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Abstract

The northern Arabian Sea is highly productive in terms of abundant and diverse fish fauna (=<1,000 species) due to nutrient-rich
waters. A total of 303 specimens were collected from the coastal waters of Pakistan, representing 100 genera, 61 families, and 15
orders identifiable to 120 morphological species and 18 others that could not be morphologically assigned to any known taxa.
However, the COI analysis via neighbor-joining (NJ) tree, Bayesian inference (BI), and Maximum-likelihood (ML) trees and
Automatic Barcode Gap Discovery (ABGD) produced nearly similar topologies and revealed 138 single-species-representing
phylogenetic clusters including 18 highly supported previously unknown species clusters showing deep intraspecific divergences
from the closely related morphospecies. The calculated average Kimura 2-parameter (K2P) genetic distances were 0.25%,
6.34%, 17.12%, and 26.8% within the species, genera, families, and orders, respectively. We analyzed species from eight groups
(clupeiforms, sciaenids, flatfishes, spiny-flathead, lizardfish, sillaginids, grunts, stargazers) through BI and ML and found cryptic
genetic diversity in these groups. Barcoding gap analysis (BGA) demonstrated that the barcode gaps were present for 39 of 70
species having multiple specimens (50.7%). Our study provides the first-ever addition of COI sequences for five species
(Cociella punctata Cuvier, 1829; Epinephelus stoliczkae Day, 1875; Pomadasys aheneus McKay & Randall, 1995;
Scorpaenopsis possi Randall & Eschmeyer, 2002; and Sillago panhwari Panhwar et al., 2017 in Panhwar et al. 2018) into the
GenBank database. The study concluded that DNA barcoding is an efficient approach in species identification, supplementing
the morphological identification of the known forms and highlighting the cryptic diversity.

Keywords Automatic Barcode Gap Discovery - Barcoding gap analysis - BI and ML - COI - Cryptic diversity - Genetic
divergence - Marine finfishes

Introduction morphological characteristics, involving the preparation of

identification keys. The species description is often used

Fishes are the largest vertebrate groups on the earth with
more than 34,000 known species (Froese and Pauly 2020).
They range in size from 60 feet long (Rhincodon typus
Smith, 1828) to less than one-third of an inch
(Paedocypris progenetica Kottelat, Britz, Tan & Witte,
2006) and with varying geographical distributions to sev-
eral endemics to their local habitats. Traditionally, the in-
formation allied to the identification of a fish is based on
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for comparison of different species but they sometimes fail
to treat all life stages and genders (Ribeiro et al. 2012).
The advancement in the field of systematic and taxonomy
through involving DNA barcodes has now become a pop-
ular tool for reliable identification at every stage of life
(egg or larvae, damaged or semi-cooked specimen). As
such, DNA barcoding has resulted in the discovery of
new species and helped to resolve the issues of cryptic
diversity (Thongtam na Ayudhaya et al. 2017; Lim et al.
2016; Locke et al. 2010). The concept of DNA barcode
premise that every species has specific mitochondrial cy-
tochrome ¢ oxidase gene I (COI) sequences or barcodes,
like an internal species tags that can be derived by se-
quencing of at least 650 bp region COI (Hebert et al.
2003). The COI sequences remain nearly constant within

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12526-022-01272-6&domain=pdf
http://orcid.org/0000-0003-3123-4160
mailto:shabiramir@yahoo.com

37 Page2of22

Marine Biodiversity (2022) 52: 37

the species but vary among different species and can be
identified through matching against expert-identified
voucher specimen’s sequences (Ribeiro et al. 2012).
With the help of this technique, more than 14,400 fish
species have been successfully barcoded, in a global ini-
tiative to barcode all fish species (Steinke et al. 2017).
Several studies have been done by the experts to establish
a barcode reference library for their fish fauna: 117 species
from Arabian Gulf (Rabaoui et al. 2019); 272 Perciform
fishes from the South China Sea (Hou et al. 2018); 194
species from Congo and Lower Guinean (Sonet et al.
2019); 41 species from Rongcheng Bay, China (Wang
et al. 2018); 135 species from Sao Paulo State, Brazil
(Ribeiro et al. 2012); 23 species from Taal Lake,
Philippines (Aquilino et al. 2011); 89 species from
Turkey (Keskin and Atar 2013); or 79 freshwater fish spe-
cies from the Lower Paran4 River in South America (Diaz
et al. 2016). The most comprehensive work from the
Indian Ocean was carried out by Lakra et al. (2011) who
generated COI barcodes for 115 species. According to
Basheer et al. (2016), the database on Indian fishes com-
prises a total sequence of 23,429 fish specimens including
1,083 marine, 349 freshwater, and 49 brackish-water
species.

The level of endemism in the well-characterized shore fish-
es of the Red Sea (12.9%) exceeds those from Mascarene
Island (3.4%), the Arabian Gulf (4.0%), and southern Oman
(2.8%) (DiBattista et al. 2016). The coastal areas of Pakistan,
as a part of the northern Arabian Sea, is highly productive in
terms of fish diversity, abundance, and endemism as it re-
ceives nutrient-rich waters from up-sloping in the Gulf of
Oman and surrounding areas. These areas are bestowed with
a variety of marine habitats including large Indus Delta
(600,000 ha), numerous major and minor creeks, mudflats,
and mangrove forests. Commercially important finfish species
reported in a recently published FAO fish guide is over 600
based on identification through morphological/traditional tax-
onomic examination (Psomadakis et al. 2015). On the other
hand, there is enormous pressure on the marine biodiversity of
the Arabian Sea because of the increasing human population,
coastal development, and overexploitation of fisheries re-
sources. A number of fisheries stocks have already been
overexploited, e.g., shellfishes (Mohsin et al. 2017). Some
finfish species have now completely disappeared from
Pakistani waters, e.g., four species of sawfishes (Harrison
and Dulvy 2014).

The DNA barcoding of coastal fishes has not been car-
ried out for Pakistan. Thus, this is the first report that aims
to identify the marine ichthyofauna and explore the cryptic
diversity based on genetic variations in COI sequences.
Furthermore, the information would be made readily avail-
able to non-taxonomists, researchers, and policymakers to
aid them in their efforts in the effective management of the
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marine environment and help create conservation
strategies.

Materials and methods
Sampling and identification

The fish sampling was carried out from commercial landings
sites of Sindh (West Wharf Fish Harbor and Ibrahim Hyedri
Fish Harbor) and Makran coast (Gawader and Jewani fish
landing areas) from 2016 to 2018 (Fig. 1).

A total of 303 specimens were collected from the study
areas. Specimens were kept on ice; selected specimens were
tagged and subsequently, images were taken of the fresh spec-
imens. Specimens were identified using relevant literature and
identification keys for various fish groups (Psomadakis et al.
2015; Panhwar et al. 2018; Liu et al. 2017; Xiao et al. 2016;
Pathak et al. 2016; Russell et al. 2015; Khamees et al. 2018;
Qamar et al. 2016). We used “sp.” when the examined spec-
imens deviated in important morphological characters from
the known taxa and most likely represented an unknown spe-
cies. The morphological data is available for all the species
represented as “sp.” and will be later on published separately.

For DNA analysis, lateral muscle (=100 mg) from the right
side of the fresh fish specimens was removed and preserved in
96% ethanol in small cryo-vials. All specimens were
cataloged and deposited at the Ichthyological section of the
Pakistan Museum of Natural History, Islamabad, Pakistan
(PMNH). The catalog numbers of the specimens and their
sequences are provided without mentioning PMNH.

DNA extraction, amplification, and sequencing

DNA was successfully extracted for 303 fishes from muscle
tissue of each specimen using a standard phenol-chloroform
method that is a relatively fast and easy technique for recov-
ering high-quality DNA. Two sets of forward and reverse
primers were used for the amplification of the COI gene fol-
lowing Ward et al. (2005):

FishF1-5TCAACCAACCACAAAGACATT GGCACS,
FishRI-5STAGACTTCTGGGTGGCCAAAGAATCA3;
FishF2-5TCGACTAATCATAAAGATATCGGCACS,

FishR2-5'ACTTCAGGGTGACCGAAGAATCAGAAS3.

