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Summary: Mesopelagic fishes experience an extreme body transformation from larvae to
adults. The identification of the larval stages of fishes from the two orders Myctophiformes
and Stomiiformes is currently based on the comparison of morphological, pigmentary and
meristic characteristics of different developmental stages. However, no molecular evidence to
confirm the identity of the larvae of these mesopelagic species is available so far. Since DNA
barcoding emerged as an accurate procedure for species discrimination and larval
identification, we have used the cytochrome ¢ oxidase 1 or the mitochondrial 12S ribosomal
DNA regions to identify larvae and adults of the most frequent and abundant species of
myctophiforms  (family Myctophidae) and stomiiforms (families Gonostomatidae,
Sternoptychidae and Phosichthyidae) from the Mediterranean Sea. The comparisons of
sequences from larval and adult stages corroborated the value of the morphological
characters that were used for taxonomic classification. The combination of the sequences
obtained in this study and those of related species from GenBank was used to discuss the
consistency of monophyletic clades for different genera. Pairwise nucleotide distances were
notably higher inter- than intraspecifically, and were useful to discern between congeners such
as Cyclothone braueri and C. pygmaea, Hygophum benoiti and H. hygomii, Lampanyctus
crocodilus and L. pusillus, and Notoscopelus bolini and N. elongatus.

Keywords: barcoding; CO1; 12S rRNA; larval identification; western Mediterranean Seg;
mesopelagic fish.

Apoyo genético para la identificacion morfolégica de las larvas de Myctophidae,
Gonostomatidae, Sternoptychidae y Phosichthyidae (Pisces) del Mediterraneo Occidental

Resumen: Los peces mesopeldgicos experimentan una transformacion radical desde las fases
larvarias hasta que alcanzan el estado adulto. La identificacién de las fases larvarias de peces
procedentes de los 6rdenes Myctophiformes y Stomiiformes se basa actualmente en la
comparacién de caracteres morfoldgicos, de pigmentacidon y meristicos entre diferentes
estados de desarrollo. El objetivo de este estudio consistié en demostrar la existencia de
evidencias genéticas que confirmen la identificacion correcta de las larvas de estas especies
de peces mesopeldgicos en base a la clasica clasificacién morfoldgica. Las regiones de ADN
mitocondrial correspondientes al gen citocromo oxidasa 1, o alternativamente, el gen que
codifica la subunidad 12S del rARN, fueron secuenciadas parcialmente, tras lo cual se aplicé el
procedimiento “DNA barcoding” para la identificacion de larvas y adultos de las especies mas
abundantes y frecuentes de Myctophiformes (Familia Myctophidae) y Stomiiformes (Familia
Gonostomatidae, Sternoptichydae y Phosychthiydae) del Mediterrdneo. Las comparaciones
por pares de las secuencias de larvas y adultos corroboraron el valor de los caracteres
morfolégicos utilizados en las clasificaciones taxondmicas. Dichas secuencias en
combinacién con otras secuencias de las mismas especies, o géneros, obtenidas a partir de
GenkBank, permitieron discutir la solidez de grupos monofiléticos para diversos géneros. Las
distancias nucleotidicas entre pares de secuencias fueron considerablemente superiores a
nivel interespecifico que intraspecifico, y permitieron discernir entre congéneres tales como
Cyclothone braueri y C. pygmaea, Hygophum benoiti e H. hygomii, Lampanyctus crocodilus y L.
pusillus, y Notoscopelus boliniy N. elongatus.
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INTRODUCTION Top

Ecological interactions of fish assemblages in the pelagic environment can be partially determined by their larval
distributions and recruitment to adult populations. The identification of early life stages, such as larvae and
transforming young, is essential for current studies on the distribution and reproductive strategies of pelagic fishes
(Takeyama et al. 2001, Moura et al. 2008, Valdez-Moreno et al. 2010). Thus, the assessment of biodiversity and its
implication in the management of vulnerable marine ecosystems requires an accurate taxonomic assignment of
fish larvae. Without this knowledge, the abundance of cryptic or unknown species might be under- or
overestimated.

The identification of fish larvae has been an important morphological issue in marine ecology due to the dramatic
transformations that most species undergo from early larval stages to adulthood (Burton 1996). Some ambiguity
also arises when attempting to identify larval stages of closely related species with slight morphological and
pigmentation differences (Blaxter 1984). Recently, a few studies on pelagic fishes have used molecular markers to
determine unidentified larvae or those larvae suspected of misidentification (e.g. Takeyama et al. 2001, Kochzius et
al. 2010, Ko et al. 2013) due to errors in the fishes’ morphological identification. One such study showed that
various fishes assigned to three families with widely differing morphologies were actually male, female and larvae
of a single family (Johnson et al. 2009).

The effective discrimination of species through mitochondrial DNA (mtDNA) analyses has been stated in earlier fish
studies (e.g. Hare et al. 1994, Takeyama et al. 2001, Vifias and Tudela 2009). An international interest in fisheries
sparked a launch of the “Barcode of Life Project (iBOL)" (Hebert et al. 2003), which determined that mtDNA
cytochrome c oxidase 1 (CO1) was a suitable gene marker for fish species identification due to the fast evolution of
the mtDNA, its maternal inheritance and haploid condition (Moore 1995). Sequencing this gene allows the
amplification of large and low-variable sequences (Hebert et al. 2004, Steinke et al. 2009). Hebert et al. (2004)
suggested a 10X-threshold of intraspecific genetic divergence, known as the barcoding gap, to discriminate at
species level. This threshold establishes a quantifiable limit between intra- and interspecific variability, and
determines when the DNA sequences share a monophyletic origin. Miya and Nishida (2000) reported the validity of
CO1 within a group of protein-coding genes as appropriate markers for the recovery of the expected phylogeny of
teleosteans. In general, species identification applies the Forensically Informative Nucleotide Sequencing (FINS)
methodology, which involves the establishment of a robust phylogeny followed by a subsequent species
identification of query individuals based on that previous phylogeny (Bartlett and Davidson 1992).

