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Summary 50 

Wolf herrings (Chirocentridae; Clupeoidei) are commonly found in local fish markets 51 

throughout the Indo-West Pacific region where they constitute an auxiliary source of food 52 

and income for local communities. The validity of the two species of wolf herrings, 53 

Chirocentrus dorab Forsskål, 1775 and C. nudus Swainon, 1839, is only supported by slight 54 

morphological differences. The identification of either species is challenging, especially for 55 

juveniles, and precludes accurate assessments of these natural resources at a species level. As 56 

a step towards gaining better knowledge of the genetic structure of these fishes, we examined 57 

genetic differentiation between these two species by reconstructing their entire mitogenomic 58 

sequences using high-throughput sequencing technology. We found that the mitogenome of 59 

each species shared the same gene content and order that were the same for those found in 60 

most other teleost fishes. Despite their high morphological similarity, these two species of 61 

Chirocentrus were genetically well differentiated (p-distance = 16.3% at their cytochrome 62 

oxidase I). A mitogenomic time-calibrated phylogenetic analysis showed that wolf herrings 63 

originated about 35 million years ago, and they represent a case of morphological stasis. 64 

Furthermore, comparison of published and newly determined mitochondrial COI barcode 65 
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region sequences from 22 individuals revealed species-level cryptic genetic diversity within 66 

C. dorab. Altogether, these mitochondrial data are effective in discriminating species within 67 

this genus and informing population genetic relationships within species of wolf herrings. 68 

 69 

 70 

Keywords: NGS; mitogenome; fish; Clupeiformes; evolution; phylogeny 71 

 72 

1 Introduction 73 

Wolf herrings (Chirocentridae) are unusual fish within the suborder Clupeoidei, the latter also 74 

including sardines, anchovies, and herrings (Whitehead, 1985; Lavoué, Konstantinidis, & 75 

Chen, 2014). The wolf herrings are distinctive in their piscivorous nature, elongated and 76 

laterally compressed body, large size (up to 1 m in total length [TL]), and the absence of a 77 

full series of ventral scutes (Figure 1A) (Whitehead, 1985). These characteristics make wolf 78 

herrings easily recognizable. They are widely distributed off the continental coasts of the 79 

Indo-West Pacific (IWP) region, from southeastern Africa to the China Sea region and, 80 

further south, to the tropical Australian region (Whitehead, 1985) (Figure 1B). 81 

According to Luther (1985a) who examined over eight thousand specimens of wolf 82 

herrings from Indian waters, they comprise only two sympatric species that are 83 

morphologically similar, Chirocentrus dorab Forsskål 1775 and C. nudus Swainon 1839. 84 

These two species can be distinguished from each other by the coloration of the dorsal fin 85 

(blackish in C. dorab vs. whitish in C. nudus) and the relative length of the pectoral fin 86 

(longer in C. nudus) (Luther, 1985a). In practice, however, wolf herrings are difficult to 87 

identify because 1) the interpretation of these two characters needs taxonomical practice, 2) 88 

often specimens at fish landing sites have damaged fins, and 3) these two characters are not 89 

differentiated in smaller specimens (less than 15 cm TL). 90 

Wolf herrings are pelagic coastal fishes, and while common throughout their range, 91 

they do not form large schools. They reach sexual maturity after three years, at about 30-40 92 

cm TL (Luther 1985b; but see Abdussamad, Pillai, Zacharia, & Jeyabalan, 2011 for different 93 

estimations), and they spawn from February to August in India (Luther 1985b). Both species 94 

have similar diets, as they mainly feed on sardines (e.g., Sardinella spp.) and anchovies (e.g., 95 

Stolephorus spp.), although Luther (1985c) reported that C. nudus prefers larger prey. 96 

In the IWP region, wolf herrings represent a common by-catch for artisanal fisheries 97 

and, in some places as in India, even a targeted resource (Abdussamad et al., 2011). The 98 

annual total landing catch fluctuates, but precise data are lacking. Often, both species are 99 
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mixed together in landing catches, and only a few authors, such as Abdussamad et al. (2011), 100 

have reported separate data for each species. Both Abdussamad et al. (2011) and Pinsky et al. 101 

(2011) reported the overfishing of wolf herrings. 102 

Genetic data of wolf herrings are limited. One nearly complete mitochondrial genome 103 