Polymerase chain reaction (PCR) was conducted in 25-ul
volumes, which contained PCR mix 12.5 ul, forward primer
0.5 ul, reverse primer 0.5 pl, ultrapure water 10.5 pl, and
DNA template 1 pl. The barcode region of COI was subse-
quently amplified under the following thermal conditions:
4 min at 95°C; 35 cycles of 0.5 min at 95°C, 0.5 min at
52°C, and 1 min at 72°C; 5 min at 72°C; then held at 4°C.
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Fig. 1 A physiographic map of the coastal areas of Pakistan. Sampling was carried out from Sindh and Makran coast during 2016 to 2018. (Source:
National Geographic, Esri, Garmin, HERE, UNEP-WCMC, USGS, NASA, ESA, METI, NRCAN, GEBCO, NOAA, increment P Corp)

PCR products were visualized on a 1.2% agarose gel. All 303
successful PCR products were sent to commercial laboratories
for bidirectional sequencing. All here obtained sequences
were deposited in the GenBank database under the numbers
MN511846-MN512146, MN530052, and MN530053 (for
details see Table 1).

Data analysis

The DNA sequences were assembled and aligned from
forward and reverse reads and edited manually by using
DNASTAR multiple packages (Hou et al. 2018). The
generated sequences were ranging from 652 to 655bp
and were compared with available sequences of fishes
in the GenBank. The pairwise genetic distance was cal-
culated to analyze sequence divergences using the
Kimura two-parameter (K2P) distance model (Kimura
1980) and uncorrected p distances. To create a
neighbor-joining (NJ) tree for all 303 sequences, only
K2P distances were considered, because both distance

models were producing nearly the same results. Node
support with 1,000 bootstrap replications was created
to provide a graphic representation of the patterning of
divergence between species (Saitou and Nei 1987). The
K2P distance, p distance, and the NJ tree were calculat-
ed and generated using Molecular Evolutionary Genetics
Analysis software “MEGA X.”

For the haplotype data set of 303 sequences with additional
sequences obtained from GenBank, evolutionary relationships
were inferred using maximum likelihood (ML) and Bayesian
inference (BI) approaches. PARTITIONFINDER 2 (Lanfear
et al. 2017) and the implemented Bayesian Information
Criterion were used to determine the best partitioning scheme
and the best model of sequence evolution. ML analyses were
conducted with RAXML 7.2.8. Five independent searches were
then performed using different starting conditions and the fast
bootstrap algorithm to explore the robustness of the results by
comparing the best trees. Then, 1,000 non-parametric thor-
ough bootstrap replicates were calculated and plotted against
the best tree. BI was performed using MRBAYES 3.2.1
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Table 1 A list of 303 specimens identified into 15 orders, 61 families, and 138 single-species representing clusters with their GenBank accession
numbers and BOLD sample ID. The BOLD ID is denoted by Barcoding of Coastal Fishes of Pakistan (BCFPA) submitted in the year 2020

S.No. Order and family Species No. of Collection site GenBank accession no. Bold process
individuals ID BCFPA 20

Anguilliformes

1 Muraenesocidae ~ Muraenesox bagio 2 Makran Coast MNS511976 77 132 133

2 Muraenidae Gymnothorax favagineus 1 Makran Coast MN511905 060

3 Muraenidae Strophidon sathete 1 Makran Coast MNS512106 263

4 Ophichthidae Pisodonophis cancrivorus 1 Sindh Coast MNS512020 177
Aulopiformes

5 Synodontidae Saurida sp. 3 Sindh Coast MNS512062 64 219 221

6 Synodontidae Saurida tumbil 7 Sindh Coast MN512065 71 222 228

7 Synodontidae Saurida lessepsianus 2 Sindh Coast MNS512072 73 229 230

8 Synodontidae Trachinocephalus myops 2 Makran Coast MNS512121 22 278 279
Beloniformes

9 Belonidae Ablennes hians 1 Sindh Coast MN511846 001

10 Belonidae Strongylura strongylura 1 Sindh Coast MN512105 262

11 Exocoetidae Cheilopogon furcatus 1 Sindh Coast MN511864 019

12 Hemiramphidae  Hyporhamphus sindensis 1 Sindh Coast MN511909 064
Clupeiformes

13 Chirocentridae Chirocentrus dorab 2 Sindh Coast MN511866 67 021 022

14 Clupeidae Escualosa thoracata 1 Sindh Coast MNS511894 049

15 Clupeidae Nematalosa nasus 2 Sindh Coast MNS511980 81 136 137

16  Clupeidae Sardinella gibbosa 2 Sindh Coast MNS512058 59 215 216

17 Clupeidae Sardinella longiceps 1 Makran Coast MNS512060 217

18  Clupeidae Sardinella albella 1 Sindh Coast MN512061 218

19 Dussumieriidae  Dussumieria elopsoides 1 Sindh Coast MN511885 040

20  Engraulidae Thryssa dussumieri 1 Sindh Coast MNS512111 268

21 Engraulidae Thryssa hamiltoni 2 Sindh Coast MN512112 13 269 270

22 Engraulidae Thryssa sp. 1 Sindh Coast MN512114 271

23 Engraulidae Thryssa vitrirostris 4 Sindh Coast MN512115 18 272 275

24 Pristigasteridae  Ilisha elongata 1 Sindh Coast MN511910 065
Elopiformes

25  Megalopidae Megalops cyprinoides 1 Sindh Coast MN511965 121
Mugiliformes

26 Mugilidae Ellochelon vaigiensis 3 Sindh Coast MN511887 89 042 044

27  Mugilidae Planiliza klunzingeri 7 Sindh and Makran coast MN512021 27 178 184

28  Mugilidae Planiliza macrolepis 1 Sindh Coast MN512028 185

29  Mugilidae Osteomugil sp. 3 Sindh Coast MN512029 31 186 188

30  Mugilidae Planiliza sp. 5 Sindh Coast MN511966 70 122 126

31  Mugilidae Osteomugil seheli 3 Makran Coast MNS511971 73 127 129

32 Mugilidae Mugil cephalus 2 Sindh Coast MNS511974 75 130 131
Perciformes

33 Acanthuridae Acanthurus mata 1 Makran Coast MN511852 007

34 Apogonidae Ostorhinchus fasciatus 1 Sindh Coast MN511998 154

35  Ariommatidae Ariomma indicum 1 Sindh Coast MN511857 012

36  Caesionidae Pterocaesio chrysozona 1 Sindh Coast MN512052 209

37  Carangidae Alepes djedaba 4 Sindh Coast MNS511853 56 008 011

38  Carangidae Platycaranx malabaricus 1 Sindh Coast MN511862 017

39  Carangidae Caranx heberi 1 Sindh Coast MN511863 018

40  Carangidae Megalaspis cordyla 4 Sindh Coast MNS511961 64 117 120
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Table 1 (continued)

S.No. Order and family Species No. of Collection site GenBank accession no. Bold process
individuals ID BCFPA 20

41  Carangidae Parastromateus niger 1 Sindh Coast MN512015 172

42 Carangidae Scomberoides commersonnianus 1 Makran Coast MN512080 237

43 Carangidae Scomberoides lysan 1 Sindh Coast MN512081 238

44  Carangidae Scomberoides tol 1 Makran Coast MN512082 239

45  Carangidae Selar crumenophthalmus 1 Sindh Coast MNS512086 243

46  Carangidae Selaroides leptolepis 2 Sindh Coast MNS512087 88 244 245
47  Carangidae Trachinotus baillonii 3 Makran Coast MNS512123 25 280 282
48  Drepaneidae Drepane longimana 2 Sindh Coast MNS511883 84 038 039
49  Echeneidae Echeneis naucrates 1 Sindh Coast MN511886 041

50  Gerreidae Gerres filamentosus 3 Sindh Coast MNS511900 02 055 057
51  Gerreidae Gerres oyena 1 Sindh Coast MN511903 058

52 Gobiidae Psammogobius biocellatus 1 Sindh Coast MNS512046 203

53 Haemulidae Plectorhinchus sordidus 2 Sindh Coast MNS512032 33 189 190
54  Haemulidae Pomadasys aheneus 3 Makran Coast MNS512034 36 191 193
55  Haemulidae Pomadasys olivaceus 2 Makran Coast MNS512037 38 194 195
56  Haemulidae Pomadasys stridens 4 Sindh Coast MN512039 42 196 199
57  Labridae Halichoeres timorensis 1 Sindh Coast MN511906 061

