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Scombridae is a family of pelagic marine fishes that comprises 16 genera and 51 species.
This family has been of significant commercial importance throughout history; however,
the phylogenetic relationships within the Scombridae have been disputed due to the
unclear taxonomic boundaries of the suborder Scombroidei, which includes six families,
including Scombridae. Despite this, only a limited number of studies have been
conducted on the Scombridae. In our study, eight species covering five genera of the
Scombridae were selected, and one nuclear (ITS) and three mitochondrial DNA markers
(CO1, Cytb, and D-loop) were used to amplify gene fragments. Additionally, we included
homologous sequences from other Scombridae fishes obtained from GenBank. Our
analysis constructed phylogenetic relationships of 48 Scombridae species in 14 genera.
The results demonstrated that the three phylogenetic trees (NJ, ML, and BI) exhibited
similar topologies, containing three major clades. One major clade indicated that
Grammatorcynus bilineatus and Grammatorcynus bicarinatus did not cluster with other
species in the Scombridae; another clade comprised the genera Scomber and Rastrelliger;
the third clade consists of the remaining Scombridae species. Notably, the study showed
that Gasterochismatinae and Scombrinae were not sister groups; Allothunnus (tribe
Thunnini) and Cybiosarda (tribe Sardini) clustered into a clade, suggesting that Sardini
and Thunnini were non-monophyletic. Overall, this research enhances the understanding
of phylogenetic relationships within the Scombridae and provides basic information to

aid further research.

INTRODUCTION

The scombrid species of fish inhabiting the epipelagic
realm have streamlined bodies with forked or lunate tails,
allowing them to move efficiently over long distances for
feeding and migration.! The Scombridae forms the largest
and state-of-art family in Scombroidei.24 It includes com-
mercially valuable, edible, and recreational fish, and there
are currently 51 valid species.l:> There are 22 species be-
longing to 11 genera of the family Scombridae recorded
in China.® Previous studies on the taxonomy of scombroid
fishes have mainly relied on traditional morphology.27:8
The currently accepted classification is primarily based on
the work of Collette and Monsch.29 Collette? summarized
available data on the scombroid fishes and divided the
Scombridae into two subfamilies, Gasterochismatinae and
Scombrinae, with only one genus (Gasterochisma) under
Gasterochismatinae. The subfamily Scombrinae consists of
four tribes: mackerels (Scombrini), Spanish mackerels

(Scomberomorini), bonitos (Sardini), and tunas (Thunnini)
(Figure 1a). Monsch? proposed that the family Scombridae
consisted of subfamilies Scombrinae, Scomberomorinae,
Sardinae (tribes Sardini and Thunnini), Acanthocybiinae
and Xiphiinae (billfishes, tribes Xiphiini and Istiophorini)
(Figure 1b).

Despite numerous morphological studies, unresolved
taxonomic issues remain within the family. For instance,
there has been disagreement regarding the hypothesis that
Gasterochisma is a sister group to the Scombrinae.!0:11 The
earliest differentiated clade within the Scombridae is also
subject to debate. Collette and Nauen® considered that the
Scombrini was the earliest differentiated group within
Scombridae, whereas Johnson!2 alternatively proposed the
hypothesis that Grammatorcynus was the earliest differen-
tiated group. Additionally, the monophyletic status of Sar-
dini and Thunnini has been disputed.!3 The instability of
these classifications confounds the management of scom-
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Figure 1. The cladistic hypothesis of the Scombroidei. (a) from Collette (1984)2; (b) from Monsch (2000).°

broid fishes as a fisheries resource and the understanding of
the diversity and complexity of marine communities.