Originally, barcoding was only applied to fish species of commercial interest that were often mislabeled. Less focus
has been placed on species with non-commercial value, such as mesopelagic fishes. These fishes are mostly
included within the orders Myctophiformes and Stomiiformes, documented among the most common and
abundant vertebrates in the world (Gjgsaeter and Kawaguchi 1980). Both orders include relatively small, deep-water
species with distinct luminous organs (photophores), commonly known as lanternfishes and lightfishes. The
location of groups of photophores, the osteological characteristics and the number of gill rakers are features
typically used for species identification and for constructing their evolutionary history (Paxton 1972, Hulley 1981,
Fink 1985). These features are less developed during the larval stages, leaving body shape and pigmentation
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patterns as the best descriptors (Jespersen and Taning 1926, Moser et al. 1984, Olivar et al. 1999). The
morphotype and conspicuous specializations of myctophiform (e.g. Moser and Ahlstrom 1974, Olivar et al. 1999)
and stomiiform (e.g. Jespersen and Taning 1926, Ahlstrom 1974, Richards 2006) larval stages are highly diverse
and used in the systematics of genera and subfamilies (Moser and Ahlstrom 1974, Moser et al. 1984). For example,
eye morphology in myctophid larvae discerns the two existing subfamilies Lampanyctinae (round eyes) and
Myctophinae (narrow eyes) (Moser and Ahlstrom 1974).

In the Mediterranean Sea, the number of myctophiform and stomiiform species (Goodyear et al. 1972, Olivar et al.
2012) is lower than in the Atlantic, Pacific or Indian Oceans (Nafpaktitis et al. 1977, Badcock 1984, Hulley 1984).
Compared with the adjacent northeastern Atlantic, the western Mediterranean only harbours 17 of the 57
myctophid, 3 of the 17 gonostomatid, 2 of the 11 sternoptychid, and 3 of the 6 phosichthyid species (Badcock 1984,
Hulley 1984). Furthermore, some of the Mediterranean species, such as Notoscopelus elongatus (Costa, 1844) and
Cyclothone pygmaea Jespersen and Taning, 1926, are endemic. The larvae of all these mesopelagic fishes are well
known based on descriptions of specimens collected in the Mediterranean region (Taning 1918, Jespersen and
Taning 1926) (Supplementary Material, Table S1).

The use of genetic markers for larval identification of myctophiforms and stomiiforms has so far been limited to
the larvae of the Hygophum spp. (Myctophidae) (e.g. Yamaguchi et al. 2000). The genetic evidence for constructing
the evolutionary history of lanternfishes and lightfishes that inhabit the Mediterranean Sea is lacking. Phylogenetic
relationships within Myctophidae had been unresolved by genetic methods until a recent study by Poulsen et al.
(2013) combined sequencing of mitogenomes, coding and non-coding regions, and gene order rearrangement. The
results of their study supported the classical morphological phylogeny recognized for myctophids (Paxton 1972,
Paxton et al. 1984).

The objective of the present work is to assess the validity of morphological larval identifications using two
mitochondrial markers, CO1 or 12S rRNA, to accurately associate larvae and adults of the same species for the
most abundant and frequent mesopelagic fishes of the western Mediterranean. Additionally, it was of interest to
determine the similarity of congeneric taxa and infer the most external relationships under the resolution threshold
of one mtDNA marker. New sequences were uploaded to GenBank, of which sequences of seven species were
included for the first time (Supplementary Material, Table S2).

MATERIALS AND METHODS Top

Sample collection

Genetic analyses were conducted on the larvae and adults of 18 species, across 14 genera, of mesopelagic fishes.
The adult collection consisted of the most abundant and frequent mesopelagic fishes in the region, of the orders
Myctophiformes and Stomiiformes. For myctophiforms, 7 of 9 species of the subfamily Lampanyctinae and all
species from Myctophinae (6) known to be present in the western Mediterranean were analysed (Table 1 and
Supplementary Material, Table S1). Stomiiforms included Argyropelecus hemigymnus (Cocco, 1829) and Maurolicus
muelleri (Gmelin, 1789) (family Sternoptychidae), Cyclothone braueri (Jespersen and Taning, 1926) and C. pygmaea
(family Gonostomatidae), and Vinciguerria attenuata (Cocco, 1838) (family Phosichthyidae).

Table 1. - List of the genetic markers used to identify each species, stage of development,
body size range, number of sequenced individuals, total number of individuals of each species
in the sampling collection, and sampling location and depth. Abbreviations: No, number, NL/SL,

notochord length/standard length; L, larva; T, transforming; A, adult. *The sequences of S.
veranyi larvae showed high nucleotide variation. They constituted an isolated cluster, far apart
from other myctophids and stomiiforms. For this reason they were not included for
evolutionary methods.