58  Lactariidae Lactarius lactarius 1 Sindh Coast MN511922 078

59  Latidae Lates calcarifer 6 Sindh Coast MN511930 35 086 091
60  Leiognathidae Karalla daura 2 Sindh Coast MNS511920 21 076 077
61  Leiognathidae Leiognathus robustus 1 Sindh Coast MNS511936 092

62  Lethrinidae Lethrinus nebulosus 3 Sindh Coast MN511937 39 093 095
63 Lutjanidae Lutjanus fulvus 6 Sindh Coast MNS511940 45 096 101
64  Lutjanidae Lutjanus johnii 1 Sindh Coast MNS511946 102

65  Lutjanidae Lutjanus lutianus 6 Sindh Coast MNS511947 52 103 108
66  Lutjanidae Lutjanus rivulatus 1 Sindh Coast MN511953 109

67  Lutjanidae Lutjanus russellii 7 Sindh Coast MNS511954 60 110 116
68  Mullidae Upeneus moluccensis 2 Sindh Coast MNS512134 35 291 292
69  Mullidae Upeneus vittatus 9 Sindh Coast MNS512136 44 293 301
70  Nemipteridae Nemipterus japonicus 13 Sindh Coast MNS511982 94 138 150
71  Nemipteridae Nemipterus randalli 1 Sindh Coast MN511995 151

72 Nemipteridae Parascolopsis aspinosa 1 Sindh Coast MNS512014 171

73 Nemipteridae Scolopsis bimaculata 1 Sindh Coast MN512075 232

74  Nemipteridae Scolopsis sp. 1 Makran Coast MN512076 233

75  Nemipteridae Scolopsis vosmeri 3 Sindh Coast MN512077 79 234 236
76  Pempheridae Pempheris rhomboidea 2 Sindh Coast MN512016 17 173 174
77  Polynemidae Filimanus heptadactyla 1 Sindh Coast MN511897 052

78  Polynemidae Filimanus similis 2 Sindh Coast MNS511898 99 053 054
79  Pomacentridae Abudefduf septemfasciatus 1 Sindh Coast MN511847 002

80  Pomacentridae Abudefduf vaigiensis 2 Sindh Coast MN511848 49 003 004
81  Priacanthidae Priacanthus hamrur 1 Sindh Coast MNS512045 202

82  Scatophagidae Scatophagus argus 1 Sindh Coast MNS512074 231

83  Sciaenidae Daysciaena albida 1 Sindh Coast MN511882 037

84  Sciaenidae Johnius amblycephalus 5 Sindh Coast MNS511911 15 066 070
85  Sciaenidae Johnius sp. 5 Sindh Coast MN511916 19, MN530052 071 075
86  Sciaenidae Nibea maculata 1 Sindh Coast MN511997 153

87  Sciaenidae Otrolithes ruber 2 Sindh Coast MN511999 512000 155 156
88  Sciaenidae Otolithes sp.1 4 Sindh Coast MN512001 03, MN530053 157 159,163
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Table 1 (continued)

S.No. Order and family Species No. of Collection site GenBank accession no. Bold process
individuals ID BCFPA 20
89  Sciaenidae Otolithes sp.2 4 Sindh Coast MN512004 07 160 162, 164
90  Sciaenidae Otolithoides biauritus 1 Sindh Coast MN512008 154
91  Sciaenidae Pennahia anea 1 Sindh Coast MN512018 175
92 Sciaenidae Umbrina canariensis 4 Sindh Coast MN512130 33 287 290
93 Scombridae Euthynnus affinis 2 Sindh Coast MNS511895 96 050 051
94 Scombridae Rastrelliger kanagurta 1 Sindh Coast MN512053 210
95  Serranidae Epinephelus diacanthus 2 Sindh Coast MNS511890 91 045 046
96  Serranidae Epinephelus stoliczkae 2 Makran Coast MNS511892 93 047 048
97  Siganidae Siganus sutor 3 Sindh Coast MN512089 91 216 248
98  Siganidae Siganus sp. 1 Makran Coast MN512092 249
99  Sillaginidae Sillago sp.2 4 Sindh Coast MNS512093 96 250 253
100  Sillaginidae Sillago sihama 1 Sindh Coast MN512097 254
101  Sillaginidae Sillago sp.1 3 Sindh Coast MN512098 100 255 257
102  Sillaginidae Sillago panhwari 1 Sindh Coast MNS512101 258
103  Sparidae Acanthopagrus arabicus 1 Sindh Coast MNS511850 005
104 Sparidae Acanthopagrus berda 1 Sindh Coast MNS511851 006
105 Sparidae Rhabdosargus niger 3 Sindh Coast MN512054 56 211 213
106 Sphyraenidae Sphyraena chrysotaenia 2 Makran Coast MN512102 03 259 260
107 Sphyraenidae Sphyraena putnamae 1 Sindh Coast MN512104 261
108 Stromateidae Pampus argenteus 3 Sindh Coast MNS512009 11 166 168
109 Terapontidae Terapon jarbua 2 Sindh Coast MNS512108 09 265 266
110  Terapontidae Terapon puta 1 Sindh Coast MNS512110 267
111  Trichiuridae Trichiurus lepturus 4 Sindh Coast MNS512126 29 283 286
112 Uranoscopidae Uranoscopus sp. 2 Sindh Coast MNS512145 46 302 303
Pleuronectiformes
113 Soleidae Brachirus sp. 2 Sindh Coast MNS511859 60 014 015
114 Soleidae Phyllichthys sp. 1 Makran Coast MN512019 176
115 Cynoglossidae Cynoglossus arel 2 Sindh Coast MNS512012 13 169 170
116 Cynoglossidae Cynoglossus macrostomus 2 Sindh Coast MNS511873 74 028 029
117  Cynoglossidae Cynoglossus sp.1 3 Makran Coast MNS11875 77 033 035
118 Cynoglossidae Cynoglossus sp.2 3 Sindh Coast MNS511878 80 030 032
119  Cynoglossidae Dagetichthys commersonnii 1 Sindh Coast MN511881 036
120 Paralichthyidae = Pseudorhombus sp. 5 Sindh Coast MN512047 51 204 208
Scorpaeniformes
121 Platycephalidae  Cociella heemstrai 3 Makran Coast MN511868 70 023 025
122 Platycephalidae  Cociella punctata 2 Sindh Coast MN511871 72 026 027
123 Platycephalidae ~ Grammoplites suppositus 1 Sindh Coast MNS511904 059 060
124 Scorpaenidae Scorpaenopsis sp. 1 Makran Coast MN512083 240
125  Scorpaenidae Scorpaenopsis possi 2 Sindh Coast MNS512084 85 241 242
Siluriformes
126  Ariidae Arius arius 1 Sindh Coast MN511858 013
127  Ariidae Netuma thalassina 1 Sindh Coast MN511996 152
128  Ariidae Plicofollis tenuispinis 2 Sindh Coast MNS512043 44 200 201
Tetraodontiformes
129 Tetraodontidae  Lagocephalus guentheri 6 Makran Coast MNS511923 28 079 084
130 Tetraodontidae Lagocephalus lunaris 1 Makran Coast MN511929 085
131 Tetradontidae Takifugu oblongus 1 Sindh Coast MNS512107 264
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Table 1 (continued)

S.No. Order and family Species No. of Collection site GenBank accession no. Bold process
individuals ID BCFPA 20

Carcharhiniformes

132 Carcharhinidae  Rhizoprionodon acutus 1 Sindh Coast MN512057 214
Myliobatiformes

133 Dasyatidae Brevitrygon imbricata Makran Coast MN511861 016

134 Dasyatidae Himantura sp. 2 Makran Coast MNS511907 08 062 063
Orectolobiformes

135 Hemiscylliidae Chiloscyllium burmensis 1 Sindh Coast MN511865 020
Torpediniformes

136 Narcinidae Narcine timlei 1 Makran Coast MN511978 134

137 Narkidae Narke sp. Makran Coast MN511979 135

138 Torpedinidae Torpedo sinuspersici 2 Makran Coast MNS512119 20 276 277

(Ronquist et al. 2012) with two parallel runs (each with four
chains) and default parameters using the codon-partitioned
data set. The chains ran for 20 million generations with every
1,000th generation sampled. The values less than 60 and 50 in
Bl and ML, respectively, are not provided in figures as well as
text due to their low significance.