Many studies have recently been published on the phy-
logenetic relationships of the Scombridae. For instance,
Block et al.14 amplified the cytochrome b gene (Cytb) from
75 scombrid individuals, supporting the monophyly of en-
dothermic tunas (Auxis, Euthynnus, Katsuwonus, and Thun-
nus) and suggesting Gasterochisma melampus falls within
the radiation that included primitive scombrids (Scomber)
and gempylids (Ruvettus). Dalziel et al.!> discovered that
the bonitos (tribe Sardini) were embedded within Thunnini
based on the phylogenetic tree constructed by mitochondr-
ial cytochrome c oxidase (COX II). Orrell et al.16 used a sin-
gle-copy nuclear Tmo-4C4 gene. They combined Tmo-4C4
with mitochondrial DNA cytochrome b (Cytb) to analyze
phylogenetic relationships in the Scombridae, revealing
that Gasterochismatinae and Scombrinae were sister
groups. Jondeung and Karinthanyakit!? concluded that the
genera Sarda and Thunnus were sister taxa to each other,
according to the analysis of mitochondrial genes Cytb and
nicotinamide adenine dinucleotide dehydrogenase subunit
2 (nd2). Despite numerous attempts to resolve the evo-
lutionary relationships within the Scombridae using both
morphological and molecular data, the phylogenetic rela-
tionships of the scombrids remain unresolved.18-21

Furthermore, previous studies of scombroid relation-
ships have mainly focused on composite taxa correspond-
ing to either genera or tribes. For example, Chow and
Kishino?2 investigated the phylogenetic relationships
among species exclusively within the genus Tunas using
Cytb and adenosine triphosphate (ATP) (two mitochondrial
genes) and internal transcribed spacer (ITS) region (one nu-
clear gene). It was reported that gene trees derived from
mitochondrial DNA (mtDNA) and nuclear DNA (nDNA)
data yielded concordant phylogenies supporting the genus
Sarda’s monophyly.23 Jeena et al.> comprehensively re-
ported phylogenetic relationships within the genus
Scomberomorus using eight mitochondrial genes and three
nuclear genes. However, to accurately determine the ear-
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liest diverging clade within the Scombridae, it is essential
to consider the full range of taxa within the family. Fo-
cusing solely on a subset of species or genera may lead to
incomplete or biased conclusions about evolutionary rela-
tionships. At present, only a few studies have exclusively
evaluated the whole family. Hence, there is a critical need
to investigate the phylogenetic relationships of Scombridae
as a whole.

Most polymorphisms in mitochondrial genes are primar-
ily concentrated in the D-loop region, exhibiting 5 to 10
times more significant variability than other mtDNA seg-
ments, rendering it an ideal locus for genetic differentia-
tion studies.24 Lee et al.25 observed significant length vari-
ations in the D-loop structure when examining closely
related teleost fish species, suggesting its suitability for
rapid evolutionary analyses of species. Mitochondrial cy-
tochrome b (Cytb) gene and CO1 were widely utilized se-
quences in research, extensively employed in systematic
studies to resolve taxonomic discrepancies across various
hierarchical levels.26 Due to their robust applicability, these
two genes have been extensively employed in phylogenetic
investigations across diverse fish taxa. Due to its rapid vari-
ation and abundance of informative sites, the ITS sequence
has emerged as a significant molecular marker in the phy-
logeny and taxonomy of lower taxonomic levels.2” It can
provide valuable information for distinguishing between
closely related species and resolving evolutionary relation-
ships.

This study aimed to investigate the phylogenetic rela-
tionships of Scombridae. For this purpose, we used one nu-
clear (ITS) and three mitochondrial DNA loci (CO1, Cytb,
and D-loop) to reconstruct phylogenetic relationships of 48
Scombridae species from 14 genera combined with many
sequences obtained from GenBank. The results provide
valuable basic information and a greater understanding of
Scombridae’s classification system and phylogenetic rela-
tionship.
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Table 1. The primers for PCR amplification and sequencing.