- Genetic Stage No. of No.. of L Depth, Longitude Latitude
Species marker (NL/  sequenced in m range, °E range,
SL, mm) individuals collection ! °N
Argyropelecus A (26- 909- . 39.01-
hemigymnus cot 28) ! 925 215241 39.80
Argyropelecus 150- i 39.09-
hemigymnus CO1 L 0 407 945 2.22-2.70 39.67
Benthosema 909- 39.01-
glaciale co1 A (28) 3 988 214241 39.82
Benthosema L (9.5- 216-
glaciale CO1 19.9) 2 589 587 2.06-2.18 39.65
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No. of L

1792

21

4834

106

443

218

63

129

127

. Stage No. of
. Genetic
Species marker (NL/ sequenced
SL, mm) individuals collection
Ceratoscopelus A (52-
maderensis co1 54) 3
Ceratoscopelus L (5.1-
maderensis co1 11.4) 4
. . A (38-
Diaphus holti CO1 44) 3
Diaphus holti CO1 L(7.2) 1
Electronarisso  CO1 T 1
(10.5)
Hygophum A (41-
benoiti cot 43) 3
Hygophum L (8.7
benoiti co1 12.9) 3
Hygophum o1 p (a7) 3
hygomii
Hygophum L 0
hygomii
Lampanyctus co1 A (69) >
crocodilus
Lampanyctus L (5.4-
crocodilus co1 12.2) 2
Lampanyctus — oqq A (36) 2
pusillus
Lampanyctus L (5.3
pusillus co1 6.0) 3
. . A
Lodbc;;’; I.Cnhl.’a col  (37.0- 3
37.4)
Lobianchia L (6.0-
dofieini con 7-2) 2
Maurolicus A (31-
muelleri o 45) 3
Maurolicus L (9.5-
muelleri cot 10) 3
Myctophum A (29-
punctatum co1 39) 3
Myctophum L (9.9-
punctatum con 13.9) 3
Notoscopelus
bolini CO1 A (90) 1
Notoscopelus A (41-
elongatus cot 42) 2
Symboloph.orus co1 A (56) 2
veranyi

m

958-
970

156-
264

422

641

245

909-
977

230-
938

958-
968

150-
914

603-
988

245-
300

626-
980

225-
248

940-
958

225-
340

226-
422

225-
245

156-
988

274-
814

235

226-
245

958-
977

range, °E

2.11-2.18

2.69-2.72

217
2.08

2.70

2.11-2.41

2.15-270

2.11-2.15

2.09-2.72

2.07-2.14

2.18-2.28

2.07-2.14

2.23-2.70

2.11-2.15

2.21-2.28

2.16-2.18

2.22-2.70

2.11-2.73

2.49-2.69

2.28

2.18-2.70

2.11-2.15

Depth, Longitude Latitude

range,
°N

39.82

39.04-
39.05

39.70

39.69

39.09

39.01-
39.82

39.07-
39.81

39.81-
39.82

38.99-
39.76

39.67-
39.82

39.65-
39.80

39.67-
39.82

39.03-
39.70

39.80-
39.82

39.68-
39.72

39.64-
39.70

39.07-
39.70

39.07-
39.82

39.06-
39.08

39.71

39.09-
39.65

39.81-
39.82
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. Genetic Stage No. of No.. of L Depth, Longitude Latitude
Species marker (NL/ sequenced in range, °E range,
SL, mm) individuals collection ! °N
Symbolophorus L (4.08- N 222- i 39.03-
veranyi co1 9.0%) 3 199 248 2.18:2.70 39.68
Vinciguerria TA 891- } 38.94-
attenuata co1 (12-37) / 988 2.11-2.46 39.84
Cyclothone 305- : 39.02-
braveri 128 A (15) 1 935 2.15-2.70 39 81
Cyclothone L (7- 222- i 39.03-
braueri 128 7.7) 3 3164 245 2.18-2.71 39.65
Cyclothone A(21- 900- . 38.98-
pygmaea 125 23) 2 938 2.15-2.43 39.81
Cyclothone 1,5 L(45 0 68 893 245  39.01
pygmaea 5.5)

Samples were collected on board the vessel R/V Sarmiento de Gamboa during July 2010, offshore of the Balearic
Islands (39°N, 2°E). Sampling procedures are described elsewhere (Olivar et al. 2012). The specimens used in this
study were identified on board and preserved in 96% ethanol prior to genetic analyses. In addition, the larvae of 12
species were sorted on board. The larvae of A. hemigymnus and Notoscopelus spp., which were not available in
July 2010, where taken from a preceding cruise (December 2009, IDEADOS project) in the same area, and were
stored in 5% formalin for less than one year. Adult myctophids were identified following the descriptions of Hulley
(1984), while those of Jespersen and Taning (1926) and Badcock (1984) were used to identify the stomiiforms. The
larvae chosen for DNA analyses were identified on board by the third author on the basis of detailed descriptions
provided in the literature listed in Supplementary Material, Table S1. Their main distinctive characters are cited in
Supplementary Material, Table S3. Photographs of each ethanol-preserved larva were taken prior to DNA extraction
to ensure that they were identical to the voucher specimens in the ichthyoplankton collection of the Institute of
Marine Sciences (Spain).

DNA barcoding

The DNA extraction was accomplished for adults by obtaining a portion of excised musculature, while the whole
body was used for larvae. The DNA was isolated from 250 mg of tissue using the commercial kit Real Pure Spin
(Durviz, Valencia, Spain) according to the manufacturer’s instructions. The DNA was re-suspended in 100 pl of
deionized water. When larval specimens stored in ethanol were not available, we attempted to isolate the DNA from
samples of larvae preserved in 5% buffered formalin using the Chelex and Phenol/Chloroform protocols.
Unfortunately, these applications were not successful.

