1.34 4.0 ± 0.67 4.5 ± 0.2
Mediterranean
Sea

19.0 ± 2.13 6.5 ± 0.95 4.5 ± 0.74 4.5 ± 0.5

3

2018). Firstly, a Neighbor-Joining tree was constructed from sam-
ples of every location, which were considered separately, for the
two sea samples and the sample from GenBank. The positions con-
taining alignment gaps and lost data were eliminated only in the
pairwise sequence comparisons (pairwise deletion option). In
MEGA X, bootstrapping of 500 replicas (Felsenstein, 1985) were
used.
4. Results

4.1. Morphological measurements

In this study, the results of morphological measurements of
studied samples of S. rivulatus indicated that the fish has a total
body length of 17.5–19.5 cm and a depth of 6.0–6.5 cm for Red
and Mediterranean Sea samples, respectively, as shown in Table 4.
The total body length was about 2.9 times the depth. The depth
was 34% of the length for the two sea samples. The head length
was 4.0 cm, and the width was 4.5 cm for the Red Sea samples,
whereas the head length for the Mediterranean Sea samples was
more than those from the Red Sea (4.5 cm). The head depth was
between 100 and 113% of the head length (113% for the Rea Sea
and 100% for the Mediterranean Sea samples). For all of the studied
samples, there were 13 spines in the dorsal fin and 7 spines in the
anal fin.

4.2. Microsatellite markers detection

All of the twelve SSR marker locus primers that were tested for
200 S. rivulatus samples from the Red and the Mediterranean Sea
gave clear amplified polymorphic fragments of DNA. As presented
in Table 5, allele numbers ranged from 5 to 12 alleles. Seventy
polymorphic alleles were obtained, with an average of 5.83 alleles
per locus for two populations. The allele’s size ranged from 130 to
380 bp. The SSR data analyses showed that the percentage of poly-
morphism was 62.8 and 65.0 for the Red Sea and the Mediter-
ranean Sea populations, respectively. The intra-population
genetic diversity (Hs) was 0.314 while the GST was 0.063 for two
S. rivulatus populations. In addition, the genetic distance assessed
by the SSR system between the Red Sea population and the
Mediterranean Sea population was 0.053 (Table 5).

4.3. MT-CO1 gene sequence analysis

As is clear from the combination 3 of primers (Table 6) gave the
best result in terms of suitable product length and quantity of PCR
product (amplicon). For MT-CO1 gene amplification, the combina-
tion 3 was used to amplify about 650 bp fragment of the gene size.

4.4. The Mediterranean Sea samples

The data in Tables 6 and 7 shows the phylogenetic tree between
the Mediterranean Sea samples. The phylogenetic tree branched
into four main clusters. The first cluster contains M10 and M11,
and the second and the third contain one sample for each (M7
and M6, respectively). The other samples (14 samples) are in the
m the Red and the Mediterranean Sea.

pth Depth % of the
length

Head length % of the total
length

Head depth % of head
length

4 34.1 ± 2.5 22.7 ± 1.8 113.0 ± 8.2
2 34.3 ± 3.4 23.2 ± 2.1 100.4 ± 5.9

https://www.ncbi.nlm.nih.gov/Blast


Table 5
Studied 12 microsatellite loci in S. rivulatus populations.

Populations

Total Red Sea Mediterranean Sea

Locus NPA/TNA P (%) NPA/TNA P (%) NPA/TNA P (%)
Sfus-5 4/6 66.7 5/6 83.3 2/4 50
Sfus-6 7/12 58.4 4/7 57.1 5/8 62.5
Sfus-8 7/7 100 5/7 71.4 7/7 100
Sfus-9 9/11 81.8 4/7 57.1 3/9 33.3
Sfus-21 6/8 75.0 6/6 100 3/7 42.8
Sfus-22 9/11 81.9 5/9 55.5 5/8 62.5
Sfus-56 4/7 57.1 4/7 57.1 4/5 80
Sfus-76 6/10 60.0 4/8 50 5/8 62.5
Sfus-95 7/9 77.78 4/7 57.1 5/8 62.5
Sfus-98 3/5 60.0 2/4 50 4/5 80
Sfus-113 2/6 33.4 2/5 40 5/6 83.3
Sfus-167 6/8 75.0 4/5 80 6/8 75
Total 70/100 70.0 49/78 62.8 54/83 65.0
Mean 5.83/8.33 – 4/6.5 – 4.5/6.9 –
Total genetic diversity (Ht) 0.437 ± 0.008
intra-population genetic diversity (Hs) 0.314 ± 0.015
inter-population genetic diversity (Gst) 0.063
Estimation of gene flow (Nm) 5.37
Genetic distance 0.053

