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Abstract Recent studies on the genus Lampris
revealed five cryptic species within Lampris guttatus;
however, the new phylogenetic structure of the glob-
ally distributed group claims more information from
the South Atlantic Ocean. The present work, with a
focus on the Lampris genus fishes from the Southwest
Atlantic Ocean (SWAO), aims to (i) fulfill a gap in the
distribution description of the recently uncovered spe-
cies from the group (ii), making comparative analysis
to molecular and morphological studies on the group
and (iii) easily diagnose characters to facilitate identi-
fication in the field. The analysis of partial mitochon-
drial cytochrome c oxidase I gene sequences (705
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pb) led to the identification of Lampris australensis
and Lampris megalopsis and their genetic diversity.
Compared with other oceanographic regions, both
species presented high haplotypic diversity and low
population structure. Principal component analysis
using morphometric data revealed two distinct mor-
photypes with a slight overlap. PC-LDA analysis also
showed two well-separated groups, with a high per-
centage of correctly classified fish for L. australensis
and L. megalopsis. We also demonstrate that both
species can be morphologically distinguished. This
study confirms L. megalopsis as a globally distributed
species and expands the distribution of L. australen-
sis, which can now be considered circumglobal along
the subtropical waters of the southern hemisphere.
Understanding species captured as bycatch in fisher-
ies based on their correct identification is fundamen-
tal for establishing conservation and management ini-
tiatives for marine fish populations.

Keywords Opah - Bycatch - COI - Conservation
genetics - Fish morphology - Fisheries management

Introduction

Opah species from the genus Lampris are caught
as bycatch in all oceans by longline fisheries target-
ing large pelagic fish such as swordfish, tunas, and
sharks (e.g., Runcie et al., 2009; Huang & Liu, 2010;
Hawn & Collete, 2012; Underkoffler et al., 2018).
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However, the commercial interest in its capture has
increased due to the quality of its meat, which has
sparked growing culinary interest (Underkoffler et al.,
2014). Despite this interest, the biology of opahs is
still poorly studied, and their intra and interspecific
relationships are still unclear (Hyde et al., 2014), as
well as many aspects of their distribution (Underkof-
fler et al., 2018).

Until recently, the genus Lampris was thought to
be a taxon comprising two species of opah: The opah
Lampris guttatus (Briinnich, 1788) and the Southern
opah Lampris immaculatus Gilchrist, 1905. Lampris
gutattus was known as an epi-mesopelagic global
species of easy visual identification by its white spots,
which in L. immaculatus is absent (Hawn & Collete,
2012). However, DNA barcoding revealed five cryp-
tic monophyletic lineages within L. guttatus species
(Hyde et al., 2014), further taxonomically described
by Underkoffler et al. (2018). More recently, Kukuev
(2021) proposed an update of the genus Lampris,
in which the spotless species, L. immaculatus, was
allocated in the subgenus Paralampris, while the
five spotted species were grouped in the subgenus
Lampris.

Based on morphometric measurements of fresh
opahs from Hawaiian fish markets, preserved samples
from museums, and photographic records, the distri-
bution of the newly described species was proposed
by Underkoffler et al. (2018) as L. guttatus, restricted
to the North Atlantic Ocean (NAO); L. lauta Lowe,
1838, in the Eastern Atlantic Ocean; L. incognitus
Underkoffler et al. 2018, in Central and Eastern North
Pacific; L. australensis Underkoffler et al. 2018,
known only in the southern hemisphere, with records
in Australia, Chile, South Africa, and Tasmania; and
L. megalopsis Underkoffler et al. 2018, presumably a
cosmopolitan species with records from the western
Central-North Pacific to American Samoa, Australia,
Indonesia, and South Africa. However, for the South
Atlantic Ocean (SAQO), the authors included samples
only from the South African coast (Hyde et al., 2014;
Underkoffler et al., 2018), which leaves a consider-
ing gap in the description of the potential distribution
of the newly described species. In the Southwest-
ern Atlantic Ocean (SWAO), records of the Lampris
genus refer to L. guttatus lato sensu in southeast Bra-
zil (Figueiredo & Menezes, 1980; Lopes & Oliveira-
Silva, 2017), south Brazil (Piacentino & Muguetti,
1994), Uruguay (Nion et al., 2002) and Argentina
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(Piacentino & Muguetti, 1994); since these records
are previous to the recent taxonomical changes, a
review is needed.