Gene . . " Amplification Annealing

fragment Primer pair and sequence(5’-3) length (bp) temperature (°C) Reference
FishF1:
TCAACCAACCACAAAGACATTGGCAC Ward et.al

co1 FishR1: 635 36 (2005)28
TAGACTTCTGGGTGGCCAAAGAATCA
L14724: GACTTGAAAAACCACCGTTG

Cytb H15915: 1140 55 Xiao et.al (2001)2?
CTCCGATCTCCGGATTACAAGA
D-Loop-

D-loo F:-TAACTCCCACCCCTAACTCC 500 56 Grant and Bowen

P D-Loop-R: (1998)30

CCATTAACTTATGTAAGCGTCG

TS ITS-1F:-TCCGTAGGTGAACCTGCGG 1000 58 Chow et.al
ITS-1R: CGCTGCGTTCTTCATCG (2006)31

MATERIALS AND METHODS

SAMPLES COLLECTION AND ETHICS

Seventeen individuals of Scombridae were sampled. All the
fish samples were bought from local fish dealers in Fude
Market in Nanning, Guangxi province, China. All samples
were preserved in 95% ethanol and transported to the labo-
ratory to study coral reefs in the South China Sea, Guangxi
University. They were identified at the family, genus, or
species levels. The samples were morphologically identified
concerning the “Key to Marine and Estuarial Fish of China”
and the FishBase database (https:/www.fishbase.se
search.php). As food fishes, no permits were required for
sampling. All procedures followed corresponding regula-
tions, by-laws, and Ethics.

DNA EXTRACTION, PCR AMPLIFICATION AND
SEQUENCING

Genomic DNA was extracted from approximately 20 mg of
muscle tissue in 95% ethanol using a marine animal tissue
genomic DNA kit (Tiangen Biotech, China). Primers were
adapted from the literature (Table 1). PCR amplifications
were performed in 50 pL volumes of 1 pL of DNA template,
2.5 pL of each primer (10 mmol/L), 25 pL 2x PCR master
mix, and 19 pL. ddH,0. We amplified and directly sequenced
four genetic markers for all samples: CO1, Cytb, D-loop
(mitochondrial markers), and ITS (nuclear marker).28-31
The details of primers are shown in Table 1. All PCR prod-
ucts were subjected to 1% agarose gel electrophoresis to
confirm amplification. Sangon Biotech (Shanghai, China)
sequenced PCR products with single intense bands based
on Sanger sequencing technology.

SEQUENCE ANALYSIS

Additional sequences from 40 species of 14 genera in the
family were downloaded from GenBank (Table 2). Ampli-
fied sequences were aligned using the Clustal W algo-
rithm,32 manually edited using Seqman v. 7.1.0 to remove
gaps and severe base pair mismatches. All generated se-
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quences were compared to the sequences of nucleotide
databases using the search tool BLAST.33 After confirming
the accuracy of sequences, all amplified sequences were
deposited in GenBank. Base composition, transition/trans-
version ratios, and the analysis of molecular diversity in-
dicators, such as polymorphic sites, conserved sites, par-
simony-informative sites, and singleton sites, were
determined using MEGA X.3% Distance matrices from
aligned nucleotide sequences were determined by applying
the Kimura 2-parameter and the Tamura-Nei model using
the pairwise distance between genera calculation of MEGA
v. 7.0.35.36 DAMBE v. 5.3.19 was used to analyze substitu-
tion saturation. A scatter plot was constructed with F84
model-corrected distances as the horizontal axis and the
number of transitions and transversions as the vertical
axis.37

MOLECULAR PHYLOGENETIC ANALYSIS

We selected Carangidae (Trachurus trachurus) and Perci-
chthyidae (Lateolabrax japonicus), closely related to Scom-
bridae, as the outgroup taxa. A partition-homogeneity test
was run in PAUP 4.0b103® to examine whether the se-
quences from the four loci should be combined in a single
dataset analysis. No conflicting phylogenetic signals be-
tween the datasets were detected. The multigene analysis
focused on increasing the phylogenetic signals, thereby
verifying the validity of the primary investigation results.
For phylogenetic analyses, CO1, Cytb, D-loop, and ITS re-
gion sequences were concatenated into one partitioned
dataset. Three methods, neighbor-joining (NJ), maximum
likelihood (ML), and Bayesian inference (BI), were em-
ployed to reconstruct the phylogenetic relationships within
Scombridae. Phylogenies were constructed using the NJ
tree through MEGA 7.0.26, the ML tree via RAXML, and the
BI tree executed with MrBayes 3.2.35:39:40

Three phylogenetic tree optimality criteria were em-
ployed. The NJ analysis was done in two-parameter mode.*!
We selected the best-fitting models for ML and BI using the
Akaike Information Criterion (AIC) as implemented in Mr-
Modeltest 1.0b.42-44 The model GTR+I+G was suggested as
the best fit for CO1 and Cytb; the model GTR+G was the op-
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Table 2. The species used in this study and GenBank accession numbers.