NPA/TNA, number of polymorphic alleles / total number of alleles; P (%), percentage of polymorphism.

Table 6
Nucleotides composition percentage of the MT-CO1 sequences of the Mediterranean Sea samples.

Sample T A C G Total

M1 28.3 30.3 23.5 17.9 647
M10 29.5 27.0 24.6 18.9 647
M11 28.8 24.5 22.5 24.3 552
M12 28.4 30.0 24.1 17.5 651
M13 28.4 30.0 24.1 17.5 651
M14 29.2 28.0 24.3 18.5 654
M15 30.0 28.3 23.8 17.8 629
M16 29.0 29.8 23.2 17.9 630
M17 29.3 29.6 23.7 17.4 649
M18 28.9 29.2 23.9 17.9 636
M2 28.8 31.7 22.6 16.9 638
M3 28.8 31.7 22.6 16.9 638
M4 30.3 27.7 24.0 18.1 647
M5 30.2 28.5 24.1 17.1 648
M6 31.2 28.1 22.1 18.5 551
M7 30.4 27.7 22.6 19.3 553
M8 29.7 28.8 24.0 17.5 646
M9 29.7 28.8 24.0 17.5 646
Avg 29.4 28.9 23.6 18.1 628
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fourth one. The average nucleotide composition percentage was
29.4%, 28.9%, 23.6% and 18.1% for T, C, A and G, respectively (Tables
6 and 7).

4.5. Red Sea samples

The phylogenetic tree between the Red Sea samples is pre-
sented in Tables 8 and 9. The tree branched into three main clus-
ters. The first cluster includes four samples (R4, R10, R12, and
R18), and the second includes three samples (R1, R2 and R5),
whereas there are 11 samples in the third cluster (R3, R6, R7, R8,
R9, R11, R13, and R14). The average nucleotide composition per-
centage was 29.3%, 29.0%, 24.0%, and 17.7% for T, C, A and G,
respectively (Tables 8 and 9).

4.6. GenBank samples, Red and Mediterranean Sea samples

All of the obtained sequences of S. rivulatus from the Red and
Mediterranean Sea samples and GenBank sequences were used in
the Neighbor-Joining tree construction, as shown in Fig. 1. The
4

Neighbor-Joining tree indicates that different samples from the
Red and the Mediterranean Sea are distributed in different clusters.
The tree branched into five clusters. Two clusters include samples
from the Red and the Mediterranean Seas, and the other three clus-
ters include samples from the Rea Sea only.

Previous results indicate that there are five haplotypes of S.
rivulatus from the two seas, based on a partial sequence of the
MT-CO1 gene. The Red Sea samples were more versatile than the
Mediterranean Sea samples. The Red Sea samples were included
in five haplotypes, whereas the Mediterranean Sea samples
involved two haplotypes.
5. Discussion

The aquatic environmental conditions in the Mediterranean Sea
are completely different from those in the Red Sea. The success of
non-endogenous species motivates the evaluation of the gene flow
associated with the adaptation of these species to the new aquatic
systems (Hassan, et al., 2003). Siganida is one of the species that
succeeded in occupying the Mediterranean, from the east to the



Table 7
Evolutionary divergence estimation of the MT-CO1 sequences of the Mediterranean Sea samples.