Automatic Barcode Gap Discovery (ABGD) was perform-
ed online using a web interface (www.abi.snv.jussieu.fr/
public/abgd/). The default value for the relative gap width
was set as X = 1.5, which did not produce a result; two
lower values (X = 0.8, 1.0) were used on the genetic
distance metrics of K2P and p distance to delimit species
(Kekkonen et al. 2015). All results using prior limits for intra-
specific divergence ranging from P = 0.001-0.1 were
recorded.

Barcoding gap analysis (BGA) was performed for species-
level comparisons of the maximum intraspecific genetic dis-
tance to the minimum interspecific distance. BGA was carried
out using the “Barcoding Gap Analysis” tool in the BOLD
system (Ratnasingham and Hebert 2007). Singleton species
were excluded in BGA.

Barcode Index Numbers (BIN) analysis was applied to
assess the agreement of the taxonomic species-COI se-
quence data sets obtained in our present study to the avail-
able data in the BOLD system (Ratnasingham and Hebert
2013). The sequences were automatically assigned to BINs
using the BOLD Workbench application (version 3.6;
http://www.boldsystems.org; analyses performed on
May 2020).

Additional GenBank sequences
COI sequences of species related to our eight main problem-

atic taxonomic groups (see the “Results” section) were obtain-
ed from the GenBank database for use in the construction of

Bl and ML trees. Details of the additional GenBank accession
numbers of the specimens and their locality are given in the
“Results” section for each group.

Results

Based on the external morphological features, all the 303
specimens were identified into 100 genera, 61 families, and
15 orders in 120 morphospecies and 18 unidentified taxa that
did not entirely correspond to any known species. A maxi-
mum number of 13 sequences were analyzed for Nemipterus
Jjaponicus Bloch, 1791, followed by nine for Upeneus vittatus
Forsskal, 1775, and eight for Planiliza klunzingeri Day, 1888,
whereas 68 sequences (22.44%) were represented by a single
species each (Table 1). A sequence of 655 bp (for 265 spec-
imens) was generated using universal primers FishF1 and
FishR1, whereas 652 bp (for 38 specimens) using primers
FishF2 and FishR2. No stop codons, insertions, or deletions
were detected in any of the amplified sequences. The average
nucleotide composition in a complete data set was 29.4% for
T, 28.4% C, 23.6% A, and 18.6% for G. The average GC
content was 47.03%; the highest was 52.8% for
Chirocentrus dorab Forsskal, 1775, and the lowest of 37.3%
was for Chiloscyllium burmensis Dingerkus & DeFino, 1983.
Nucleotide pair frequency analysis of the complete data set
resulted in conserved sites 0f 319 of 655 bp (48.7%), variables
sites 336 of 655 bp (51.14%), parsimony informative sites of
317 (48.39%), and singleton sites of 17 (2.59%). The average
number of identical pairs (ii) was 516 of which 198, 208, and
110 were found for the first, second, and third codon, respec-
tively. Transitional pairs (s) were found to be higher (77) than
transversional pairs (sv=59). Both transitional and
transversional pairs were highest at the third codon position
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(57 and 48 for si and sv, respectively). The average ratio (R) of
si/sv was 1.31 for the data set.

The average Kimura 2-parameter/uncorrected p dis-
tances within species, genus, families, and orders were
0.25/0.22 %, 7.4/6.6 %, 17.1/15.7 %, and 26.8/24.7%,
respectively. Among the sequences, the highest genetic
distance (K2P = 0.365, p distance = 0.359) was calculated
between Narcine timlei Bloch & Schneider, 1801 (55296)
and Otrolithes sp.2 (55080).

A neighbor-joining tree (Fig. S1) and BI and ML tree
(Fig. 2) analyses showed mostly high nodal support values
(NJ >95%, BI/ML>0.90/95) with distinct clusters in corre-
spondence with the taxonomic status of the fish species. A
total of 138 discernible lineages were generated. At the
known species level, no taxonomic deviation was noticed
and the specimens of the same species were clustered to-
gether whereas 18 single-species-representing clusters
showing deep interspecific divergence from their closely
related morphospecies represent unidentified taxa. Nodal
support values from their close congeners for NJ and BI/
ML are as follows for five taxa: Scorpaenopsis sp. (99%,
1.0/98), Scolopsis sp. (99%, 0.80/71), Siganus sp. (99% 1.0/
91), Himantura sp. (99%, 1.0/83), and Narke sp. (95% 0.99/
81), while thirteen others (Saurida sp., Thryssa sp., Johnius
sp., Otolithes sp.1, Otolithes sp.2, Sillaginodes sp., Sillago sp.,
Brachirus sp., Phyllichthys sp., Cynoglossus sp.1,
Cynoglossus sp.2, Pseudorhombus sp., Uranoscopus sp.) are
separately highlighted under eight groups (clupeiforms,
sciaenids, flatfishes, spiny flathead, lizardfish, sillaginids,
grunts, stargazers) with analysis of additional sequences ob-
tained from GenBank. Our study provides the first-ever addi-
tion of COI sequences for five species (Cociella punctata;
Epinephelus stoliczkae; Pomadasys aheneus; Scorpaenopsis
possi;, Sillago panhwari) in the GenBank database.

The ABGD performed on both distance metrics (K2P, p)
generated nearly similar counts of single-species representing
clusters ranging from 138 to 159 (K2P, X=0.8) and from 138
to 156 (K2P, X = 1.0) on initial and recursive partitions.
However, ABGD on p matrix generated 138 single-species
representing clusters on initial and recursive partition (X=1)
in concordance with the results of our NJ, BI, and ML analysis
while it generated 139 on recursive partition when X=0.8
(Table 2).

A total of 68 sequences were represented by a single spec-
imen each. BGA demonstrated that the barcode gaps were
present for 39 of 70 species with multiple specimens and no
gap was found in 31 sequences. The maximum intraspecific
value of BGA, i.e., 2.51, was recorded for Terapon jarbua
Forsskal, 1775, followed by Lethrinus nebulosus Forsskal,
1775 (2.5), Pomadasys aheneus (1.39), Otolithes sp.1 (1.23),
Nemipterus japonicus (1.23), Pseudorhombus sp. (1.2),
Sardinella gibbosa Bleeker 1849 (1.09), and Lagocephalus
guentheri Miranda Ribeiro, 1915 (0.92) (Fig. 3).
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Higher-level taxonomic mismatch

At higher taxonomic levels (genus, family, and order), the
phylogenetic placement of some species showed taxonomic
deviations and clustered at different positions instead with
their congeners, confamilials, and conorders with mostly
low or insignificant BI and ML support (Fig. 2). A puffer fish
Takifiugu oblongus Bloch, 1786 (Tetraodontiformes) nested
close to Moray eels Strophidon sathete Hamilton, 1822, and
Gymnothorax favagineus Day 1875 (both Anguilliformes), far
from other Tetraodontiformes (Lagocephalus lunaris Bloch &
Schneider, 1801, L. guentheri). A grunt species
Plectorhinchus sordidus Klunzinger, 1870, a member of fam-
ily Haemulidae (Perciformes), nested with members of order
Clupeiformes instead with other grunts (Pomadasys stridens
Forsskal, 1775, P. aheneus, P. olivaceus Day, 1875). A wolf-
herring species Chirocentrus dorab (Clupeiformes) nested
with Megalops cyprinoides Broussonet, 1782 (Elopiformes)
with a moderate BI support (0.78/-). Cheilopogon furcatus
Mitchill, 1815 (Beloniformes) clustered as a sister clade to
all Sillaginids (Perciformes) with a low BI support (0.63/-).
All members of order Mugiliformes lumped together on the
BI/ML tree except Mugil cephalus Linnaeus, 1758, which
formed a separate clade far from other mugils. Members of
the flatfishes (Pleuronectiformes) were placed in several unre-
lated taxonomic hierarchies in the BI/ML tree. For example,
Pseudorhombus sp. clustered as a sister clade to Lactarius
lactarius Bloch & Schneider, 1801 (Perciformes) with a mod-
erate BI support (BI/ML, 0.73/-). Two species of the genus
Sphyraena (S. putnamae Jordan & Seale, 1905, and S. pinguis
Giinther, 1874), members of the order Perciformes, nested
within the members of order Pleuronectiformes without any
nodal support.