NO. Specie CcOo1 Cytb D-loop ITS

1 Scomber scombrus MT456185 EU492105 AB120717 LC464971
2 Scomber japonicus (this study) 0Q781868 OR357873 / OR343904
3 Scomber colias KM538536 EU224080 NC013724 LC464972
4 Scomber australasicus (this study) 0Q781874 OR357879 OR357886 OR343906
5 Scomberomorus regalis GU225663 EU349370 / /

6 Scomberomorus commerson (this study) 0Q781871 OR357876 OR357883 /

7 Scomberomorus sinensis / DQ497891 NC033887 /

8 Scomberomorus guttatus (this study) 0Q781872 OR357877 OR357884 /

9 Scomberomorus maculatus MN869898 EU349362 / /

10 Scomberomorus cavalla DQ835914 L11543 / /

11 Scomberomorus niphonius (this study) 0Q781869 OR357874 OR357881 /

12 Scomberomorus tritor / AF231666 / /

13 Scomberomorus concolor MN869897 KX462516 NCO033531 /

14 Scomberomorus semifasciatus DQ107657 OM799593 NC021391 /

15 Scomberomorus sierra HQ974552 KX462527 / /

16 Scomberomorus koreanus OM416538 DQ497884 0OL362240 /

17 Scomberomorus queenslandicus DQ107667 AY390590 / /

18 Scomberomorus plurilineatus JF494460 / / /

19 Scomberomorus brasiliensis 1X124893 DQ080322 ONB885865 /

20 Scomberomorus munroi DQ107675 NC021390 NC021390 /

21 Auxis rochei HM389992 EU708971 AB105165 EU708978
22 Auxis thazard HM390182 EF141173 AB105447 AB193567
23 Sarda sarda KJ709601 EF392614 / /

24 Sarda chiliensis GU440511 EU349339 / /

25 Sarda australis DQ107715 / / /

26 Sarda orientalis (this study) 0Q781873 OR357878 OR357885 /

27 Thunnus thynnus KT352985 EU036523 KF906720 /

28 Thunnus alalunga MZ050652 DQ198012 AB101291 AB211999
29 Thunnus albacares MN549777 EU708975 IN572794 EU708982
30 Thunnus atlanticus HM389683 AB098104 NC025519 AB212040
31 Thunnus obesus MT455858 DQ198013 LC498079 AB212016
32 Thunnus orientalis DQ107631 EU708976 KU058180 EU708983
33 Thunnus tonggol JN312309 EU708977 MW658109 EU708984
34 Thunnus maccoyii KF528372 AB098105 AB536519 AB212013
35 Acanthocybium solandri MN549715 EF141172 AP012945 /

36 Grammatorcynus bilineatus HQ564453 DQ497833 NC051931 /

37 Grammatorcynus bicarinatus KP194447 AY3905%94 / /

38 Euthynnus alletteratus HM390234 EF439531 KJ573349 /

39 Euthynnus affinis (this study) 0Q781867 OR357872 OR357880 /

40 Euthynnus lineatus GU440322 EU349380 / /

41 Rastrelliger kanagurta (this study) 0Q781877 OR357875 OR357882 /

42 Rastrelliger faughni JN312963 DQ497844 / /

43 Katsuwonus pelamis MZ050591 EU708973 KY353410 EU708980
44 Cybiosarda elegans DQ107697 AY390597 / /

45 Allothunnus fallai GU440212 EU935745 / /

46 Gasterochisma melampus HQ956188 HQ425781 NC020671 /

47 Gymnosarda unicolor KJ534628 DQ497834 AP012510 /

48 Rastrelliger brachysoma DQ107680 AB507240 AB507210 /

The total of sequence 46 48 28 14
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Table 3. Summary statistics for the genes used in this study (involved all sequences by PCR amplification and

download from GenBank).