Species identification was achieved using one of two different markers for mtDNA: cytochrome c oxidase 1 or 12S
ribosomal RNA (mtDNA 12S rRNA). The amplification of mtDNA CO1 fragments was performed using FishF1
(5TCAACCAACCACAAAGACATTGGCAC3') and FishR1 (5TAGACTTCTGGGTGGCCAAAGAATCAZ’), a combination
of primers previously described by Ward et al. (2005). The pair FishF1/R1 was selected because of previous
recommendations (Pegg et al. 2006), relying on the production of the longest and clearest amplicons that could be
obtained for most species. Minimum within-species variation was expected for the CO1 sequences. Alternatively,
for the samples that failed to amplify with this pair, two new sets of primers, LCO1Myc1/LCO1Myc2
(5'CTTCGGTGCCTGAGCCGGCATAG3, 5'CCGCCGGCGGGGTCGAAGAAZ') and L-Cyc_CO1/R-Cyc_CO1
(5’ATGGTCGGCACAGCCTTA3, 5’AGGGTCGAAAAAGGAGGTGT3’) were designed using Primer 3 (Rozen and
Skaletsky 2000) in order to yield more optimized sets. To design these primer sets, an alignment of the sequences
was performed using the primers reported in Ward et al. (2005). A fragment of at least 18 nucleotides, with the
lowest possible variability among the sequences, was selected from the alignment. The 18-nucleotide fragment
was input in Primer 3 to get an amplification length of at least 600 nucleotides.

The CO1 amplification, using the cited sets of primers, failed with most of the stomiiform specimens from C.
braueri and C. pygmaea. Therefore, the mtDNA 12S rRNA region was selected for these species. DNA fragments
were  amplified using the primer combination L1085/L1478 (5TAAACCAGGATTAGATACCCS
5'GAGAGTGACGGGCGATGTGT3'), previously described by Miya and Nishida (2000).

The polymerase chain reactions (PCRs) were performed in 25-pl or 12.5-pl reaction volumes using approximately
50 ng (0.5 pl) of the isolated DNA as a template. Each PCR contained 1X Tag DNA polymerase buffer, 1.5-2 mM of
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MgCly, 200 mM of each dNTP, 10 pMols of each primer, and 0.5 U of Tag DNA polymerase: Amplitag DNA
polymerase (Applied Biosystems, Foster City, CA, USA) or Tag DNA polymerase (Invitrogen, Carlsbad, CA, USA).

Negative controls were included in all of the PCR runs to ensure against cross-contamination. Thermal cycles
involved an initial denaturation at 95°C for 5 min, followed by 30 cycles of denaturing at 95°C for 30 s, annealing at
50°C for 45 s and primer extension at 72°C for 1 min.

PCR products were purified using 0.6 U of Exonuclease | (Fermentas, Sankt Leon-Rot, Germany) and 0.3 U of
Shrimp Alkaline phosphatase (Fermentas) at 37°C for 1 h, followed by an inactivation step at 85°C for 15 min. The
nucleotide sequences of the PCR products were then cycle-sequenced using the BigDye terminator Cycle
Sequencing kit 3.0 (Applied Biosystems) with the forward and reverse primers used for amplification, according to
the manufacturer's recommendations. Sequences were read using an ABI Prism 310 Genetic Analyzer (Applied
Biosystems).

Sequence editing and analysis

Sequence alignments were edited using BioEdit 7.0.9.0 (Hall 1999), and aligned using Clustal W (Thompson et al.
1994) with a final optimization by eye. Homologous sequences were downloaded from GenBank (accession
numbers listed in Supplementary Material, Table S2) to test the consistency of the groups obtained in this study at
species level. Additionally, sequences from GenBank for species that belong to the same genera, from regions other
than the Mediterranean were downloaded when available (Supplementary Material, Table S2).

Evolutionary analyses of the CO1 haplotypes were performed using the maximum likelihood (ML) procedure run on
Mega 6.0 (Tamura et al. 2013). Alternatively, the Bayesian inference (Bl) was performed using MrBayes 3.1
(Ronquist and Huelsenbeck 2003). The most appropriate model of molecular evolution was identified using Mega
6.0. The ML analysis was conducted using the HKY+G+Y model, which was selected for its lowest BIC score, using
a discrete gamma distribution (G=0.95), with five rate categories and a number of invariant sites estimated from the
data (1=0.49). Evaluation of the statistical confidence in the tree nodes was based on 10000 non-parametric
bootstrap replicates. For the Bayesian analysis, the general time reversible substitution model was implemented
with a gamma-distributed rate variation across sites, and across a proportion of invariable sites. The standard
deviation of the split frequencies fell to 0.14 after 500000 generations. With the mtDNA 12S rRNA marker, the K2P
G+l model was the best to fit ML analysis and Bl (mean split frequency=0.0089; ngen=1000000).

The evolutionary interpretation was cautiously restricted to the most external branches due to the problems arising
from using one gene. The species Bathylagus euryops (Goode and Bean, 1896) was chosen as the outgroup taxon
of early teleost to root both evolutionary trees.

