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Summary

Wolf herrings (Chirocentridae; Clupeoidei) are commonly found in local fisketsr
throughout the Ind&VestPacific region where they constitute an auxiliary source of food
and income for local communities. The validity of the two species of wolingsri
Chirocentrus dorab-orsskal, 1775 and. nudusSwainon, 1839, is only supported by slight
morphological diferencesThe identification of either species is challenging, especially for
juveniles, and precludes accurate assessments of these natural resources atlevepéses

a step towards.gaining better knowledge of the genetic structure of these fishes, we examined
genetic differentiation between these two species by reconstrtiogimgntire mitogenomic
sequencessusing high-throughput sequencing technology. We found that the mitogenome of
each species shared the same gene content and order that were floe therse found in

most other teleost fishes. Despite their high morphological similarity, these two species of
Chirocentruswere genetically well differentiate@-distance = 16.3% at their cytochrome
oxidase I)A mitogenomic timecalibrated phylogenetic analyshowed thatwolf herrings
originatedabout 35million yearsago, andheyrepresent a case of morphological stasis

Furthermore, comparison of published and newly determined mitochondrial COIl barcode
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region sequences from 22 individuedsealedspeciedevel cryptic genetic diversity within
C. dorah Altogether, these mitochondridataare effective in discriminating species within

this genus and informing population genetic relationships within spaforeslf herrings

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

1 Introduction

Wolf herrings (Chirocentridae) are unusual fish within the suborder Clupethidéatteralso
including sardines, anchovies, and herrings (Whitehead, 1985; L&ougtantinidis &
Chen, 2014)./The wolf herrings are distinctive in their piscivorous nature, elogated
laterally compressed body, large size (up to 1 m in total length [TL]), and thecalifea

full series of ventral scutéfigure 1A) (Whitehead, 1985)hese characteristics make wolf
herrings easily recognizable. They are widely distributed off the corainardasts of the
Indo-West ' 'Pacific (IWP) region, frormoutheastern Africa to the China Sea region and,
further souths.to'the tropical Australian region (Whitehead, 1@dgure B).

Accordingto Luther (1985a) who examinedger eightthousand specimens of wolf
herrings'from Indian waters, they comprise only two sympatric species that are
morphologically similarChirocentrus dorali~orsskal 1775 an@. nudusSwainon 1839.
These two species can be distinguished from each other by the coloration of thérdorsa
(blackish inC. dorabvs. whitish inC. nudu$ and the relative length of the pectoral fin
(longer inC. nudu$ (Luther, 1985a). In practice, however, wolf herrings are difficult to
identify because 1) the interpretationtbése two characters needs taxonomical practice, 2)
often specimens at fish landisgeshave damaged fins, ajithese two characters are not
differentiated in smaller spamens (less than 15 cm TL).

Wolf herrings are pelagic coastal fishes, and while common throughout thger ran
they do notformrlarge schoolBhey reach sexual maturity afteree yearsat about 30-40
cm TL (Luther=2985b; but see Abdussamad, Pillai, Zacharia, & Jeyabalan, 2011 fontliffere

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

have similardiets, as they mainly feed on sardines @&agdinellaspp.) and anchovies (e.g.,
Stolephoruspp.), although Luther (198beportecthatC. nudugprefers larger prey.

In the IWP region, wolf herrings represent a commoiedtgh for artisanal fisheries
and, in some places as in India, even a targeted reqélrdessamaet al, 2011) The

annual total landingatch fluctuates, but precise data are lacking. Often, both species are
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100 mixed together in landing catches, and only a few authors, such as Abdussamad Et)al. (20
101  have reported separate data for each species. Both Abdussam#2i0dtiabnd Pinsky et al.
102  (2011) reported the overfishing of wolf herrings.

103 Genetic data of wolf herrings are limited. One nearly complete mitochondniahge
104 (i.e., 15,989base-pairs [bp], with a part of the control region undetermined) of a specimen of
105 C. dorah from an unspecified geographical origin, was determfstaguro, Miya, Inoue, &
106  Nishida, 2005), and it is available in the GenBank database under accession number
107 AP006229: In addition, partial cytochrome oxidase | (COI) reference sequencei$ of w
108 herings have been published in several papers which attempted to provide molecular
109 identification of the regional marine ichthyofauna of China (Zhang & Hanner, 2042)

110 (Asgharian;y Sahafi, Ardalan, Shekarriz, & Elahi, 201ddlia(Lakra et al., 2011 )Australia

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

112 The main aim of this study was to examine genetic differentiation between the two
113 species of wolf herring by reconstructitigg complete or nearly complete mitogenomic
114  sequence of each species by higioughput sequencing (also known as rgederation

115  sequencing;NGS) technology. We also provide preliminary data on genetierditigon

116  within each,species by comparing the COI reference gene for several speciiedsrab
117 andC. nudusrom different geographical locations.