co1 Cytb D-loop ITS
Aligned sites (bp) 575 311 216 517
A% 23.6 22.6 35.2 13.9
G% 17.4 16.1 18.3 31.0
C% 29.6 310 18.9 389
T% 29.3 30.2 27.5 16.2
A+T 52.9 52.8 62.7 30.1
Variable sites 230 (40%) 140 (45%) 205 (95%) 379 (73%)
Parsimony-informative sites 203 (35%) 124 (40%) 171 (79%) 298 (58%)

timal model for D-loop and ITS. BI analysis used four in-
dependent MCMC chains run simultaneously for 10 million
generations while sampling one tree per 1000 replicates.
Bayesian posterior probabilities (BPP), the frequencies of
nodal resolution, were mapped on the BI tree. We visu-
ally inspected the trace files in Tracer v. 1.745 to verify that
the chains had reached convergence. For ML, nodal support
was assessed using a nonparametric bootstrap sampling of
1000 replicates. The output trees were further edited by
Figtree v. 1.4.3 software (http://influenza.bio.ed.ac.uk/soft-

ware/Figtree).

RESULTS

SAMPLE IDENTIFICATION

According to the morphological characteristics, 17 fish
samples representing 5 genera 8 species were identified as
Sarda orientalis (Linnaeus, 1758), Euthynnus affinis (Cantor,
1850), Scomber japonicas (Honttuyn, 1782), Scomber aus-
tralasicus (Cuvier, 1832), Scomberomorus niphonius (Cuvier,
1832), Rastrelliger kanagurta (Cuvier, 1816), Scomberomorus
commerson (Lacepéde, 1800), and Scomberomorus guttatus
(Bloch & Schneider, 1801). The morphology of eight species
was presented in the Supporting Information (Supplemen-
tary Figure S1)

SEQUENCE FEATURES

The concatenated dataset comprised 1619 aligned sites:
575 bp from CO1, 311 bp from Cytb, 216 bp from D-loop,
and 517 bp from ITS. The sequences downloaded by am-
plification and database in this study included 46 CO1 se-
quences, 48 Cytb sequences, 28 D-loop sequences and 14
ITS sequences (Table 2). Through the analysis of individual
gene datasets (the sequence by PCR amplification and
download from GenBank), the mtDNA (CO1, Cytb , and D-
loop) exhibited a bias toward A+T in base composition, with
percentages of 52.9%, 52.8%, and 62.7%, respectively. The
ITS regions displayed A+T base content of 30.1% (Table 3).
The results of the saturation analysis revealed that the base
mutations in the single gene were suitable for phylogenetic
analyses and did not reach saturation (Figure 2).

Israeli Journal of Aquaculture - Bamidgeh

SPECIES DIVERGENCE

Using Tamura-Nei mean values, a genetic pairwise distance
matrix was generated between the 14 genera (Table 4). The
inter-genera genetic distances ranged from 0.086 to 0.253,
with an average genetic distance of 0.154. The smallest ge-
netic distance was observed between Sarda and Allothunnus
(0.086), and the largest genetic distance was observed be-
tween Rastrelliger and Gymnosarda (0.253).

PHYLOGENETIC RELATIONSHIPS

The trees constructed by analyses of the concatenated data
using the methods of NJ, ML, and BI were consistent for
well-supported nodes (Figures 3-5). The low nodal support
values in Figures 3-5 were mainly reflected in the branch
nodes above the genus level. The source file of three phy-
logenetic trees was in supplementary files. The Scombridae
formed three monophyletic groups, one consisting of
Grammatorcynus (BI BPP = 1.0, ML BS = 100% and NJ BS
=100%), another consisting of Rastrelliger and Scomber (BI
BPP = 1.0, ML BS = 80% and NJ BS =68%) and the other com-
prising Scomberomorus, Acanthocybium, Sarda, Auxis, Kat-
suwonus, Euthynnus, and Thunnus (BI BPP = 0.563, ML BS =
42%, and NJ BS = 46%) (Figures 3-5).