RESULTS Top

All of the individuals that were used in the genetic analysis were previously identified on the basis of morphological
and pigmentation patterns (Supplementary Material, Table S3). Adults were characterized by complete squamation
over the body and complete photophore and osteological development. The larval specimens selected for the study
ranged in size from 4.1-13.9 mm standard length, and had completely different body shapes to the adults, with no
photophore or osteological development.

A summary of the specimens analysed, body size range, stage of development, the genetic marker employed and
number of sequenced individuals is displayed in Table 1. New sequences were submitted to the GenBank database.
Moreover, this study contributed to the GenBank database with unique CO1 and mtDNA 12S rRNA sequences of the
exclusive Mediterranean N. elongatus and C. pygmaea, and more widely distributed fishes Lampanyctus crocodilus
(Risso, 1810), Lampanyctus pusillus (Johnson, 1890), Lobianchia dofleini (Zugmayer, 1911), Diaphus holti Taning,
1918 and V. attenuata. Their accession numbers along with the number of nucleotides of each sequence are listed
in Supplementary Material, Table S2.

Analyses using CO1

At least 565 nucleotides of the mtDNA CO1 region were sequenced in 41 adult specimens (Supplementary Material,
Table S2). For most species, at least 2 representative adults and 2 larvae were analysed. However, the stomiiform
A. hemigymnus was represented by only one adult because of technical problems during PCR amplification. The
sample collection had only one adult specimen of Notoscopelus bolini Nafpaktitis, 1975, N. elongatus and Electrona
risso (Cocco, 1829). A single sequence of an adult of Symbolophorus veranyi (Moreau, 1888) (SvA3) was amplified
using the different sets of primers, after re-sequencing several fragments from the larval and adult specimens
without success. Some sequences from the larvae and adults, not reported here, were deleted from the alignment
after an extensive span of ambiguous nucleotides.

A selection of 25 larval individuals (listed in Table 1) was amplified using FishF1/R1 and LCO1Myc1/LCO1Myc2,
and sequencing was achieved for 22 of them. Three larvae of S. veranyi were the only myctophid specimens for
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which sequencing was not effective using the reported primers. No stop codons, insertions or deletions were found
in any of the amplified sequences, indicating that these sequences constituted functional mitochondrial CO1

sequences. Negligible genetic variability was due to PCR errors (3.4x107°).

Sequence comparisons among the 70 adult sequences in Supplementary Material, Table S2, identified 331
conserved sites and 239 variable sites, with an overall mean distance of 0.201 (SD=0.024). Of these sites, 235 were
phylogenetically informative. Of the 570 bp of unambiguously aligned sequences within the myctophids (51
sequences), 347 were conserved sites (60.9%), and 223 were variable sites (nucleotide diversity, 1=0.189). The
sequences of the stomiiforms (n=19) contained 197 variable sites (m=0.164), so 373 (65.4%) of the sites were
invariant. The overall nucleotide frequencies were T (28%), C (31.6%), A (22.8%) and G (17.6%).

The mean sequence distances between the Mediterranean species was nearly 10-fold higher than the within-
species mean distances. Estimates of net evolutionary divergence between species groups of sequences are
presented in Supplementary Material, Table S4. The maximum average divergence within species over sequence
pairs was for D. holti (Table 2A). The maximum interspecific difference (number of base substitutions per site
based on the estimation of the net average between species groups) was between V. attenuata and L. pusillus
(29.7%), and the minimum distance was between N. elongatus and N. bolini (6.2%).

Table 2. — Within-species (A) and within-genus (B) genetic distances among Mediterranean
individuals (larvae and adults). Number of base substitutions per site from averaging the
overall sequence pairs within each group is shown in the second column along with the
corresponding standard error (SE) estimates. Analyses were conducted using the maximum
composite likelihood model and the rate of variation among sites was modeled using gamma
distribution (shape parameter=5). The included codon positions were 1st+2nd+3rd+Non-
coding. All ambiguous positions were removed for each sequence pair.

A. Species Distance S.E.

Benthosema glaciale 0.0077 0.0024

Ceratoscopelus maderensis 0.0135 0.0031

Diaphus holti 0.0212 0.0042
Hygophum benoiti 0.0032 0.0014
Hygophum hygomii 0.0077 0.0030

Lampanyctus crocodilus 0.0059 0.0025
Lobianchia dofleini 0.0170 0.0029
Lampanyctus pusillus 0.0028 0.0014
Maurolicus muelleri 0.0028 0.0014
Myctophum punctatum 0.0040 0.0015

Vinciguerria attenuata 0.0005 0.0005

B. Genus
Hygophum 0.0741 0.0092
Lampanyctus 0.1003 0.0101
Diaphus 0.1077 0.0100
Notoscopelus 0.0538 0.0072
Vinciguerria 0.1146 0.0101

The overall mean distance computed when the 25 larval sequences were incorporated increased to 0.22
(SD=0.0136). The intraspecific variation ranged from 0.05% to 2.12% for the Mediterranean species.