(i.e., 15,989 base-pairs [bp], with a part of the control region undetermined) of a specimen of 104 

C. dorab, from an unspecified geographical origin, was determined (Ishiguro, Miya, Inoue, & 105 

Nishida, 2005), and it is available in the GenBank database under accession number 106 

AP006229. In addition, partial cytochrome oxidase I (COI) reference sequences of wolf 107 

herrings have been published in several papers which attempted to provide molecular 108 

identification of the regional marine ichthyofauna of China (Zhang & Hanner, 2012), Iran 109 

(Asgharian, Sahafi, Ardalan, Shekarriz, & Elahi, 2011), India (Lakra et al., 2011), Australia 110 

(Ward & Holmes, 2007), and South Africa (Steinke, Connell, & Hebert, 2016). 111 

The main aim of this study was to examine genetic differentiation between the two 112 

species of wolf herring by reconstructing the complete or nearly complete mitogenomic 113 

sequence of each species by high-throughput sequencing (also known as next-generation 114 

sequencing, NGS) technology. We also provide preliminary data on genetic differentiation 115 

within each species by comparing the COI reference gene for several specimens of C. dorab 116 

and C. nudus from different geographical locations. 117 

 118 

2 Materials and Methods 119 

 120 

2.1 Specimens sampling 121 

Complete or nearly complete mitogenomic sequences were determined from two mid-sized 122 

(about 35 and 45 cm in total length) fresh specimens of Chirocentrus collected in two local 123 

fish markets in Malaysia. The specimen of C. dorab was collected at a fish market in Kuala 124 

Perlis, Perlis, East coast of Peninsular Malaysia. The specimen of C. nudus was collected at a 125 

fish market in Kota Bharu, Kelantan, West coast of Peninsular Malaysia. Species 126 

identifications were done by inspecting the dorsal fin coloration (blackish in C. dorab vs. 127 

whitish in C. nudus) and the relative length of the pectoral fin (longer in C. nudus). 128 

Muscle tissue samples were taken from the two fresh specimens, immediately 129 

preserved in 95% ethanol, and subsequently stored at -20 °C. Both specimens were deposited 130 

in the zoological collections of University Sains Malaysia, Penang, Malaysia. 131 

Genomic DNA was extracted from each muscle sample using a commercial kit 132 

(DNeasy Blood and Tissue Kit, Qiagen, Hilden, Germany). 133 
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 134 

2.2 High throughput sequencing of mitogenomes 135 

The mitogenome of C. dorab was first targeted with a long polymerase chain reaction (PCR) 136 

amplification technique into two overlapping fragments. The following fish-versatile long 137 

PCR primers were used in various combinations to amplify the entire mitogenome in three or 138 

four reactions: forward L2508-16S (5´-CTC GGC AAA CAT AAG CCT CGC CTG TTT 139 

ACC AAA AAC-3´), forward L8343-lys (5´- AGC GTT GGC CTT TTA AGC TAA WGA 140 

TWG GTG-3´), forward L12321-leu (5́ - GGT CTT AGG AAC CAA AAA CTC TTG GTG 141 

CAA-3´), reverse H2990-16S (5´-TGC ACC ATT RGG ATG TCC TGA TCC AAC ATC-3 )́, 142 

H12293-leu (5́ -TTG CAC CAA GAG TTT TTG GTT CCT AAG ACC-3´), reverse H1065-143 

12S (5´- GGC ATA GTG GGG TAT CTA ATC CCA GTT TGT-3´) and reverse HS-LA-16S 144 

(5´- TGC ACC ATT RGG ATG TCC TGA TCC AAC ATC-3´). 145 

Reactions were carried out in 25 µl reaction volume containing 15.25 µl of sterile 146 

distilled H2O, 2.5 µl of 10× LA PCR buffer II (Takara), 4.0 µl of dNTP (2.5 mM), 1.0 µl of 147 

each primer (5 µM), 0.25 µl of 1.25-unit LA Taq (Takara), and 1.0 µl of template containing 148 

approximately 5 ng DNA. The thermal cycle profile was: denaturation at 98°C for 10 s and 149 

annealing and extension combined at the same temperature (68°C) for 16 min. Each reaction 150 

comprised 30 thermal cycles. Then, a DNA library was prepared from the long PCR products 151 

using the Nextera XT DNA Library Preparation Kit (Illumina, San Diego, CA, USA) 152 

following the manufacturer's protocol, before to be sequenced on a MiSeq Sequencing 153 

platform with MiSeq Reagent Kit v2 PE 300 cycles (Illumina) at the Natural History 154 