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 M14 M15 M16 M17

M1
M2 0.06
M3 0.06 0.00
M4 0.10 0.12 0.12
M5 0.10 0.12 0.12 0.00
M6 0.12 0.14 0.14 0.05 0.05
M7 0.12 0.14 0.14 0.06 0.06 0.06
M8 0.10 0.13 0.13 0.03 0.03 0.05 0.05
M9 0.10 0.13 0.13 0.03 0.03 0.05 0.05 0.00
M10 0.15 0.17 0.17 0.09 0.09 0.08 0.08 0.09 0.09
M11 0.21 0.23 0.23 0.15 0.15 0.16 0.14 0.15 0.15 0.16
M12 0.04 0.08 0.08 0.12 0.11 0.13 0.13 0.12 0.12 0.16 0.21
M13 0.04 0.08 0.08 0.13 0.11 0.13 0.13 0.12 0.12 0.16 0.21 0.00
M14 0.11 0.15 0.15 0.05 0.04 0.07 0.07 0.05 0.05 0.11 0.17 0.13 0.13
M15 0.10 0.14 0.14 0.03 0.03 0.06 0.06 0.04 0.04 0.08 0.16 0.11 0.11 0.04
M16 0.03 0.07 0.07 0.11 0.11 0.12 0.12 0.10 0.10 0.14 0.21 0.01 0.01 0.12 0.11
M17 0.02 0.06 0.06 0.09 0.09 0.12 0.12 0.09 0.09 0.14 0.21 0.03 0.03 0.11 0.10 0.02
M18 0.03 0.07 0.07 0.11 0.11 0.12 0.12 0.11 0.11 0.15 0.20 0.03 0.03 0.12 0.10 0.02 0.02

Table 8
Nucleotides composition percentage of the MT-CO1 sequences of the Red Sea samples.

Sample T C A G Total

R1 29.4 28.6 24.1 17.8 646
R2 29.4 28.6 24.1 17.8 646
R3 29.5 28.0 24.5 18.0 633
R4 29.6 28.5 24.1 17.8 646
R5 28.7 28.7 24.8 17.7 648
R6 29.5 28.5 24.3 17.7 638
R7 29.2 28.7 24.1 17.9 647
R8 29.1 28.7 25.0 17.2 647
R9 29.9 29.0 23.6 17.5 639
R10 29.3 28.5 24.3 18.0 646
R11 29.2 29.2 24.0 17.6 641
R12 29.1 28.8 23.9 18.3 640
R13 28.7 30.6 23.3 17.3 647
R14 28.7 30.6 23.3 17.3 647
R15 30.0 27.9 25.0 17.1 560
R16 29.4 30.2 22.9 17.5 650
R17 29.7 29.8 23.0 17.5 640
R18 29.3 28.5 24.3 18.0 646
Avg. 29.3 29.0 24.0 17.7 639

Table 9
Evolutionary divergence estimation of the MT-CO1 sequences of the Red Sea samples.

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15 R16 R17

R1
R2 0.00
R3 0.01 0.01
R4 0.01 0.01 0.02
R5 0.01 0.01 0.02 0.02
R6 0.02 0.02 0.02 0.02 0.02
R7 0.03 0.03 0.02 0.03 0.03 0.04
R8 0.02 0.02 0.02 0.02 0.02 0.03 0.03
R9 0.03 0.03 0.02 0.02 0.02 0.01 0.04 0.03
R10 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.02 0.02
R11 0.02 0.02 0.02 0.02 0.03 0.03 0.04 0.01 0.03 0.02
R12 0.02 0.02 0.02 0.02 0.03 0.04 0.05 0.03 0.04 0.02 0.03
R13 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
R14 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.00
R15 0.04 0.04 0.04 0.04 0.05 0.05 0.06 0.04 0.05 0.04 0.04 0.05 0.13 0.13
R16 0.10 0.10 0.09 0.10 0.10 0.09 0.11 0.10 0.09 0.10 0.10 0.10 0.02 0.02 0.12
R17 0.10 0.10 0.09 0.10 0.10 0.09 0.11 0.10 0.09 0.10 0.10 0.10 0.02 0.02 0.12 0.00
R18 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.02 0.02 0.00 0.02 0.02 0.10 0.10 0.04 0.10 0.10
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west coasts (Insacco and Zava, 2016). Therefore, this species is an
ideal candidate for evaluating the genetic variations between inva-
sive and native populations of the Mediterranean and Red Sea,
respectively.
5