118

119 2Materialsand Methods

120

121 2.1 Specimenssampling

122 Complete or nearly complete mitogenomic sequences were determined from taiaedid
123  (about 35 and 45 cm in total length) fresh specime@hobcentruscollected in two local
124  fish markets in Malaysia. The specimernfdorabwas collected at a fish market in Kuala
125  Perlis, PerlisEast coast of Peninsular Malaysia. The specimé&h audusvas collected at a
126  fish marketin"Kota Bharu, Kelantawestcoast of Peninsular Malaysia. Species

127  identificationsswere done by inspecting the dorsal fin coloration (blackiShdorabvs.

128  whitish inCsnudu} and the relative length of the pectoral fin (longe€Cimudus.

129 Musclettissue samples were takkeom the two fresh specimens, immediately

130 preserved in 95% ethanol, and subsequently stored at -20 °C. Both specimens were deposited
131 in the zoological collections of University Sains Malaysia, Penang, Malays

132 Genomic DNA was extracted from each musaenpleusing a commercial kit

133  (DNeasy Blood and Tissue Kit, Qiagen, Hilden, Germany).
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2.2 High throughput sequencing of mitogenomes
The mitogenome of. dorabwas first targeted with a long polymerase chain reaction (PCR)
amplification technique into twoverlapping fragments he following fishversatile long
PCR primers'were used in various combinations to amplify the entire mitogendmeeiot
four reactionsforward L2508-16S(5"-CTC GGC AAA CAT AAG CCTCGC CTG TTT
ACC AAAAAC-37), forward L8343ys (5- AGC GTT GGC CTT TTAAGC TAAWGA
TWG GTGS), forward L12321eu (5- GGT CTT AGG AAC CAAAAACTC TTGGTG
CAA-3), reverse H2990-16S (FGC ACC ATT RGG ATG TCC TGATCC AAC ATS3),
H12293}eu(5-TTG CAC CAAGAG TTTTTG GTT CCT AAG ACGCT"), reverseH1065-
12S (5"-GGC/ATA GTG GGG TAT CTAATC CCAGTT TGB') andreverseHS-LA-16S
(5-TGC ACCATTRGGATG TCC TGATCC AAC ATEZ").

Reactions were carried ot 25 pl reaction volumesontaining 15.2%u of sterile
distilled H20,.2.5ul of 10x LA PCR buffer Il (Takara), 4.Ql of dNTP (2.5 mM), 1.Qul of

each primer(fuM), 0.25ul of 1.25-unit LA Tag (Takara), and 110 of template containing
approximately 5.ng DNA. The thermal cycle profile was: denaturation’@tf®8 10 s and
annealing ad extension combined at the same temperatur€)68r 16 min.Each reaction

comprised 3@hermalcycles.Then, aDNA library was prepared from the long PCR products
using the"Nextera XT DNA Library Preparation Kit (lllumina, San Diego, CA, USA)
following the manufacturer's protocol, before toskguenced on a MiSeq Sequencing
platform with MiSegRreagenKit v2 PE 300 cycleflllumina) at the Natural History
Museum and Institute, Chiba, Japan.

A whole,genomic DNA library o€. nuduswas constructed following the
manufacturer's protocol, then massively sequenced (using 2x250bp Rapid Run chemistry
pairedend) on an Illlumina Hiseq 2500 sequencer (lllumina) at the Agricultural Texynol

Research Institute (Hsinchu, Taiwan).

2.3 Mitogenomexr econstruction and annotation

We usedthe baiting and iterative mapping procedure implemented in MITObim vers.1.8
(Hahn, Bachmann, & Chevreux, 2013) to reconstruct the mitochondrial genome of each of
the two individuals. Raw reads were first trimmed by quality with the FASTQ Quality
Trimmer script(Blankenberg et al., 201@)ailable at the online Galaxy portal
(www.usegalaxy.org). Reads were trimmed at both the 5" and 3' ends until the &ggregat
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guality score was 20 (with all other settings at default values). We then performed

reconstructions following the two main approaches available in the MITObimr@pEirst,

we used as a starting refereitice previously published mitochondrial genom€&otiorab

Second, we used conspecific COl sequences as a seed to initiate the process. The circularity
of the mitechondrial genomes was inferred using editing features providesheidds

vers6.1.8 (Auckland, New Zealand). Raw reads were mapped onto the resulting consensus
sequences to check for assembly success and assess coverage.