All results revealed that Grammatorcynus bilineatus and
Grammatorcynus bicarinatus did not cluster with others in
the family Scombridae, forming a distinct genus clade (Fig-
ures 3-5). The NJ tree believed that Scombrini was the ear-
liest differentiated group within Scombididae (Figure 3).

Rastrelliger and Scomber were recovered as sister taxa,
forming the Scombrini. The monophyly of the Scombrini
was highly supported in both sets of analyses (BI BPP =
1.0, ML BS = 80%) (Figure 4 and 5). Thunnus was a highly
monophyletic group, and Auxis+Katsuwonus+Euthynnus (BI
BPP = 1.0, ML BS = 96%, and NJ BS = 96%) were sister
groups to each other, forming the Thunnini (Figures 3-5).
Within Thunnus, we recovered a deep split between a clade
with T. orientalis and T. alalunga, and a subclade containing
all remaining Thunnus species (Thunnini thynnus, Thunnini
maccoyii, Thunnini obesus, Thunnini tonggol, Thunnini al-
bacares, and Thunnini atlanticus). Katsuwonus + Auxis + Eu-
thynnus was the next lineage to branch off, followed by a
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Table 4. Pairwise Tamura-Nei mean genetic distances of Scombridae genera sampled in this study.

Genus 1.Euthynnus 2.Scomber 3.Scomberomorus 4 Rastrelliger 5.Sarda 6.Thunnus 7.Cybiosarda 8.Allothunnus 9.Auxis 10.Grammatorcynus 11.Gasterochisma 12.Acanthocybium 13.Gymnosarda 14.Katsuwonus
1.Euthynnus

2.Scomber 0.171

3.Scomberomorus 0.163 0.188

4.Rastrelliger 0.192 0.177 0.190

5.Sarda 0.123 0.171 0.149 0.173

6.Thunnus 0.131 0.169 0.163 0.183 0.120

7.Cybiosarda 0.116 0.166 0.147 0.156 0.102 0.109

8 Allothunnus 0.095 0.157 0.142 0.154 0.086 0.094 0.088

9.Auxis 0.115 0.160 0.168 0.190 0.126 0.125 0.109 0.088

10.Grammatorcynus 0.177 0.199 0.180 0.185 0.167 0.171 0.160 0.150 0.170

11.Gasterochisma 0.174 0.192 0.183 0.209 0.157 0.161 0.146 0.135 0.156 0.194

12.Acanthocybium 0.158 0.187 0.176 0.223 0.140 0.145 0.128 0.108 0.157 0.184 0.167

13.Gymnosarda 0.165 0.184 0.185 0.253 0.138 0.158 0.125 0.106 0.153 0.184 0.177 0.172

14.Katsuwonus 0.111 0.165 0.171 0.193 0.134 0.134 0.113 0.102 0.094 0.177 0.154 0.155 0.161
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Figure 2. Saturation plot for transition and transversion of gene sequences. (a) CO1; (b) Cytb; (c) D-loop; (d) ITS

The crosses (x) show the number of transition events, and the triangles (#) show the number of transversion events. The x-axis shows the genetic distance based on the F84 model,
and the y-axis shows the proportion of transitions or transversions, which is calculated by multiplying the number of transitions or transversions by the sequence length. The curves
show the trends of the variance of transitions and transversions with the genetic distance increasing.

clade formed by all extant Thunnus. The Sardini consists
of Sarda, Cybiosarda, and Allothunnus. However, the evo-
lutionary relationship between Acanthocybium solandri and
Gymnosarda unicolor was doubtful. The NJ Tree showed that
G .unicolor belonged to the Sardini, and A. solandri differ-
entiated separately (Figure 3); the ML tree revealed that
A. solandri converged into one clade with G. unicolor (ML
BS = 56%) (Figure 4); the BI tree indicated that G. unicolor
was clustered with Scomberomorus cavalla, and A. solandri
was a sister group to the rest of Scomberomorus. Two major
clades were within the Scomberomorus subclade (1.0 BPP)
(Figure 5). The topology of the three evolutionary trees was
not precisely consistent. Still, they all indicated a common
class group, the regalis group: S. tritor, S. maculatus, S. con-
color, S. sierra, S. brasiliensis, and S. regalis (Figures 3-5).