Museum and Institute, Chiba, Japan. 155 

A whole genomic DNA library of C. nudus was constructed following the 156 

manufacturer's protocol, then massively sequenced (using 2x250bp Rapid Run chemistry; 157 

paired-end) on an Illumina Hiseq 2500 sequencer (Illumina) at the Agricultural Technology 158 

Research Institute (Hsinchu, Taiwan). 159 

 160 

2.3 Mitogenome reconstruction and annotation 161 

We used the baiting and iterative mapping procedure implemented in MITObim vers.1.8 162 

(Hahn, Bachmann, & Chevreux, 2013) to reconstruct the mitochondrial genome of each of 163 

the two individuals. Raw reads were first trimmed by quality with the FASTQ Quality 164 

Trimmer script (Blankenberg et al., 2010) available at the online Galaxy portal 165 

(www.usegalaxy.org). Reads were trimmed at both the 5' and 3' ends until the aggregate 166 
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quality score was ≥ 20 (with all other settings at default values). We then performed 167 

reconstructions following the two main approaches available in the MITObim pipeline. First, 168 

we used as a starting reference the previously published mitochondrial genome of C. dorab. 169 

Second, we used conspecific COI sequences as a seed to initiate the process. The circularity 170 

of the mitochondrial genomes was inferred using editing features provided in Geneious 171 

vers.6.1.8 (Auckland, New Zealand). Raw reads were mapped onto the resulting consensus 172 

sequences to check for assembly success and assess coverage. 173 

The consensus sequences were annotated using MitoAnnotator (Iwasaki et al., 2013) 174 

and exported for subsequent analyses. The two mitogenomes determined in this study were 175 

archived in the DDBJ/EMBL/GenBank databases under the accession numbers AP018761 (C. 176 

nudus) and AP018763 (C. dorab). 177 

 178 

2.4 Mitogenomic time-calibrated phylogenetic tree reconstruction 179 

We first built a phylogenetic matrix "taxa*characters" as previously described (Lavoué, Miya, 180 

Kawaguchi, Yoshino, & Nishida, 2008) by combining the two newly determined 181 

mitogenomes with a selection of 24 mitogenomes of clupeoid species, purposely chosen 182 

based on the current knowledge on the systematics of Clupeoidei, and that of Denticeps 183 

clupeoides, the sister group of Clupeoidei. The 12S and 16S ribosomal (r)RNAs were aligned 184 

using the online version of MAFFT vers.7 (Katoh & Standley 2013; Katoh, Rozewicki, & 185 

Yamada, in press), and default setting parameters. The matrix (15,248 positions) includes 186 

concatenated nucleotide sequences from 12 protein-coding genes (10,890 positions), 22 187 

tRNA genes (1579 positions) and the 12S and 16S rRNA genes (2779 positions). 188 

From this matrix, we reconstructed a time-calibrated Bayesian phylogenetic tree using 189 

the software BEAST vers.1.10.3 (Suchard et al., 2018). We selected a general time-reversible 190 

model of sequence evolution with discrete gamma-distributed rate heterogeneity [GTR + Γ], 191 

a relaxed log-normal molecular clock and two time-constraints (see below). Two independent 192 

runs of 108

To calibrate the molecular clock, we used the fossil Lecceclupea ehiravaensis (Taverne, 200 

 generations each were performed using BEAST. Estimation of trees and 193 

divergence time were sampled once every 5,000 generations and the parameters of each run 194 

were checked for convergence with the software Tracer vers.1.7.1 (Rambaut, Drummond, Xie, 195 

Baele, & Suchard, 2018). After removing the burn-in part of each run (10%), the remaining 196 

tree samples from the two runs were pooled into a combined file, and the maximum clade 197 

credibility tree with mean divergence times and their 95% credibility intervals was built using 198 

TreeAnnotator vers.1.10.3. 199 
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2007) to constrain the age of the clade containing Gilchristella and Sundasalanx to a 201 

minimum of 74.0 million years ago which corresponds to the minimum age of this fossil 202 