The eonsensus sequences were annotated using MitoAnnotator (lwasaki et al., 2013)
and exported for subsequent analyses. The two mitogenomes determined in thisestudy
archived in,the DDBJ/EMBL/GenBank databases under the accession nurlRioa&781 C.
nudug and’ARP018763(. dorah.

2.4 Mitogenomictime-calibrated phylogenetic tree reconstruction
We first built a phylogenetic matrix "taxa*characters” as previously descflmsué, Miya,
Kawaguchi, Yoshino, & Nishida, 2008) by combining the two newly determined
mitogenomes.with a selection 24 mitogenome®f clupeoid species, purposely chosen
based on the'current knowledge on the systematics of Clupeoidei, andRleatioéps
clupeoidesthe sister group of Clupeoidei. The 12S and 16S ribosomal (r)RNAs were aligned
using the online version of MAFFT vers.7 (Katoh & Standley 28&3oh, Rozewicki, &
Yamadajn press, and default setting parameteffie matrix (15,248 positions) includes
concatenated nucleotide sequences from 12 protein-coding genes (10,890 positions), 22
tRNA genes (1579 positions) and the 12S andrR3¥A genes (2779 positions).

Fromthis matrix, ve reconstructed a timzalibratedBayesiarmphylogenetic tree using
the software BEAST ver.10.3 (Suchard et al., 2018Ve selected a general timeversible
model of sequence evolution with discrete ganthstributed rate heterogene[igyTR +I'],
a relaxedog-normalmolecular clock antivo timeconstrains (see below)Two independent
runs of 18:generations each were performed using BEAST. Estimation of trees and
divergencestime were sampled once every 5,000 generations and the paraneetens
were checked for convergence with the software Tracerlvérs (Rambaut, Drummond, Xie,
Baele,& Suchard, 2018). After removing the burn-in part of each run (10%), the remaining
tree samples from the two runs were pooled into a combined file, and the maximum clade
credibility tree with mean divergence times and their 95% credibility intervals was built using
TreeAnnotator ers1.10.3.

To calibrate the molecular clock, we ugkd fossilLecceclupea ehiravaengisaverne,
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2007) toconstrainthe age of the clade containi@gichristellaandSundasalanxo a
minimum of 74.0 million years ago which corresponds to the minimum age of this fossi
[exponential distribution offset = 74.0; mean = 0'Hje age of the tree, i.e. the divergence
betweerDenticepsclupeoidesand Clupeoidewasconstrainedo 130 million years ago
followingtheresults of Lavoué et al (2013) [exponential distribution offset = 130dh me
0.1].

2.5 Intraspecific genetic differentiation

We downloaded all COI sequences previously published and available in GenEank of
dorab (12 sequences) ai@l nudugfive sequences) that we combined withn&dvly
determined’sequences (from Taiwan, Malaysia, and Thailand; see localfizdsarl and

Figure B). We used the PCR technique to amplify the COI sequences using the fgllowin
PCRprimer pair:forward COl_F1 (STCAACCAACCACAAAGACATTGGCAC-3) and
reverse COI_R2 (SBACTTCAGGGTGACCGAAGAATCAGAA-3") (Ward, Zemlak, Innes,

Last, & Hebert, 2005). Reactions were carried out inl2&action volume containing 9,8

of sterile distilled H20, 12.hl of FastRun Advanced Taq Master Mix (Pro Tech), ful@®f

each primer (M), and 1.0ul of template containing approximately 5 ng DNA. The thermal
cycle profile consisted of an initial 94°C denaturation step for 10 min, 35 cycles of 94 °C for
1 min, annealing for 1 min at 55 °C, extension at 72 °C for 1.5 min, followed by a final
extension at 72 °C for 10 miRCR products were sequenced by the classical Sanger method.
Evolutionary relationships among these COI haplatypere inferred witi) a rooted

maximum likelihood (ML) phylogenetic tree using RAxMErs.8(Stamatakis 2D4) and a

GTR + I model of sequence evolution and 2) separately for each of the two species, unrooted
networks censtructed with the program PopAgigh & Bryant, 2015using a median

joining algorithm(Bandelt, Forster, & Rohl, 199@nd default settings.