ML and BI methods were employed to yield two alternative phylogenetic trees (Figs. 1 and 2, respectively), with B.
euryops as the outgroup taxon (Protacanthopterygii), as well as the sister group of the Neoteleostei, which includes
the orders Myctophiformes and Stomiiformes. The tree topology was congruent between phylogenetic methods
except for some intermediate nodes, although there was consensus for the congeneric clades and most tribes. A
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monophyletic group was considered significant when the bootstrap value for that clade reached 95% and was
defined by more than two exemplars from the same species. Accordingly, the orders Myctophiformes and
Stomiiformes are consistently monophyletic in both phylogenies (ML and BI).

w 2 (H. benoiti (10)
98 .
100[" hygomii (WM)(3)
H. hygomii (G)(3)
_|59 S, peraitd) Myctophini  Myctophinae
M. punctatum (9)
1B glaciale (WM) (5)
12 o4l B. glaciale (G) (3)
10 £ risso (4) |Electronini
sofh. kroyer (G) (2)
100} N. elongatus |Gymnoscopelini
(WM) (1)
N. elongatus (4)

%1 dofleini (WM) (5)

1% piaphus sp. (G) (3)

70 D. metapocl, ©) NN piaphini
- P I Diaphini
MYCTOPHIFORMES 84 D. rafinesquii (G) (1) Full

55 B o
D. th 1 : .
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100
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L. alatus (G) (1)
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L. crocodilus (WM) {4)
WU'—V, lucetia (G) (1)
I—V, poweriae (G) (GUO71737)
V. poweriae (G) (EU148352)
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100
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190 M. muelieri (9)
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Fig. 1. — Maximum likelihood tree using CO1 sequences of different stages of
species of Myctophiformes and Stomiiformes. Species were sequenced and
downloaded from GenBank and inferred using the method based on the
Hasegawa-Kishino-Yano model with the highest log likelihood (-6992.6923). A
discrete gamma distribution was used to model evolutionary rate differences
among sites (5 categories; +G, parameter=0.9685). The rate variation model
allowed for some sites to be evolutionarily invariable (+1, 49.5529% sites). The
analysis involved 111 nucleotide sequences. Clades represented by various
individuals of the same species were contracted. Branches with the (WM)
nomenclature correspond solely to sequences from the western Mediterranean
(this study) and those with the (G) nomenclature were from GenBank. The rest
of the branches depict a mixture of this study and GenBank sequences.
Numbers in brackets represent the number of sequences for a clade. Bootstrap
values are shown as percentages above the branches, and values below 50
were not included.

Full
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image
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03

Fig. 2. — Bayesian tree (split frequency=0.14; 500000 generations) involving the
same 111 nucleotide sequences of larvae and adults as in the ML cladogram.
Clades represented by various individuals of the same species were contracted.
Branches with the (WM) nomenclature correspond solely to sequences from
the western Mediterranean (this study) and those with the (G) nomenclature
were from GenBank. The rest of branches depict a mixture of this study and
GenBank sequences. Numbers in brackets represent the number of sequences
for a clade. Letters in lower case close to some nodes present main
morphological characters of larvae: a, pectoral fin moderately large and stalked
eyes; b, slender body and gut length up to the mid-point of the body; c,
conspicuous and very large pectoral fin; d, early photophore development; e,
slender and slightly sigmoid gut; f, body moderately deep and S-shaped gut; g,
pigment above brain and gas bladder; h, gut length ca. 75% of the body length; i,
slender body and scant / lacking pigment; j, no pigmentation. Values of
posterior probability are shown besides the nodes. The branches depict the
proportional mean evolutionary distances among clades.

Several features were conserved in both trees. Within Lampanyctinae Lampanyctus spp. and Ceratoscopelus
maderensis (Lowe, 1839) were sister groups and within Diaphini L. dofleini and D. holti were clustered together.
GenBank sequences of Diaphus spp. were also clustered with our sequences of D. holti (ML: 70% bootstrapping; BI:
100% posterior probability), which constituted a different unit that diverged from other individuals of the same
genus. The tribe Diaphini (L. dofleini + Diaphus spp.) was only recovered via ML. The Notoscopelus spp. appeared
mixed with the Myctophinae species via ML, but placed within the Lampanyctinae using BI, which was in agreement
with the morphological classification. Within Myctophinae, S. veranyi and Myctophum punctatum Rafinesque, 1810
formed a sister group with a support of 69% bootstrapping and 0.99 posterior probability using ML and BI,
respectively.

The congeners Hygophum benoiti (Cocco, 1838) and Hygophum hygomii (Liitken, 1892) were clustered with
bootstrap values over 80%; L. pusillus and L. crocodilus had values over 99%; and N. bolini and N. elongatus also
had 99%, which underlies the monophyly of these genera. These nodes had 100% values using Bl. The clades
produced within the species accounted for values of 99%-100% bootstrapping and 100% probability for the
respective procedures. Some discrepancies between the two evolutionary trees for the deeper nodes were evident
and remained consistent at the genus and species levels.

In accordance with the main objective of this study, it can be demonstrated from both genealogies that the larvae
identified using detailed morphological features corresponded with the adult specimens in the 11 species for which
larvae were successfully sequenced. All specimens were clearly assigned to each species at 100% bootstrapping
and posterior probability values. Therefore, the adult associations were well structured and could be used as a
basis for FINS of the larvae, followed by phylogenetic reconstruction.

Analyses using the mtDNA 12S rRNA

In the present work, all the species were sequenced with CO1, although some stomiiforms (Cyclothone spp.) did not
render proper chromatograms. In these instances, the mtDNA 12S rRNA region was used. However, the disparity is
unclear, as specimens were collected and stored in the same conditions as the rest of samples.
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The validity of the mtDNA 12S rRNA sequences was briefly analysed by depicting a tree of the C. braueri and C.
pygmaea sequences from the Mediterranean in combination with GenBank sequences of other Cyclothone spp. and
stomiiforms. The consensus trees obtained from Bl and ML produced identical groupings (Fig. 3).