The use of molecular markers in detecting genetic variations in
fishes has been fully established, for instance, in (Asensio, et al.,
2002; Rasmussen, et al., 2003). It has been proven that molecular
markers can aid in species-specific diagnostics, in determining



Fig. 1. Neighbor-Joining tree of S. rivulatus MT-CO1 gene sequences from GenBank
and the Red and Mediterranean Sea. Bootstrapping of 500 replicates; R: Red Sea
sample; and M: Mediterranean Sea sample.
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phylogenetic relationships, hybrid relationships, the stage of mor-
phologically close species, and in resolving taxonomic ambiguities.
There are various types of DNA markers, including SSRs, that are
devolved to fish populations and reveal high genetic variation
levels, spread throughout the fish genome (Chauhan and Rajiv,
2010).

In the present study, seventy polymorphic alleles were
obtained, with an average of 5.83 alleles per locus. The alleles’ size
ranged from 130 to 380 bp. The same results were obtained in
(Ravago-Gotanco, et al., 2010) for Siganus fuscescens using eleven
of the twelve SSR markers, which were tested with S. rivulatus.
However, in the twelfth marker (Sfus-98), the range of the allele
size was 198–248 bp, instead of 100–220 bp, as it was in our study.
This is due to the difference between the species S. rivulatus and
6

S. fuscescens of the same genus, which were used in the two stud-
ies. Microsatellites were used to study the genetic variability
between the different species of fish (Hassanien and Al-Rashada,
2019). The genetic variability of French and Czech strains of com-
mon carp (Cyprinus carpio) was studied using microsatellites
(Desvignes, et al., 2001). The genetic divergence estimated within/-
between hatchery and wild populations of Japanese flounder via
SSR markers, the GST determined based on the microsatellite
markers was 0.063, demonstrating that 6.3% of the total genetic
variability was between two populations and 93.7% was within
populations (Sekino, et al., 2001). Estimated gene flow (Nm)
between two populations was 5.37, indicating high gene flow.
These data demonstrate that S. rivulatus is a separated population.
On the other hand, the genetic distance estimated by the
microsatellite system between the Mediterranean population and
the Red Sea population had the lowest value of 0.053. Microsatel-
lite technique as co-dominant proofed that powerful tool to deter-
mine the level of population differentiation (Hassanien and Al-
Rashada, 2019). However, the present findings did not show any
strong genetic differentiation between the two populations of the
Mediterranean, and the Red Sea with the SSR technique (6.3%). This
could be attributed to the huge number of migrants that partici-
pated in the initial colonization or the continuous gene flow from
the origin populations via the Suez canal due to the water connec-
tion between the two environments (Bonhomme, et al., 2003;
Hassan, et al., 2003). Moreover, the low difference between the
two studied populations in the present work could be due to the
collection of samples being from one area for each population.
Additionally, specific SSR marker primers need to be designed for
S. rivulatus. This can be overcome through MT-CO1 sequence anal-
ysis. In this regard, thirty-six samples of S. rivulatus from the Red
Sea and Mediterranean Sea were used in the current investigation
to study the mtDNA sequence. The application of mtDNA in fish
biology and reported that mtDNA showed a lot of interest for many
species, especially for population, phylogeny, and evolutionary
studies (Hallerman, 2003).