The genera Trachinocephalus and Saurida of the family
Synodontidae (lizardfish) nested in different families:
Trachinocephalus myops Forster, 1801 nested with the spe-
cies of family Leiognathidae (Leiognathus robustus Sparks &
Dunlap, 2004, Karalla daura Cuvier, 1829) while Saurida
species (S. tumbil Bloch, 1795, S. lesepsianus Russell,
Golani & Tikochinski, 2015, Saurida sp.) nested as a sister
clade to Pempheridae (Pempheris rhomboidea Kossmann &
Réuber 1877, Ostorhinchus fasciatus Shaw, 1790) with no
any nodal support. Interestingly, two species of the genus
Gerres (G. filamentosus Cuvier, 1829, G. oyena Forsskél,
1775), members of family Gerreiadae, were placed far from
each other. G. oyena was placed as a sister clade with the
members of family Mullidae (Upeneus vittatus,

Fig. 2 RaxML tree for 303 fish sequences reflecting 138 single-species P>
clusters. Bootstrap and posterior probability values from a Bayesian tree
of identical topology are indicated at nodes. Nodal support values less
than 0.70% for BI and 50% for ML are denoted by —
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U. moluccensis Bleeker, 1855) while G. filamentosus clus-
tered with the members of order Beloniformes (Ablennes
hians, Strongylura strongylura, Hyporhamphus sindensis).
In the family Scombridae, two species (Euthynnus affinis,
Rastrelliger kanagurta) splitted in separate clusters;
E. affinis nested as a sister clade to Pampus argenteus
(Stromateidae) (BI/ML, 0.89/50) and Ariomma indicum
(Ariommatidae) and R. kanagurta nested with Trichiurus
lepturus (Trichiuridae) with the high nodal support only in
BI (BI/ML, 0.99/-). Five species in the family Clupeidae
(Sardinella albella, S. gibbosa, S. longiceps, Nematalosa
nasus, Escualosa thoracata) clustered close together but
S. abella positioned itself as a sister clade to N. nasus (Bl/
ML, 0.88/-) whereas E. thoracata clustered as a sister clade
to S. gibbosa and S. longiceps with no nodal support (BI/ML,
—/—). In the family Platycephalidae, Cociella heemstrai nested
with Grammoplites suppositus rather than Cociella punctata
with high nodal support (BI/ML, 1.0/98).

Candidate species and conflicting taxonomic
designations

The following groups, based on DNA barcoding and prelim-
inary morphological examination (not presented here), reveal
cases where new information confirming species delimitations
or requiring further taxonomic reexamination is warranted.
The information on potential candidate species is given in
the following eight broader categories.

Clupeiforms

A total of nineteen haplotypes of clupeiform fishes were suc-
cessfully generated belonging to five families including
Chirocentridae, Clupeidae, Dussumieriidae, Engraulidae,
and Pristigasteridae (Table 1). An additional 16 sequences
were obtained from GenBank from the nearby regions for

Table 2
distance for our sequences

comparison and verification. The analysis of our
Clupeiformes through BI and M1 tree shows higher nodal
support values (Fig. 4). The sequences of Pakistani
Clueipormes (Sardinella albella, S. gibbosa, S. longiceps,
Esculosa thoracata, Ilisha elongate, Thryssa dussumieri,
T. hamiltonii, T. vitrirostris) clustered/nested with specimens
of these species from India and Bangladesh. The analyzed
sequences of Thryssa sp. in the present study grouped into a
strongly supported clade (BI/ML = 1.0/99). A single sequence
of Thryssa sp. (55314) formed a separate lineage with an
average uncorrected p distance of 15% from the closely nested
four sequences of T. vitrirostris (55309-12; n=4), which in
turn formed a well-supported cluster with sequences from
Iran (KU937393) and South Africa (JF494689). A sequence
of T. hamiltonii (MF594610) from Bangladesh was nested
separately from the known sequences of 7. hamiltonii and
could be a misidentification. Our sequences of Nematalosa
nasus (55185, 55297) formed a cluster (BI/ML = 1.0/100)
with a specimen from Saudi Arabia (KU499652). A sequence
of Dussumieria elopsoides (55260) clustered (BI/ML = 1/100)
with an average uncorrected p distance of 3% with three se-
quences, each from China (EF607363), Taiwan (KU942886),
and Vietnam (MK777250).

Sciaenids

Sciaenids were represented in our study by five genera includ-
ing Daysciaena, Pennahia, Otolithoides, Otolithes, and
Johnius, the former three by single species each. Our se-
quences of Otolithes (O. ruber, 55060-55061; Otolithes
sp.1, 55217, 55057-55059; Otolithes sp.2, 55077, 55080-
55081, 55359) appeared in three distinct clusters. All the se-
quences of O. ruber clustered together (100% matched; BI/
ML 0.89/82) including sequences obtained from India
(FJ237585) and Bangladesh (KY024208). Two clusters of
Otrolithes sp.1 and Otolithes sp.2 appeared a sister clades to

Automatic Barcode Gap Discovery (ABGD) analysis with two lower values (X'= 0.8, 1.0) for estimating genetic distance metrics of K2P and p

Subst. model Prior intra-specific divergence (P)

X Partition 0.0010 0.0016 0.0027 0.0046 0.0077 0.0129 0.0215 0.0359 0.0599
p dist 0.8 Initial 138 138 138 138 138 138 138 138 138
Recursive 139 139 138 138 138 138 138 138 138
K2p 0.8 Initial 138 138 138 138 138 138 138 138 138
Recursive 159 142 142 138 138 138 138 138 138
p dist 1 Initial 138 138 138 138 138 138 138 138 138
Recursive 138 138 138 138 138 138 138 138 138
K2p 1 Initial 138 138 138 138 138 138 138 138 138
Recursive 156 141 141 138 138 138 138 138 138
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each other with basal support of BI (73) and an interspecific p
distance of 14%. Our ten sequences of Johnius species dis-
tinctly appeared in the BI/ML tree in two clusters representing
J. amblycephalus and Johnius sp., with a high nodal support
value of 1.0/92 (Fig. 5). The intraspecific p distance in both
Johnius sp. (55088, 55089, 55101, 55102, 55169) and
J. amblycephalus (54715, 54819, 55096, 55175, 55275)
was nil where as a K2P divergence of 2% appeared between
a sequence of J. amblycephalus from UAE (KX777910)
and our sequences. In the present study, the interspecific
divergence (K2P/p) of Johnius sp. from all other sciaenids
ranged from 17-32/15-25% and 15-28/13-23% for
J. amblycephalus. The strong nodal support in BI/ML tree
(1.0/100) and intraspecific divergence showed that our
Otolithoides biauritus (55367) and Daysciaena albida
(55093) matched 100% with sequences from India
(MF383188) and Indo-west Pacific (KP722719), respec-
tively. Our single sequence of Pennahia anea (55302) also
showed 100% similarity with sequence of this species from
Myanmar (MH235684) whereas deviating in K2P/p genetic
distances by 4% from a sequence of P. anea from China
(MG574454).

Flatfishes

Twenty haplotypes of flatfishes were successfully generated
falling in three families including Paralichthyidae, Soleidae,
and Cynoglossidae. An additional 10 sequences were obtain-
ed from GenBank for comparison and verification of our spe-
cies (Fig. 6). In the family Paralichthyidae, all the
Pseudorhombus species (P. elevates, P. arsius, and
Pseudorhombus sp.) grouped by high nodal support of BI/
ML values (1.0/96). Our five sequences for Pseudorhombus
sp. (55304-07, 55139) formed a single cluster differing from
the known species of Pseudorhombus arsius from South

Africa (JF494303, JF494302) and South China Sea
(FJ237895, FJ237894) by the genetic divergence (p distance)
of 7% and 12%, respectively. We are, therefore, reluctant to
suggest this single-species representing cluster as a candidate
species. Additionally, even a greater genetic distance of 17%
was calculated for our Pseudorhombus sp. from the South
African Pseudorhombus elevatus (JF494305, JF494307).