[exponential distribution offset = 74.0; mean = 0.5]. The age of the tree, i.e. the divergence 203 

between Denticeps clupeoides and Clupeoidei was constrained to 130 million years ago 204 

following the results of Lavoué et al (2013) [exponential distribution offset = 130.0; mean = 205 

0.1]. 206 

 207 

2.5 Intraspecific genetic differentiation 208 

We downloaded all COI sequences previously published and available in GenBank of C. 209 

dorab (12 sequences) and C. nudus (five sequences) that we combined with 10 newly 210 

determined sequences (from Taiwan, Malaysia, and Thailand; see localities in Table 1 and 211 

Figure 1B). We used the PCR technique to amplify the COI sequences using the following 212 

PCR primer pair: forward COI_F1 (5´-TCAACCAACCACAAAGACATTGGCAC-3´) and 213 

reverse COI_R2 (5́-ACTTCAGGGTGACCGAAGAATCAGAA-3 )́ (Ward, Zemlak, Innes, 214 

Last, & Hebert, 2005). Reactions were carried out in 25 µl reaction volume containing 9.5 µl 215 

of sterile distilled H2O, 12.5 µl of Fast-Run Advanced Taq Master Mix (Pro Tech), 1.0 µl of 216 

each primer (5 µM), and 1.0 µl of template containing approximately 5 ng DNA. The thermal 217 

cycle profile consisted of an initial 94°C denaturation step for 10 min, 35 cycles of 94 °C for 218 

1 min, annealing for 1 min at 55 °C, extension at 72 °C for 1.5 min, followed by a final 219 

extension at 72 °C for 10 min. PCR products were sequenced by the classical Sanger method. 220 

Evolutionary relationships among these COI haplotypes were inferred with 1) a rooted 221 

maximum likelihood (ML) phylogenetic tree using RAxML vers.8 (Stamatakis 2014) and a 222 

GTR + Γ model of sequence evolution and 2) separately for each of the two species, unrooted 223 

networks constructed with the program PopArt (Leigh & Bryant, 2015) using a median-224 

joining algorithm (Bandelt, Forster, & Rohl, 1999) and default settings. 225 

 226 

3 Results 227 

For Chirocentrus nudus, 57,624 reads were mapped to construct a single, circular, complete 228 

mitogenome with an average coverage of 840 X. For Chirocentrus dorab, 83,106 reads were 229 

mapped to construct a single, nearly complete mitogenome with an average coverage of 630 230 

X. The lengths of the mitogenomes of C. nudus and C. dorab were 16,722 bp and 16,552 bp, 231 

respectively. Each contained 13 protein-coding genes, two rRNA genes, 22 transfer (t)RNA 232 

genes, and a main non-coding region, the control region. Excluding the control region, we 233 
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found that our mitogenomic sequence of C. dorab was overall 99% identical to the published 234 

sequence of the same species (GenBank accession number: AP006229; Ishiguro et al., 2005). 235 

The overall genetic p-distance between the newly determined mitogenomes of C. dorab and 236 

C. nudus was about 15%. In particular, cytochrome b diverged by 16%, and the complete 237 

COI sequence diverged by 16.3%. 238 

The Bayesian time-calibrated phylogenetic reconstruction (Figure 2) showed that C. 239 

dorab is the sister group to the sequence of C. nudus, making the genus Chirocentrus 240 

monophyletic. Chirocentrus is a sister group to a clade comprising the two genera of small 241 

sprats, Spratelloides and Jenkinsia (subfamily Spratelloininae), and a still undescribed 242 

paedomorphic taxon (Li and Ortí, 2007; Lavoué, Miya, Musikasinthorn, Chen, & Nishida, 243 

2013). The divergence time between the two lineages of Chirocentrus is estimated to about 244 

35 million years ago [95% confidence interval: 52.7-17.3 million years ago]. 245 

Aligned sequences of 648 bp of the mitochondrial COI gene from 22 individuals of C. 246 

dorab (Table 1) were grouped into three main genetic groups (Figure 3A) and nine 247 

haplotypes (Figure 3B, left). Specimens of each main groups have different geographical 248 

origins (Figure 3A): Australian waters (one haplotype), South African waters (two 249 

haplotypes), and northern Indo-West Pacific waters, from west Indian Ocean to South China 250 