The study of mtDNA can contribute to the identification of the
stock and analysis of mixed fisheries. In a previous study (Ward,
et al., 2005), two hundred and seven species of Australia’s fish spe-
cies were sequenced for a 655 bp region of the MT-CO1. The
authors concluded that MT-CO1 sequencing could be used to iden-
tify fish species. In the current study, the average nucleotides com-
position percentage of the Red Sea samples were 29.3%, 29.0%,
24.0%, and 17.7%, respectively, and those for the Mediterranean
Sea were 29.4%, 28.9%, 23.6%, and 18.1% for T, C, A and G, respec-
tively. The CG content was 46.7%, and 47% for the Red and the
Mediterranean Sea samples, respectively. The GC content of the
655 bp MT-CO1 region was, on average, higher in 143 studied fish
species than in the others (61 species), at 47.1% and 42.2%, respec-
tively (Ward, et al., 2005). Phylogenetic analysis of the present
study of the S. rivulatus MT-CO1 gene sequences (about 650 bp)
of the samples from the two seas and GeneBank sequences indi-
cated that different samples from the two locations were dis-
tributed in different clusters. These findings suggested that there
are five haplotypes from the S. rivulatus of the two seas based on
the partial sequence of the MT-CO1 gene. The Red Sea samples
were more versatile than the Mediterranean Sea samples. The
Red Sea samples included five haplotypes, whereas the Mediter-
ranean Sea samples included two haplotypes. This indicates the
differences between the samples from the two seas. However,
the absence of genetic differences among the Mediterranean and
the Red Sea populations of the S. rivulatus using mtDNA (cy-
tochrome b) was not reported (Bonhomme, et al., 2003). Their
result suggests that the Mediterranean populations were not initi-
ated by a few individuals, but rather that the immigration of fish
into the Mediterranean Sea is a continuous process. The differences
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between the results of Bonhomme, et al. (2003) and the present
study may be related to the time of sampling, which was done in
1997. That means there are over 20 years, as this time is enough
to reproduce over 15 successive generations in this species in the
Mediterranean Sea, which could induce some mutation and differ-
entiation in mitochondrial DNA. Also, the difference between the
studied mitochondrial genes. Population migration and increasing
genetic variation (Xue, et al., 2014). The influence of migration and
gene flow on genetic diversity also depends on the effective size of
the receiving population and the number of migrants. The success
of S. ivulatus in colonizing the Mediterranean Sea could be
explained by the current findings, which showed the mtDNA vari-
ations between the Mediterranean Sea and Red Sea populations.
However, the genetic alteration could induce eco-physiological
adaptation in S. rivulatus, allowing for their success in the Mediter-
ranean Sea (Hassan, et al., 2003). Cytochrome c oxidase is a key
enzyme in aerobic metabolism in the animal body (Castresana,
et al., 1994). This enzyme contributes to water formation and cel-
lular energy conservation (Groening, et al., 2011). Accordingly, the
adaptive mutation and variation in the mtCO1 gene between the
two studied populations could be attributed to the environmental
conditions and nutrition status in both the Mediterranean and Red
Sea. However, mitochondrial cytochrome genes with other mito-
chondrial proteins are involved in the accelerated evolution con-
cert in the kingdom, Animalia (Andrews, et al., 1998). In
accordance, the Mediterranean and Red Sea populations of the
Lessepsian migrant Atherinomorus lacunosus had high mtDNA
diversity (Bucciarelli, et al., 2002).
6. Conclusion

The results of the present work, depending on SSR markers,
indicated that there is low genetic variation between the Red and
the Mediterranean Sea populations. However, the mitochondrial
DNA of S. rivulatus from the Mediterranean and the Red Sea is
highly variable and a good marker to detect possible genetic differ-
ences between different populations. Additionally, the variations in
MT-CO1 could be due to the eco-physiological adaptation of this
key enzyme through cellular metabolism. However, more studies
should be conducted to estimate the mutation rates in different
mtDNA in the invasive S. rivulatus populations. Additionally, future
studies should investigate the genomic variation among the differ-
ent populations along the Mediterranean coasts to gain greater
insight into the adaptation of S. rivulatus to the new aquatic envi-
ronment. The novelty of our study comes from the use of the mito-
chondrial cytochrome oxidase subunit I gene (MT-CO1) as a
diversity biomarker and physiological indicator for the eco-
physiological adaptation of Rabbitfish.
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