Four sequences in the family Soleidac were generated.
Among them, three sequences lumped into genera of
Brachirus (54808-09) and Phyllichthys (55326), and a single
sequence confirmed the presence of Dagetichthys
commersonnii (55258). COI sequences of our two Brachirus
specimens were 100% similar to Brachirus orientalis from
Saudi Arabia, Arabian Gulf (KU499833) whereas differed
from specimens from Bangladesh (MF611618) and China
(EF607337) by the divergence of 17%. Our Brachirus speci-
mens diverge in several morphological characters (unpub-
lished data) from the closely related B. orientalis which was
originally described from Sri Lanka. This further supposes
that Brachirus in North Arabian Sea is a potential candidate
species. The morphological data of one of our specimens cor-
respond to the genus Phyllichthys but deviate from any of the
known Phyllichthys species (unpublished data). This genus is
represented by three species namely, Phyllichthys punctatus,
Phyllichthys sclerolepis, and Phyllichthys sejunctus, all dis-
tributed in Western Pacific and Eastern Indian Ocean.
Although the genus has never been reported from the West
Indian Ocean, and we found no sequence data of the members
of genus Phyllichthys in the GenBank for our analysis, given
the morphological differences and distant distribution, a po-
tential candidate species in Phyllichthys from the Indian
Ocean is warranted in future. Our single specimen of
D. commersonnii corresponded with D. commersonnii from
Bangladesh (MH429299) with only 1.0% genetic deviations
from the Pakistani sequence.
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Fig. 4 RaxML tree of our sequences of Clupeiformes and those of related species from GenBank database. Bootstrap and posterior probability values

from a Bayesian tree of identical topology are indicated at nodes

A total number of 20 sequences (10 GenBank and 10 pres-
ent study) in the family Cynoglossidae were used in the pres-
ent BUML analysis. Our Cynoglossus sequences formed four
distinct clusters. BI/ML tree shows that Cynoglossus sp.1
(55299-55301) is a sister clade to C. bilineatus (EF607350
China) with a high nodal support value (1.0/100) and a p
distance of 12%. Three sequences of Cynoglossus sp.2
(55151-55153) formed a separate cluster from all other
Cynoglossus species with nodal support of 0.62/62(BI/ML)
and a p distance of 19-22%. The available Indian sequences
of C. macrostomus in GenBank (FJ347911-FJ347912)
showed more than 99% resemblance with our
C. macrostomus (55252-55253). The type locality of
C. macrostomus is in India. Two COI sequences of C. arel
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(54649 and 55150) in our collection are similar (100%) to
specimens from Saudi Arabia (KU499774) and Iran
(MG052949) but diverge from Indian (KT323970) and
Myanmar (MH235626) sequences in GenBank by 4% and
12%, respectively. The type locality of C. arel is from India.

Spiny flathead

DNA barcoding of spiny flathead fishes confirms the occur-
rence of Cociella punctata (55249-55250), C. heemstrai
(55032-55034), and Grammoplites suppositus (55270) in
Pakistani waters. To compare and verify, available sequences
of the same species from the nearby regions were obtained
from GenBank and a BI/ML tree was created (Fig. 7). In the
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Fig.5 RaxML tree of our sequences of sciaenids and those of related species from GenBank database. Bootstrap and posterior probability values from a

Bayesian tree of identical topology are indicated at nodes

present study, the nodal support for spiny flathead fishes was
high with a BI/ML value of 1.0/100. The intraspecific dis-
tances for C. heemstrai (55032-34) from other spiny flathead
fishes ranged from 11 to 21 % for K2P and 10 to 18% for p
distances. Nearly similar interspecific distances were recorded
for our C. punctata (55249-50) and G. suppositus (55270).

Cociella heemstrai is described from Kenya, the West
Indian Ocean. COI sequence divergence of our C. heemstrai
(55032-55034) was 3% from the South African clade
(JF493229, JF493230, JX488290), suggesting a possibility
for the presence of an unknown population of heemstrai in
the North Arabian Sea. On the other hand, G. suppositus was
found to exhibit 100% sequence similarity with the available
GenBank sequences from Saudi Arabia (KU499610,
KU499611).

Lizardfish (Saurida) and Trachinocephalus

Twelve sequences of Saurida species were successfully
amplified and five additional sequences were obtained from
GenBank including S. undosquamis (FI347930, FJ347931,
India; KP266852, South China Sea) and S. longimanus

(KR105861, KR105862, India). The BI/ML analysis pro-
duced well-supported (>0.90/80) deep divergent clades
(Fig. 8). Seven sequences of our S. tumbil exhibited 100%
(BI/ML= 0.99/99) similarity with a specimen from India
(EF609600). Sequences from our two specimens (55336,
55337) corresponded 99% and 100% with S. lessepsianus
from Turkey (KY 176610, KY176611) and Saudi Arabia
(KU499724), respectively with high nodal support values
(BI/ML=0.99/76). COI sequences from our three speci-
mens of Saurida sp. (54654, 54655, 54646) formed a dis-
tinct clade, deviating with an average genetic distance (un-
corrected p distance) of 15% from all Saurida species used
in this study. BI/ML tree shows that our Saurida sp. is a
sister clade to S. /essepsianus and S. undosqamis from
China (KP266852) and India (FJ347931). Keeping in view
the deviation in morphological (unpublished data) and COI
data, this Saurida sp. is a potential candidate species from
Pakistan.

Trachinocephalus myops is historically known to be a
circumtropical species. Based on molecular studies, Polanco
et al. (2016) validated three recognized species including
T. myops (restricted to the Atlantic Ocean), T. gauguini
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Fig.6 RaxML tree of our sequences of Flatfishes and those of related species from GenBank database. Bootstrap and posterior probability values from a
Bayesian tree of identical topology are indicated at nodes
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from a Bayesian tree of identical topology are indicated at nodes
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Fig. 7 RaxML tree of our sequences of Spiny-Flathead and those of related species from GenBank database. Bootstrap and posterior probability values
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Fig. 8 RaxML tree of our
sequences of Lizardfish (Saurida
spp.) and those of related species
from GenBank database.
Bootstrap and posterior
probability values from a
Bayesian tree of identical
topology are indicated at nodes

0.99/98 Saurida longimanus KR105862 India
Saurida longimanus KR105861 India

Saurida tumbil 55339

0.99/99 | Saurida tumbil 55015
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Saurida undosquamis F1347931 India
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0.3

(described from the Marquesas Islands), 7. trachinusis (from
the Indo-West Pacific Ocean) and four undescribed lineages
including our 7. myops (Fig. 2) placed as sp. 4 of 7. aff.
trachinus.

Sillaginids

Nine COI sequences of sillaginids were amplified in this study
whereas 15 sequences were obtained from GenBank for com-
parison and use in the construction of BUML tree (Fig. 9). Our
sequences appeared in the tree in four separate clusters. The
phylogenetic cluster of Sillago sp.1 (54637, 55266, 55329)
was closely nested with the sequence of morphospecies
S. panhwari (55328) with an average uncorrected p distance
of 16% and the high nodal support values for BI (0.89) where-
as ML support was below the significance level. The tree
shows that two sequences from GenBank (KUO051788,

KUO051787) referred to S. sihama from Indo West Pacific
(originated from the Pakistani coast) clustered together with
our S. panhwari with an average uncorrected p distance of 1%
and high nodal support (BI/ML= 1.0/100), both the former
specimens are proposed misidentified S. panhwari.
Although morphological characteristics are overlapping in
typical S. sihama and S. panhwari, both can be differentiated
by analyzing swim bladder shape, head length, average num-
ber of lateral-line scale counts, number of transverse rows of
scales counts, and gill-raker counts. Interspecific values (K2P/
p distance) were ranging between 17-21/15-18 for Sillago
sp.1 and 17-21/15-18 for S. panhwari from all other Sillago
species used in this study. Our single sequence of S. sihama
(54634), perfectly matched (100%) with two available se-
quences from India (EF609616, EF609617), India being the
type locality of S. sihama (Bauchot et al. 1983). Another sister
lineage to our S. sihama, referred in GenBank entry as
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1.0/100|

Uranoscopus sp (out group)

Fig. 9 RaxML tree of our sequences of Sillaginids and those of related species from GenBank database. Bootstrap and posterior probability values from

a Bayesian tree of identical topology are indicated at nodes

S. sihama from Indo West Pacific (KU051813, KU051881,
KUO051857) seems to be a different species-representing clus-
ter (BI/ML= 1.0/92) with an average genetic distance of
4.95%. Four sequences of our Sillago sp.2 (54635, 54636,
55024, 55327) and a sequence (MF571912) from Indo-West
Pacific, identified as Sillago sihama were clustered together.
These sequences of Sillago sp.2 and S. sihama (MF571912)
diverge in p distance of 16 to 20% from all others Sillago
species used in this analysis. Based on morphological data
(unpublished data) and COI sequences, our Sillago sp.1 and
Sillago sp.2 are seen as candidate species from Pakistan.