Sea (six haplotypes from seven localities). Each lineage differed from the others by at least 251 

46 nucleotide differences (p-genetic distance > 7%) (Figure 3B, left). Aligned sequences of 252 

the 648 bp of COI from only six individuals of C. nudus from three localities of the northern 253 

Indo-West Pacific region grouped into five weakly differentiated haplotypes (Figure 3B, 254 

right). 255 

 256 

4 Discussion 257 

4.1 Interspecific genetic differentiation 258 

Thanks to continuous progress in DNA sequencing technology combined with taxonomic 259 

sampling efforts, the mitogenomes of more than 1500 (of about 32,000) species of Teleostei 260 

have already been determined, including more than 100 (of about 400) species of sardines, 261 

anchovies, and their relatives (in the suborder Clupeoidei). The uses of mitogenomic 262 

sequences are multiple: they can be used to infer the taxonomic status, evaluate genetic 263 

differentiation, reconstruct phylogenetic relationships and evolutionary histories, and design 264 

oligonucleotide primers to target short informative genetic markers for population genetics 265 

and phylogeographic assessments. Ultimately, such data are crucial for assessing potential 266 

negative effects of anthropogenic disturbances (such as overfishing) on species and 267 
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populations and preparing management plans for the long-term sustainability of natural 268 

resources. 269 

The gene content and order of the two newly determined mitogenomic sequences are 270 

typical of those found in most other clupeoids and teleosts (Satoh, Miya, Mabuchi, & Nishida, 271 

2016). So far, gene rearrangements within Clupeoidei have only been discovered in one taxon, 272 

a marine paedomorphic species which is still undescribed (Lavoué et al., 2008). 273 

Despite low morphological differentiation between the two species of wolf herring, 274 

mitogenomic information demonstrated that C. dorab and C. nudus diverged from each other 275 

about 35 million years ago. This represents a case of morphological stasis in a group, which 276 

otherwise exhibits several specialized characters (e.g., the presence of canine-like teeth). 277 

We believe that the mitogenomes of the two species of Chirocentrus represent a useful 278 

genetic resource for targeting individual molecular markers (and designing specific primers 279 

to amplify them) to further study the population genetics and phylogeography of these two 280 

species. 281 

 282 

4.2. Intraspecific genetic structure 283 

Preliminary COI sequence data of C. dorab suggest both low (=intraspecific level) genetic 284 

differentiation (p-distance < 1%) across the northern part of the Indo-West Pacific (IWP) 285 

region and important (=species-level; Ward et al., 2005; April, Mayden, Hanner & 286 

Bernatchez, 2011) genetic divergence (p-distance > 7%) among this region, the Australian 287 

region, and the South African region. Several phylogeographic/phylogenetic studies on IWP 288 

marine fish have evidenced similar genetic patterns with the distinction of non-overlapping 289 

distributed lineages in similar regions (e.g., Kulbicki et al., 2013). This suggests that fauna of 290 

these regions have been isolated for long periods of time since the late Cenozoic and remain, 291 

nowadays, mostly isolated. Our results support the presence of three putative allopatric 292 

cryptic species in C. dorab. However, the precise limits among distributions of these three 293 

lineages remain to be identified by analyzing a geographically denser taxonomic sampling. In 294 

addition, studies of nuclear markers and morphological characters are needed to precisely 295 

determine the systematic status of these three allopatric cryptic lineages. Chirocentrus dorab 296 

was described by Forsskål (1775) who indicated two localities in the Red Sea: "Djiddae" 297 

(currently known as Jeddah, Saudi Arabia) and "Mochhae" (currently known as Al-Mukhā, 298 

Yemen). There is "no type known" according to Eschmeyer, Fricke, & van der Laan (2018). 299 

We did not sample the Red Sea, and therefore, we were unable to determine whether the Red 300 

Sea population is closer to the lineage of the northern part of the IWP than to the lineage of 301 
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South Africa or it represents another distinct lineage. 302 

Although C. nudus also occurs in Australian and South African regions (Whitehead, 303 

1985), we could not examine any COI sequence of this species from these two regions. We 304 

can only conclude that the genetic differentiation within the northern part of the IWP region 305 

is similar to that of C. dorab: at the intraspecific level. Furthermore, specimens from the 306 