DISCUSSION

GASTEROCHISMATINAE IS NOT A SISTER GROUP TO
SCOMBRINAE

Our results all supported that Gasterochisma and Scom-
brinae are not sister taxa. The phylogenetic placement of

Israeli Journal of Aquaculture - Bamidgeh

Gasterochisma has been debated due to the presence of
distinctive primitive features, as well as uniquely derived
characteristics, making it difficult to classify using tradi-
tional morphological criteria.!l The currently accepted
phylogeny in Figure 1a suggested that the subfamily Gas-
terochismatinae was closely related to Scombrinae, poten-
tially indicating a sister group relationship.246 Block et
al.1* proposed that Gasterochisma was not closely related
to Scombrinae, but the strength of the branch nodes in
the phylogenetic tree constructed using the Cytb gene was
weak. Finnerty?7 speculated that the limited resolution of
the single-gene informative locus and the high degree of
saturation and homogeneity in the Cytb gene might ob-
scure relationships among nodes in the tree. To address
the issue of Cytb gene saturation, researchers have sug-
gested two approaches: sequencing slower-evolving genes,
such as the 16s ribosomal gene, or using multiple molecular
markers for analysis. 4849 Reeb®0 utilized 16S rDNA (475 bp)
and maximum likelihood distance and neighbor-joining al-
gorithms to construct phylogenetic trees, concluding that
Gasterochisma belonged to Scombrinae but were not sister
groups. Our research provides further evidence supporting
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Figure 3. Neighbor-joining (NJ) tree derived from concatenated sequence dataset (CO1+Cytb+D-loop+ITS). Nodal
support values are indicated on the branches. The specific symbol (%) denotes the samples in this study and the
symbol (A) indicates some special species in result. The scale represents the length of the genetic distance.

this conclusion, indicating that Gasterochismatinae and
Scombrinae are not sister taxa.

GRAMMATORCYNUS IS THE EARLIEST DIVERGENT
LINEAGE OF THE SCOMBRIDAE

This study’s phylogenetic analysis of ML and BI methods
indicated that Grammatorcynus was the earliest diverging
clade in Scombridae. The NJ tree showed that the phylo-
genetic position of Grammatorcynus was located between
Scombrini and Scomberomorini. There has been contro-
versy about which group of Scombridae was the earliest to
differentiate. According to traditional morphology, Scom-
brini was considered the earliest differentiated group in
the Scombridae, while Grammatorcynus occupied an inter-
mediate evolutionary position between Scombrini and
Scomberomorini.!2>! However, Johnson!2 observed that
the skeletal morphology of Grammatorcynus differed from
other Scombridae species in lacking a fourth pharyngeal
dental plate. Consequently, Johnson!2 proposed that Gram-
matorcynus was the earliest diverging clade within the
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Scombridae. With the rapid development of molecular bi-
ology, the study of phylogenetic relationships on Scom-
bridae is improving. Orrell et al.l® utilized the maximum
likelihood method with the Tmo-4C4 gene sequencing to
construct a phylogenetic tree and their findings were con-
sistent with the traditional taxonomic classification which
suggested Scombrini as the earliest-differentiated taxon
within Scombridae. However, using the same gene, the
maximum parsimony method showed Grammatorcynus as
the earliest divergent branch.l® Santini et al.52 utilized
phylogenetic analysis of seven genetic loci, including both
nuclear and mitochondrial genes, to identify Scombrini as
the earliest divergent clade within the Scombridae. How-
ever, Miya et al.>3 reconstructed phylogenetic trees for the
mackerel family based on mitochondrial CO1 and Cytb
genes, all indicating that Grammatorcynus was the most
basal clade. The different branching hypotheses might be
caused by the different algorithms and datasets using con-
struct phylogenetic trees. The topological structure of the
three algorithms in this study was not completely consis-
tent. Unlike the analysis of ML and BI, the NJ tree be-
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Figure 4. Maximum likelihood (ML) tree derived from concatenated sequence dataset (CO1+Cytb+D-loop+ITS).
Nodal support values are indicated on the branches. The specific symbol (%) denotes the samples in this study
and the symbol (A) indicates some special species in result. The scale represents the length of the genetic

distance.