Grunts

A total of 14 sequences were used in BI/ML analysis compris-
ing of eight sequences generated in the present study while 6
sequences were obtained from the GenBank. Three distinct
clusters appeared in the B/ML tree (Fig. 10). Our two se-
quences of Plectorhinchus sordius (54439, 55181) perfectly
matched with a sequence of the same species from Saudi
Arabia (KU499678). The second phylogenetic cluster com-
prised of our sequences from Pomadasys stridens (n=4;
55155, 55158, 55159, 54755) that matched 100% with a se-
quence from Saudi Arabia (KU499636). In both of these clus-
ters, BI/ML support was 1.0/99 and 1.0/100 for P. sordius and
P. stridens, respectively. In the third cluster, six sequences of
Pomadasys species (P. olivaceus, P. incises) were grouped
with a high B/ML nodal support (0.99/89); 3% p distance
was calculated between our two sequences of P. olivaceus
(54340, 54970) and sequences of this taxon from South
Africa (F494253) and Indo West Pacific (HQ676798)-IWP).
Furthermore, our sequences of P. olivaceus diverge by only
2% from P. incises from Portugal (KJ768283) and Spain
(KMO017063). The differences in certain morphological
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characters and the genetic divergence of our P. olivaceus to
those of South Africa (JF494253) and Indo-West Pacific
(HQ676798) suggest the presence of cryptic diversity in the
form of an undescribed species.

Stargazers

Two COI sequences of Uranoscopus species (stargazers)
were generated and matched with three available GenBank
sequences from South Africa (GU805069), Arabian Gulf
(KU317874), and India (KJ093279). BI/ML tree (Fig. 11)
showed that U. archionema from South Africa was placed
separately with high nodal support (1.0/100) and genetic di-
vergence of 12 % (p distance) from specimens from Pakistan,
India, and Saudi Arabia. The sequences of Uranoscopus spe-
cies from the Arabian Gulf and India matched perfectly with
Pakistani Uranoscopus.

BIN Analysis Reports

BIN analysis led to the recognition of 141 BIN clusters.
Among them, 46 BIN clusters were taxonomically concordant
with the other barcode data that were BOLD-assigned to the
same species. A total of 91 BIN clusters were discordant with
the morphological species or consisted of different species.
Among these, discordant BIN clusters the rank of conflict
occurred in 5 families, 31 genera, and 55 species. In five
families, a total number of BIN members in BOLD were
299, among them, 279 (93%) were concordant to our identi-
fication and 7% were discordant. At the genus level, BIN
members were 1,039 and 77% (806) were concordant to our
identification whereas 2,691 (74%) records of species were
concordant to our results in total BIN members of 3660 spe-
cies. In particular, 4 BINs records (Ablennes hians,
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Plectorhinchus sordidus 54439

1.0/100 | Plectorhinchus sordidus KU499678 Saudia Arabia

Plectorhinchus sordidus 55181

1.0/100

Pomadasys stridens KU499636 Saudia Arabia

1.0/100

0.97/76

0.74/66

1.0/99

Brachirus sp (out group)

0.2

Pomadasys stridens 55155

Pomadasys stridens 55158

Pomadasys stridens 54755

Pomadasys stridens 55159

Pomadasys incises KI768283 Portugal
- 0.99/89 Pomadasys incises KM017063 Spain
Pomadasys olivaceus 54970
1.0/95

Pomadasys olivaceus 54340

Pomadasys olivaceusJF494253 South Africa

Pomadasys olivaceus HQ676798 Indo West Pacific

Fig. 10 RaxML tree of our sequences of Grunts (Haemulidae) and those of related species from GenBank database. Bootstrap and posterior probability

values from a Bayesian tree of identical topology are indicated at nodes

Dussumieria elopsoides, Phyllichthys sp., and Narke sp.) were
indicated as a singleton.

Discussion

The Indo-Pacific region is known as a biodiversity hot-spot
(Tittensor et al. 2010), comprising of around 17,435 fish spe-
cies (marine 72%; freshwater 33%); this high diversity is ex-
plained because of relatively old (5.3—34 million years ago)
colonization (Miller et al. 2018). There are gaps in the data of
fish fauna of different geographical areas found in the Indo-
West-Pacific region (Hourston 2010). The Northern Arabian
Sea is also a part of the Indo-Pacific region and is highly
diverse in natural habitats, providing an ideal home for rich

biodiversity. Let alone lacking complete fish species
inventory, the fish diversity of the Northern Arabian Sea has
not been explored through DNA barcoding. The only
available reference of DNA barcoding of fishes from the
nearby region of Pakistan comes from Lakra et al. (2011)
who barcoded 115 species from the Indian Ocean. In the pres-
ent study, 303 specimens were successfully sequenced, repre-
senting 138 single-species representing clusters through NJ,
BI/ML tree, and ABGD, whereas 141 single-species repre-
senting clusters through BIN report, representing about 22%
of species reported in a recent publication “FAO fish identifi-
cation guide” (Psomadakis et al. 2015). It is also expected that
the actual fish diversity will be higher than the number men-
tioned in Psomadakis et al. (2015) because several fish groups
were not included in their identification guide, for example,
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1.0/100

Uranoscopus archionema GU805069 South Africa

Uranoscopus sp KU317874 Saudia Arabia

0.98/99

Uranoscopus archionema KJ093279 India

Uranoscopus sp 54660

Uranoscopus sp 55308

0.07

Pomadasys olivaceus (out group)

Fig. 11 RaxML tree of our sequences of Stargazer (Uranoscopidae) and those of related species from GenBank database. Bootstrap and posterior
probability values from a Bayesian tree of identical topology are indicated at nodes

Syngnathidae, Blenniidae, and others. Our study of barcoding
of coastal fishes of Pakistan revealed an addition of at least
fourteen finfish species that were not previously recorded by
Psomadakis et al. (2015), including Planiliza sp., Pterocaesio
chrysozona Cuvier, 1830, Psammogobius biocellatus
Valenciennes, 1837, Halichoeres timorensis Bleeker, 1852,
Leiognathus robustus Sparks & Dunlap, 2004, Pempheris
rhomboidea, Abudefduf septemfasciatus Cuvier, 1830,
Saurida lessepsianus, Siganus sutor Valenciennes 1835,
Sphyraena pinguis Glnther, 1874, Cynoglossus macrostomus
Norman, 1928, Scorpaenopsis possi Randall & Eschmeyer
2002, Arius arius Hamilton, 1822, and Chiloscyllium
burmensis.

In this study, the average GC content was 47.03% while the
average transition and transversion ratio was 1.31; similar
results were obtained by Lakra et al. (2011) from the Indian
Ocean. Keskin and Atar (2013) and Ward et al. (2005) report-
ed average GC content of 46.74% and 47.1% for their studies,
respectively, the results similar to our findings. We found the
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highest GC content (52.8%) for Chirocentrus dorab
(Osteichthyes) and lowest (37.3%) for Chiloscyllium
burmensis (Chondrichthyes) while Lakra et al. (2011) record-
ed the highest GC content (51.20%) for family Carangidae
and the lowest (44.7%) for family Leognathidae.