3 Results

For Chirocentrus nudyss7,624 reads were mapped to construct a single, circular, complete
mitogeneme with an average coverage of 840 X .(Frorocentrus dorap83,106reads were
mapped to construct a single, nearly complete mitogenome with an averaggeoié&a0

X. The lergths of the mitogenomes 6f nudusandC. dorabwere 16,722 bp and 16,552 bp,
respectively. Each contained 13 protein-coding genes, two rRNA genes, 22 tidRdér (
genes, and a main non-coding region, the control region. Excluding the control regjion, w
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found that our mitogenomic sequenceCofdorabwas overall 99% identical to the published
sequence of the same species (GenBank accessianer AP006229]shiguro et al., 20056
The overall genetip-distance between the newly determined mitogenorh€s doraband

C. nuduswas about 15%. In particular, cytochrome b diverged by 16%, and the complete
COlI sequence-diverged by 16.3%.

TheBayesian timecalibratedphylogenetic reconstruction (Figure 2) showed @at
dorabis thesister group to the sequenafC. nudus making the genuShirocentrus
monophyletic Chirocentruss a sister group to a clade comprising the two genera of small
sprats SpratelloidesandJenkinsia(subfamily Spratelloininae), and a still undescribed
paedomorphic taxon (Li and Orti, 2007; Lavoué, Miya, Musikasinthorn, Chen, & Nishida,
2013).Thedivergence time between the two lineageStofocentruss estimated to about
35 million years ag®5% confidence intervab2.717.3 million years ago]

Aligned sequences of 648 bp of the mitochondrial COI gene from 22 individu@ls of
dorab(Table 1) weragrouped intdhree main genetigroups (Figure 3A) and nine
haplotypes.(Figure 3B, left). Specimens of each main grioayps different geographical
origins (Figure.3A)Australian watergone haplotype)South African watergwo
haplotypes), and northern Indlest Pacifiovaters, from west Indian Ocean to South China
Sea (six haplotypes from seven localities). Each lineage diffevedthe others bt least
46 nucleotide difference@-genetic distance > 7%Jrigure 3B, left). Aligned sequences of
the 648 bp of COI from only six individuals 6f nudusfrom three localities of the northern
Indo-West Pacific region grouped into five weakly differentiated haplotyfigare B,
right).

4 Discussion

4.1 I nter specific genetic differentiation

Thanks to'continuous progress in DNA sequencing technology combined with taxonomic
sampling efforts; the mitogenomes of more than 1500 (of about 32,000) spé@é=nstei

have alreadysbeen determined, including more than 100 (of about 400) species of sardines,
anchoviesgand their relatives (in the suborder Clupeoidei). The uses of mitogenomic
sequences are,multiple: they can be used to infer the taxonomic etaluaie genetic
differentiation, reconstruct phylogenetic relationships and evolutionagriestand design
oligonucleotide primers to target short informative genetic markers for population genetics
and phylogeographic assessments. Ultimately, satehate crucial for assessing potential

negative effects of anthropogenic disturbances (such as overfishing) on species and
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268 populations and preparing management plans for thettongsustainability of natural

269  resources.

270 The gene content and order of th® newly determined mitogenomic sequences are
271 typical of those found in most other clupeoids and teleosts (Satoh, Miya, Mabuchi, & Nishida,
272 2016). So farygene rearrangements within Clupeoidei have only been discovered in one taxon,
273  a marine paedomorphic species which is still undescribed (Lavoué et al., 2008).

274 Despite low morphological differentiation between the two species of wolhbgerri

275 mitogenomic information demonstrated tkatdorabandC. nudusdiverged from each other
276  about 35million.years agoThis represents a case of morphological stasis in a group, which
277  otherwise ‘exhibits several specialized characters (e.g., the presence ofikarigeth).

278 We helieve that the mitogenomes of the two speci€hobcentrusrepresent a useful
279  genetic reource for targeting individual molecular markers (and designing specifiers

280 to amplify them)to further study the population genetics and phylogeographeftiine

281  species.