Indian Ocean and those from the West Pacific Ocean are not reciprocally monophyletic, 307 

indicating either gene flow or incomplete lineage sorting. Our taxonomic and character 308 

samplings are too incomplete to provide reliable statistics into the population genetics of C. 309 

dorab and C. nudus but we expect that the results of this study will serve to develop research 310 

on these charismatic and economically important fish. 311 

 312 

 313 

 314 

 315 
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 421 

 422 

 423 

Figure captions 424 

 425 

Figure 1.  A) Lateral view of a specimen of Chirocentrus dorab (east Indian Ocean, Ranong, 426 

Thailand; horizontal scale: 5 cm) and close-up view of its head; B) Indo-West Pacific map 427 

showing distribution (yellow shading) and collection localities of Chirocentrus dorab (stars) 428 

and Chirocentrus nudus (circles). White circle and white star indicate the collection localities 429 

of the two specimens from which we reconstructed the complete mitogenomes. Localities are 430 

numbered from one to nine. 431 

 432 

Figure 2.  Mitogenome-based phylogenetic chronogram of the Clupeoidei based on a 433 

Bayesian relaxed clock analysis (using BEAST v1.10.3) showing the monophyly of wolf 434 

herrings Chirocentrus and their divergence time. Divergence time in this tree were calibrated 435 

with two constraints (see text for details). Denticeps clupeoides was used to root the tree. 436 

Horizontal timescale is in million years before present (Ma) (Paleogene Epoch abbreviations: 437 
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Paleo, Paleocene; Eo, Eocene; and Oligo, Oligocene). Black horizontal bars (indicating 438 

calibration constraints on the corresponding nodes) and light grey gradient horizontal bars at 439 

nodes are 95% age credibility intervals. Numbers given at nodes are the Bayesian posterior 440 

probabilities when <1. 441 

 442 

Figure 3.  A) Maximum-likelihood phylogenetic tree of Chirocentrus using COI sequences. 443 

Branch lengths are proportional to number of substitutions. This tree is rooted at the mid-444 

point; B) Median-joining networks showing relationships among mitochondrial DNA 445 

cytochrome oxidase subunit I (COI) haplotypes for each species of Chirocentrus within the 446 

Indo-West Pacific region (using the software PopART). Each circle represents a unique 447 

haplotype and its size is proportional to its total frequency. Black cross-bars represent a single 448 

nucleotide change, small black circles represent missing haplotypes, and colors denote four 449 

subregions within the Indo-West Pacific region, as indicated in the embedded legend. 450 
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Table I. List of specimens of wolf herrings for which COI sequences are examined in this study along with their geographical origin (and their 

estimated latitude [lat.] and longitude [long.]), number of specimens per locality and species, code specimen used, and the reference where these 

data are published. 

Species Geographical 

origin 

Estimated lat., 

long. 

Specimen 

number 

Code 

specimen 

Reference 

Chirocentrus dorab South Africa, off Durban -30.06, 31.66 3 JF493144-6 Steinke et al (2016) 

 South Africa, Tugela Banks -30.06, 31.66 2 HQ945860, GU805007 Steinke et al (2016) 

 India, off Bombay 19.09, 72.26 4 FJ347874-7 Lakra et al (2011) 

 Iran, Gulf Persia, off Bushehr 28.85, 50.59 2 HQ149825-6 Asgharian et al (2011) 

 China, off Hainan Island 18.53, 111.22 1 EF607342 Zhang et al (2012) 

 Malaysia, off Perlis 6.25, 100.02 1 MAY1 (mt) This study 

 Thailand, off Ranong 9.77, 98.32 5 Ra30, Ra32, Ra33, Ra34, 

Ra35 

This study 

 Taiwan, off Kaohsiung 22.40, 120.13 3 HH81, HH82, HH83 This study 

 Australia, Queensland -23.41, 153.33 1 EF609327 Ward et Holmes 2007 

Chirocentrus nudus Iran, Gulf Persia, off Bushehr 28.79, 50.52 1 HQ149827 Asgharian et al (2011) 

 China, off Hainan Island 18.53, 111.22 4 EF607343-6 Zhang et al (2012) 
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