Our overall mean Kimura 2-parameter genetic distance
(K2P) was 0.25% that was higher than reported by Zhang
and Hanner (2012) for China (0.18%), similar to Canadian
Pacific (0.25%; Steinke et al. 2009) and lower from India
(0.3%; Lakra et al. 2011), Japan (0.3%; Zhang and Hanner
2011), and Sao Paulo State in Brazil (0.31%; Ribeiro et al.
2012). Ward et al. (2005) reported the highest overall mean
intraspecific distance of 0.39% for their study on Australian
fishes. In our study, the highest genetic distance (0.365%) was
calculated between Narcine timlei (55296) and Otolithes sp.2
(55077). Among 18 previously unknown taxa discernible by
single-species representing clusters, five had no previous sub-
mission records in GenBank (Cociella punctata, Epinephelus
stolizkae, Pomadasys ahenius, Scorpaenopsis possi, and
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Sillago panhwari). According to Ward (2009), 98-99% sim-
ilarity in COI sequences of fishes, there is a probability that
these are from the same species.

The Clupeiforms is a large group of fishes distributed
worldwide. In Pakistan, Clupeiformes is comprised of five
families including Clupeidae, Dussumieriidae, Engraulidae
Pristigasteridae, and Chirocentridae. Phylogenetic relation-
ships among each family in the clupeformes have been studied
and remain poorly understood (Bloom and Lovejoy 2014).
The species diversity of clupeoid fishes is highest in the
Indo-West Pacific region; species distribution generally fol-
lows two patterns of species richness, the longitudinal and
latitudinal gradients whereas regional endemism is also im-
portant at the species and genus levels (Lavoué et al. 2013). In
the present study, B/ML analysis showed 12 distinct clusters
including an unknown single-species representing cluster of
Thryssa sp. (55314) diverging at a genetic distance of 14-26%
(p distance) from all other Clupeiform species. Detail studies
on Thryssa sp. will be carried out separately in future work. In
our collection of Clupeiforms, two sequences of Chirocentrus
dorab were present, whereas C. nudus is also reported from
Pakistani waters but not represented in our study (Psomadakis
et al. 2015; Bianchi 1985). Both species are nearly similar in
morphological characters and identification of either species is
challenging. In a recent study, Lavoué et al. (2019) examined
both Chirocentrus species from Indo-West Pacific for their
genetic divergences and found a significant p distance
(6.3%) among them.

Croakers and drums are members of the family
Sciaenidae, comprising more than 290 species in 66 genera.
They produce sounds using sonic muscles and swim bladder
(Ramcharitar et al. 2006). Sciaenids are highly commercial
and are found abundantly in Pakistani waters, contributing
towards a major portion of daily fish landing. The systemat-
ics and phylogenetic relationship of sciaenids based on swim
bladder and otolith was discussed by several authors (Chao
1978; Sasaki 1989) but more recent studies focus on molec-
ular techniques to resolve taxonomic issues in the family
Sciaenidae (Lo et al. 2015). In the present study, three of
our single-species representing clusters (Otolithes sp.1,
Otolithes sp.2, and Johnius sp.) appeared in three distinct
clades which reflects that the sciaenids fauna of Pakistan is
more productive in terms of diversity but need to be compre-
hensively examined. Chao et al. (2019) recently described a
new species, Johnius taiwanensis Chao etal., 2019, from the
west coast of Taiwan. This species has been misidentified for
decades, as J. sina Cuvier, 1830, J. macrorhynus Lal Mohan
1976, and J. belangerii Cuvier, 1830 (Chu et al. 1963; Lin
etal. 2007).

Flatfishes belong to the order Pleuronectiformes, receiving
attention in evolutionary biology from Darwin’s time because
of'its asymmetry (both eyes lying on the same side of the head
(Campbell et al. 2013). This is the species-rich group with

more than 800 recognized species in 14 families. Flatfishes
are represented in Pakistan by six families: Psettodidae,
Paralichthyidae, Bothidae, Samaridae, Soleidae, and
Cynoglossidae. Based on morphological analysis, several re-
searchers have done taxonomic studies on flatfishes of
Pakistan including Day (1878), Fisher and Bianchi (1984),
Ramanathan et al. 1977, Qureshi (1960), Ahmad and Niazi
(1988), and Hoda (1988). In the present study, we could not
morphologically identify the species falling in five single-
species representing clusters (Pseudorhombus sp. (n=5),
Cynoglossus sp.1 (n=3), Cynoglossus sp.2 (n=3), Brachirus
sp. (n=2), and Phyllichthys sp. (n=1)). The BI/ML analysis
shows that these clusters do not correspond to any sequences
available in the GenBank nor their morphology corresponds
to the known forms. Recently, a new species Cynoglossus
nanhaiensis Wang, Munroe and Kong 2016, has been de-
scribed from the coastal waters of the South China Sea.

The taxonomy of spiny-flatheads has a long history of con-
fusion, with approximately 150 proposed species names, but
only 77 are regarded as valid. Cryptic species of spiny-
flatheads have been recognized only recently, mostly in large
expanses of the tropical Indo-West Pacific (Cheng et al.
2019). A spiny-flathead Cociella crocodilus Cuvier, 1829
was reported by Bianchi (1985) from Pakistani waters.
Psomadakis et al. (2015) regard C. crocodilus as extralimital
for Pakistan, while restricting this species to the South China
Sea. Our present study reveals two distinct Cociella taxons
from Pakistani waters namely Cociella punctata Cuvier,
1829, and Cociella heemstrai Knapp, 1996. The genetic di-
vergence between Cociella heemstrai from South Africa
(JF493229, JF493230) and Madagascar (JX488290) from
near the type locality (Kenya) of this species and those from
the Pakistani waters is greater than 2.7% and is suggestive of
the presence of a cryptic genetic population. A grunt species
P. olivaceus is available in GenBank but not from the type
locality i.e., Balochistan coast, Pakistan. The GenBank
P. olivaceus from South Africa (JF494253, HQ676798) is
proposed as an undescribed genetic population of
P. olivaceus with a p distance of more than 3% from the
Pakistani P. olivaceus. The stargazer Uranoscopus
archionema Regan, 1921 was described from 15-20 miles
off Umvoti River, KwaZulu-Natal, South Aftrica, southwest-
emn Indian Ocean. Another stargazer U. dollfusi Briiss, 1987
was described from the Gulf of Suez, Red Sea, and later on
recorded from the Gulf of Oman and Persian Gulf (Fricke
2018). Ronald Fricke (personal communication) did not find
trenchant differences in the descriptions of both these
Uranoscopus species and showed a possibility of U. dollfusi
as a junior synonym of U. archionema. Our Uranoscopus
COI sequences did not match with the material of
U. archionema from South Africa. At the same, we found
contrasting morphological characters differing from the de-
scription assigned to U. dollfusi and U. archionema. Based
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on our morphological data (not presented here) and the present
phylogenetic inference, the existence of a potential genetic
population in the genus Uranoscopus from the north
Arabian Sea is warranted in the future.

Far from their close congeners, several species were
placed at different positions in the NJ, BI/ML trees
(Fig. S1, Fig. 2). This type of situation has been report-
ed by Keskin and Atar (2013) who reported the taxo-
nomic deviation at genus, family, and order level and
explained this type of placement in the NJ and BI/ML
trees due to differences in genetic distances. In our
study, the genetic distance (K2P) between Mugil
cephalus (Mugiliformes) and Abudefduf septemfaciatus
(Perciformes) was above the threshold level of
confamilials (17.9%) and was found lowest (0.208) as
compared to M. cephalus with other mugil species. For
example, the genetic divergence between M. cephalus
and other mugil species was Ellochelon vaigiensis
Quoy & Gaimard, 1825 (0.224), Osteomugil seheli
(0.223), Planiliza sp. (0.233), Osteomugil sp. (0.224),
and Planiliza klunzingeri Day 1888 (0.226).

DNA barcodes are highly reliable for delineating fish
species, species validation, description of new species,
and, more importantly, clarifying ambiguities in species
complexes and cryptic taxa. In the present study, a high
level of K2P/p distances was observed in distinct line-
ages for several taxa among 138 distinguishable single-
species representing clusters through NJ and BI/ML
tree-based approaches (Figs. 2 and 3). Our analysis re-
flects that geographic distance plays an important role
in the deep divergence of cryptic species (Zemlak et al.
2009). Furthermore, it is required to establish a DNA
barcode reference library for each species inhabiting the
aquatic environment of Pakistan for their proper man-
agement and conservation. Except for some sporadic
work, this is the first initiative to document the fish
fauna of Pakistan through DNA barcoding.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12526-022-01272-6.
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