282

283  4.2. Intraspecifie’genetic structure

284  Preliminary,COl sequence data@fdorabsuggest both low (=intraspecific level) genetic
285 differentiation(p-distance < 1%across the northern part of the Indést Pacific (IWP)

286 region and important (=speciéssel; Ward et al., 200%April, Mayden, Hanner &

287  Bernatchez, 2091genetic divergenceg{distance > 7%) among this region, the Australian
288 region, and the South African region. Several phylogeographic/phylogenetiesstudiWwP

289  marine fish have evidenced similar genetic patterns with the distinction -@veolapping

290 distributedlineages in similar regiong(g., Kulbicki et al., 2013). This suggests that fauna of
291 these regions have been isolated for long periods of time since the late Camoz@main,

292 nowadays;,.mostly isolated. Our results support the presence of thréxepaitapatric

293  cryptic species.iiC. dorab However, the precise limits among distributions of these three
294  lineages remain'to be identified by analyzing a geographically denser taxsanpling. In
295 addition, studies of nuclear markers and morphologitatacters are needed to precisely

296 determine.the systematic status of these three allopatric cryptic lin€gesentrus dorab

297 was described,by Forsskdl775)who indicated two localities in the Red Sea: "Djiddae"

298  (currently known as Jeddah, Saudi Arabia) and "Mochhae" (currently known\askAk,

299 Yemen). There is "no type known" accordingsschmeyer, Fricke, & van der LagR018).

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

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

Although C. nudusalso occurs in Australian and South African regions (Whitehead,
1985), we could not examine any COI sequence of this species from these two regions. W
can only conclude that the genetic differentiation within the northern part of thesiy\in
is similartothat'ofC. dorab at the intraspecific level. Furthermore, specimens from the
Indian Ocean and those from the Weatific Ocean are not reciprocally monophyletic,
indicating either gene flow or incomplete lineage sortidgr taxonont and character
sampling aretoo incompleteto providereliablestatisticsinto the population genetics Gf
dorabandC., nudusbut we expect that the results of this study will séoveevelop research

on thesecharismatic an@conomically important fish.
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424  Figure captions

425

426  Figurel. A) Lateral view of a specimen @hirocentrus doralfeast Indian Ocean, Ranong,
427  Thailand harizontal scale: 5 cjrand close-up view of its head; B) Intidest Pacific map

428  showing distribution (yellow shading) and collection localitie€birocentrus doralfstars)
429 andChirocentrus nudugcircles). White circle and/hite star indicate the collection localities
430 of the two'specimens from which we reconstru¢hedcomplete mitogenomes. Localities are
431  numberedsfremione to nine.

432

433  Figure2. Mitagenome-based phylogenetic chronogram of the Clupeoidei based on a
434  Bayesian relaxed clock analysis (using BEAST v1.10.3) showing the monophybjfof w
435  herringsChirocentrusand their divergence time. Divergence time in this tree were calibrated
436  with two constraints (see text for detailBenticeps clupeoidesas used to root the tree.

437  Horizontal timescale is in million years before present (Ma) (Paleogene Epoch abbrsviation
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438
439
440
441
442
443
444
445
446
447
448
449
450

Paleo, Paleocene; Eo, Eocene; and Oligo, Oligocene). Black horizontal bartiigdic
calibration constraints on the corresponding nodes) and light grey gradient tadimoatat
nodes are 95% age credibility intervals. Numbers given at nodes are theBaggeterior

probabilities when <1.

Figure3. A) Maximumtlikelihood phylogenetic tree @@hirocentrususing COI sequences.
Branch lengths are proportional to number of substitutibhis tree is rooted at the mid
point B) Medianjoining networks showing relationships among mitochondrial DNA
cytochrome.oxidase subunit | (COI) haplotypes for each spec@simicentruswithin the
Indo-West'Racific region (using the software POpART). Each circle represents a unique
haplotype @nd its size is proportional to its total frequency. Black barssrepresent a single
nucleotide change, small black circles represent missing haplotypes, asddeslote four

subregions within the Indo-West Pacific region, as indicated in the embedded legend.
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Tablel. List of specinens of wolf herrings for which COI sequences are examined in this studyvaitbitheir geographical origin (and their
estimated latitude [lat.] and longitude [long.]), number of specimens per Yomadltspecies, code specimen used, ancefeesnce where these
data aregpublished.

Species Geographical Estimated lat., Specimen Code Reference
origin long. number specimen

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, GU80O5007 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 a(2012)
Malaysia, off Perlis 6.25, 100.02 1 MAY1 (mt) This study
Thailand, off Ranong 9.77, 98.32 5 Ra30, Ra32, Ra33, Ra3: This study

Ra35

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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