C. pygmaea (D84043)
C. pallida (D84040)
C. alba (AB026030)

Full
size
0L, braveri (D84032) image

Vinciguerria sp. (AY438704)

0 —A. affinis (D89749)
097

3 A. sladeni (D89748)
1)
’ 700 A, aculeatus (D89744)
oo '°°[A‘ aculeatus (DB9735)

Fig. 3. — Bayesian tree (in consensus with the ML and MP procedures) based
on an alignment of 417 bp of 12S-rRNA mtDNA sequences. The branches
depict the proportional mean evolutionary distances among clades. The
posterior probability values of each node >0.9 are depicted above the branches,
and the bootstrap values below the branches.

Six fragments of 375 nucleotides from three larvae and one adult C. braueri, and 2 adults of C. pygmaea were

sequenced. Fifty-seven variable sites involving the 6 nucleotide sequences with low diversity (m=9.17 1072) were
found. The 2 species of Cyclothone were strongly discriminated with bootstrap values of 100% and 100% posterior
probability.

The species of Vinciguerria formed an assembly with 85% bootstrapping (V. attenuata was grouped with a value of
99%) and was joined to the sternoptychid species with a support of 61% by Bl. The species A. hemigymnus and M.
muelleri were clustered with values of 99% and 100% via ML and BI, respectively. Both species formed the
sternoptychid cluster with a value of 99% probability using BI.

DISCUSSION Top

Due to its rapid evolutionary rate, mtDNA has been used to discern between adults of closely related species, and is
becoming a common tool for the identification of early developmental stages of fishes (e.g. Hare et al. 1994, Pegg
et al. 2006, Ko et al. 2013). The consistent genetic profiles between larvae and adults of all the analysed
mesopelagic fishes have proved the usefulness of this methodology for larval identification, and the accuracy of
previous larval descriptions based on morphology and pigmentation patterns. The low species richness of
mesopelagic fishes in the western Mediterranean, with just one or two species per genus, makes it a good scenario
for unequivocal identification when it comes to elusive characters such as those of larval stages.

The divergence values between nucleotide sequences give a perspective of the specific diversity of the sampling
region (Steinke et al. 2009). High sequence divergence between species compared with intraspecific variation
indicates good barcode matching. For instance, the difficulties arising in the morphological identification of
congeners within Cyclothone, Hygophum, Lampanyctus and Notoscopelus were solved through barcoding. The
availability of large datasets of nucleotide sequences would be useful to design primers for particular species in
cases in which morphological determination is difficult (Ko et al. 2013, Webb et al. 2006). As a result, the
hybridization of unknown nucleotide sequences of mtDNA with fragments designed specifically makes an accurate
species determination possible.

The significance of this study lies in the lack of previous larval identification by genetic methods to corroborate
morphological classifications. Additionally, the study aimed to highlight the need for morphological identification in
combination with DNA barcoding to detect the biodiversity of a region. As Barber and Boyce (2006) suggested, the
synergy between taxonomists and geneticists advances our understanding of groups with high intraspecific genetic
variation that could actually represent cryptic species.
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Genetic analysis based on mtDNA has been useful in establishing phylogenetic relationships among mesopelagic
and other deep-sea fishes (Miya and Nishida 1998, Miya et al. 2001, Poulsen et al. 2013). The results presented
here identified two wide clusters corresponding to the recognized monophyletic orders Myctophiformes and
Stomiiformes (e.g. Paxton 1972, Fink 1984, Poulsen et al. 2013) using ML and Bl methods (Fig. 1 and 2). The
Bayesian tree was also able to recover the families Myctophidae, Phosyctidae and Sternoptychidae, and the
subfamily Lampanyctinae. However, the phylogenetic branches defined by morphological characteristics (Paxton
1972, Paxton et al. 1984) could only be identified in this study at a lower taxonomic level than tribe with well-
structured congeneric groups. It is recognized that the use of concatenated, protein-coding genes or
complementary mitochondrial regions is necessary to significantly categorize the higher ranks of taxonomy. It
should be noted that redefining the precise phylogenetic relationships of myctophiforms and stomiiforms was
outside the main objective of the present study. However, some of the associations found within the subfamilies
and sister groups deserve some comment.

The subfamily Lampanyctinae was represented by Lampanyctus spp. and C. maderensis within the tribe
Lampanyctini and L. dofleini and Diaphus spp. within the tribe Diaphini, in agreement with the morphological
classification by Paxton (1972) and Paxton et al. (1984). Paxton (op. cit.) stated lower divergence between
Lobianchia and Diaphus than between Lampanyctus and Ceratoscopelus. The two former genera constituted a
sister group that was characterized by the exclusive apomorphic state of having a wide pubic plate. However, the
evolutionary distance within Diaphini (0.186; Supplementary Material, Table S4) was slightly lower than that within
Lampanyctini (0.189).