lieved that Scombrini was the earliest differentiated group
within Scombididae. Many factors affected the topologies
of phylogenetic trees, including the choice of ingroup rep-
resentation, the evolution of genes, long-branch attraction
(LBA), and the method of tree construction.>* Due to dif-
ferent evolutionary patterns between genes, some mito-
chondrial genes might not have enough information loci to
construct interspecific phylogenetic relationships.5%6 Ac-
cordingly, different genetic markers are suitable for phy-
logenetic analysis at different taxonomic levels. Thus, our
results suggested that Scombrini was a group separately
differentiated from the rest of Scombridae and Grammator-
cynus was the earliest divergent lineage in the Scombridae.
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SARDINI AND THUNNINI ARE NON-MONOPHYLETIC

Our analyses showed that Allothunnus (tribe Thunnini) and
Cybiosarda (tribe Sardini) clustered into a clade (BI BPP =
0.688, ML BS = 56%, and NJ BS = 27%). The low nodal sup-
port values are shown in Figures 3-5. Overall, the low sup-
port rate of nodes in phylogenetic trees was the result of
inherent complexities in the evolutionary process, limita-
tions of these genes which their information loci were in-
sufficient to support evolutionary relationships above the
genus level and the stochastic nature of molecular evolu-
tion.57

The ML tree revealed that Acanthocybium (tribe
Scomberomorini) and Gymnosarda (tribe Sardini) clustered
into a single clade. In addition, the BI tree analysis indi-
cated Auxis+Euthynnus+Katsuwonus did not cluster into a
clade with Thunnus. All results consistently supported Sar-
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dini and Thunnini as non-monophyletic groups and showed
they were clustered. These findings contradicted the con-
ventional analysis of morphological data.2358 Only a few
studies have performed phylogenetic relationships, specif-
ically on these two taxa, Sardini and Thunnini. The avail-
able molecular studies can only support the monophyly of
genera Sarda, Auxis, Euthynnus, Katsuwonus, and Thunnus
and cannot support the monophyly of Sardini and Thun-
nini.2358 Santini et al.>2 revealed the clade of Acantho-
cybium+Gymnosarda and believed that the clade of Katsu-
wonus+Auxis+Euthynnus was not clustered with Thunnus.
Monsch>9 suggested that Gymnosarda was a link between
Sardinae and Scomberomorinae. Monsch?! reported that
the genus Auxides might be the immediate sister group
of Scomber and Rastrelliger. All of these contradicted the
monophyletic character of Sardini and Thunnini. Thus, we
confirmed the non-monophyly of the Sardini and Thunnini
as recognized by Santini et al.5>2 and Monsch.%2! Neverthe-
less, additional morphological data and more comprehen-
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sive molecular data are needed to study the two groups in
the future deeply.

CONCLUSION

This study investigated the molecular evolutionary rela-
tionships of 48 species from 14 genera found within the
Scombridae. In summary, we propose that (1) Gasterochis-
matinae and Scombrinae are not sister groups; (2) Gram-
matorcynus likely represent the earliest divergent lineage
in the Scombridae; and (3) Sardini and Thunnini are non-
monophyletic. However, the phylogenetic relationship
within the Scomberomorus genus and the classification of
tribes require further clarification. Hence, additional mor-
phological and molecular data (e.g., ITS), including an ex-
pansion of the molecular dataset through incorporating
more genes and taxa, such as Orcynopsis, is necessary to en-
hance our understanding and refinement of the systematic
phylogenetic relationships of this family.
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