Diaphus and Lampanyctus are greatly diversified genera with low morphological variation (Hulley 1981). The
observed average within-genus nucleotide diversity of Diaphus (4 species) and Lampanyctus (5 species) (10.7 and
10%, respectively) was nearly two times greater than that within Notoscopelus (3 species) (5.3%). Thus, it might
reflect a more recent divergence of the genus Notoscopelus. This genus is represented in the Mediterranean by two
species: N. elongatus, which is restricted to the Mediterranean Sea, and its congener N. bolini, which has also been
captured in the Atlantic Ocean. N. elongatus and N. bolini showed the minimum interspecific genetic distance
between the Mediterranean species (6.22%), similar to other values reported for congeneric species in previous
analyses of marine fishes (Ward et al. 2005, Steinke et al. 2009). Both congeners constitute separate species in the
Mediterranean that are barely distinguished by the number of gill rakers and fin ray counts in adults (Hulley 1984),
and pigmentation features in larvae (Palomera 1983). The low degree of morphological divergence was consistent
with this study, suggesting a relatively recent separation of this genus in the Mediterranean. On the other hand,
relatively high intraspecific divergence (2.1%) was found in D. holti, which could be masking cryptic species or
reflecting an underlying population structure. Ideally, this could be overcome by an extensive within-species
variation that embraces all of the species diversity (Vifias and Tudela 2009).

In the subfamily Myctophinae, the sister groups M. punctatum and S. veranyi and H. hygomii and H. benoiti
coincided with the morphological phylogeny (Paxton 1972, Paxton et al. 1984). M. punctatum and S. veranyi (tribe
Myctophini) shared a slender larval morphotype, with a fan-shaped pectoral fin base and slightly stalked eyes
(Supplementary Material, Table S3). Our molecular data produced high significance values (Bl) to support the
monophyly of Hygophum. The two species of Hygophum of the Mediterranean region were consistent with the
morphological classification and with the genetic results reported by Yamaguchi et al. (2000).

Genetic divergence of the Mediterranean specimens from those of GenBank, which represent remote populations in
some cases Atlantic or Pacific populations, revealed that some genera showed larger divergence than others. For
instance, the intraspecific distance in Benthosema glaciale (Reinhardt, 1837) and N. elongatus from the
Mediterranean sensu stricto was smaller than that including individuals from other regions (i.e. GenBank
sequences), a finding which coincides with the assumption of different populations in the Mediterranean and North
Atlantic.

Analysis of mtDNA 12S rRNA sequences for the Mediterranean Cyclothone, along with other GenBank sequences of
stomiiforms, produced clusters (Bl, ML) in agreement with the cladograms of Weitzman (1974) and Fink (1984)
using morphological characters. The species of the family Sternoptychidae and Phosichthyidae appeared closer
than to the gonostomatid Cyclothone spp. The sternoptychids M. muelleri and A. hemigymnus were also clustered
together using CO1 sequences.

The genus Maurolicus deserves special mention as it has been challenging in terms of species identification.
Whether it is composed of a single species, M. muelleri, with wide distribution in the Atlantic, Indian and Pacific
Oceans, or includes up to 15 species, as stated by Parin and Kobyliansky (1996), remains unclear. Mediterranean
specimens of M. muelleri showed similar haplotypes with low genetic variation and were grouped with GenBank
sequences from Atlantic specimens, revealing that they originated from the same species.

In summary, the results of the present study highlighted the validity of DNA barcoding to differentiate the
Mediterranean mesopelagic fish at the species level, even among those with high morphological resemblance. The
good fit of genetic sequences between larvae and adults of each species proved the accuracy of earlier larval
descriptions based on morphology and pigmentation characters. Phylogenetic relationships of myctophiforms and
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stomiiforms still require additional sequencing of mitochondrial or nuclear loci to be further resolved. Although the
use of long CO1 sequences allowed a similar grouping of some tribes accepted in the current phylogeny.
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SUPPLEMENTARY MATERIAL

The following material is available through the online version of this article and at the following link:
http://www.icm.csic.es/scimar/supplm/sm04072esm.pdf

Table S1. - Literature containing information on larvae and adult identification characteristics of the mesopelagic
fishes analysed in this study.

Table S2. - List of sequences of myctophids and stomiiforms used in the present study. Codes for the sequences
from our lab are shown on the right part of the table. Apart from our results, the sequences that were used in this
study and selected from GenBank (http://www.ncbi.nlm.nih.gov/genbank) are listed with the corresponding
accession number and source. The outgroup species Bathylagus euryops was included.

Table S3. — Distinctive features of larvae of the most abundant and frequent mesopelagic species occurring in the
western Mediterranean. Sources of larval descriptions stated in Table S1.

Table S4. — Estimates of the net evolutionary divergence between species, considering larval and adult sequences
and GenBank. The number of base substitutions per site by estimating the net average between groups of
sequences is shown. Standard error estimates are shown above the diagonal. Analyses were conducted using the
maximum composite likelihood model. The rate variation among sites was modeled using gamma distribution
(shape parameter=5). The analysis involved 110 nucleotide sequences. The codon positions that were included
were 1st+2nd+3rd+non-coding. All ambiguous positions were removed for each sequence pair and 570 positions
were included in the final dataset. Abbreviated names: AH, Argyropelecus hemigymnus; BG, Benthosema glaciale;
CM, Ceratoscopelus maderensis; DH, Diaphus holti; ER, Electrona risso; HB, Hygophum benoiti; HH, Hygophum
hygomii; LA, Lampanyctus alatus; LC, Lampanyctus crocodilus; LD, Lobianchia dofieini; LP, Lampanyctus pusillus; Lph,
Lampanyctus photonotus; LT, Lampanyctus tenuiformis; MM, Maurolicus muelleri; MP, Myctophum punctatum; NB,
Notoscopelus bolini; NE, Notoscopelus elongatus; SV, Symbolophorus veranyi; VA, Vinciguerria attenuata; VP,
Vinciguerria poweriae.
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