Longline fishing fleets from more than seven coun-
tries operate in the SWAO, targeting swordfish Xiph-
ias gladius Linnaeus, 1758, pelagic sharks (mainly
blue shark Prionace glauca (Linnaeus, 1758), and
several tuna species [bigeye Thunnus obesus (Lowe,
1839), yellowfin T. albacares (Bonnaterre, 1788), and
albacore T. alalunga (Bonnaterre, 1788)] throughout
the year (Tuck et al., 2003; Hazin et al., 2008; Jimé-
nez et al., 2011). Little is known about the magnitude
of opah bycatches in the region. Two years of longline
landings monitoring the Brazilian fishing fleets oper-
ating in the SWAO recorded 3.6 tons in 2018 and
4.8 tons in 2019 (UNIVALIVEMCT/LEMA, 2020).
If we consider that fishing fleets of at least six other
countries also fish in the region, this amount is likely
much higher. Catches in the SWAO are recorded only
as a single species, and it is unknown if they are com-
prised of one or more species of the genus Lampris.

The erroneous and/or imprecise identification of
exploited species is one of the main problems for
fisheries management (Lleonart et al., 2006). Spe-
cies misidentification causes uncertainty in popula-
tion assessments, hindering its sustainable exploita-
tion and potentially precluding accurate information
on population changes for conservation purposes
(Beerkircher et al., 2009; Garcia—Vazquez et al.,
2012). For example, important species such as the
white marlin Kajikia albida (Poey, 1860) and the
roundscale spearfish Tetrapturus georgii Lowe, 1841
have unknowingly been assessed and managed as a
single species, which raised concern as to the stock
assessments and the conservation status of both spe-
cies in the western North Atlantic (Shivji et al., 2006;
Beerkircher et al., 2009). A high misidentification of
carcharhinid sharks [Carcharhinus leucas (Miiller
& Henle, 1839), C. amboinensis (Miiller & Henle,
1839), C. tilstoni (Whitley, 1950), C. sorrah (Miiller
& Henle, 1839) and C. brevipinna (Miiller & Henle,
1839)] has also been reported in a fishery in northern
Australia, which could result in incorrect estimates of
fisheries mortality that are used for modeling stock
resilience (Tillett et al., 2012). Another example of
misidentification is for the highly vulnerable batoid
fish Dipturus intermedius (Parnell, 1837) and D. batis
(Linnaeus, 1758), formerly known as the “common
ray”. The extinction risk is likely significantly higher
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than previous estimates that treated both species as a
single homogeneous unit, and the correct identifica-
tion of these species is necessary for the proper des-
ignation/implementation of conservation measures
(Bache-Jeftreys et al., 2021). Thus, the accurate iden-
tification of commercially landed fish at the species
level is essential for validating reported catches and
collecting biological data, which are necessary for
modeling population status and managing stocks. In
fact, the United Nations Food and Agriculture Organ-
ization (FAO) program has highlighted the impor-
tance of species identification in fishery sciences
since the 1960s (Lleonart et al., 2006). Considering
the influence of humankind on nature through envi-
ronmental disturbances, this information is becoming
more relevant as many ecosystems suffer from severe
deterioration (Pacifici et al., 2015).

Considering that the current distribution infor-
mation is insufficient for identifying genus Lampris
species present in the SWAQ, hindering an adequate
assessment of the distribution and biology of these
fishes in this part of the globe, the goal of this study
was to identify which Lampris species occur in the
SWAO. This was achieved through a combination of
molecular and morphometric analyses, providing new
information on the distribution range and the morpho-
logical diagnosis of the species found in the region.

Materials and methods

Eighty-eight opahs were sampled opportunistically
between July 2018 and March 2020 (see Table S1).
Sampling the surface longline fleets operating in
SWAOQO was conducted during landings in Rio Grande,
RS, Brazil (Fig. 1). Fragments of muscle tissue from
20 individuals were stored in 95% alcohol until DNA
extraction; these samples were chosen based on gen-
eral morphological differences between specimens
to attempt to include all possible morphotypes. Pho-
tographic identification was made for 79 individuals,
and morphometric measurements of 65 samples were
obtained based on Underkoffler et al. (2018). To guar-
antee the measurement of mature fish, we chose those
with fork lengths close to 760-800 mm. As far as we
know, there are no maturity studies for the recently
studied species of opah, but a comprehensive study of
L. guttatus lato sensu (Francis et al., 2008) indicates

that sexual maturity is reached between 760 and
800 mm for males and females.

DNA extraction and amplification

Total genomic DNA from tissue samples was
extracted through a salt-extraction protocol adapted
from Aljanabi and Martinez (1997): instead of
using the salt homogenizing buffer followed by
SDS (2% final concentration), we used a lysis
buffer already containing SDS and with the addi-
tion of P-mercaptoethanol (200 mM NaCl, 50 mM
Tris—HCI pH 8.0, 10 mM EDTA pH 8.0, SDS 1%
and p-mercaptoethanol 1%). The concentration (ng)
of extracted DNA was measured in a Biodrop® 2000
spectrophotometer. Amplification of 705 bp frag-
ments of the mitochondrial cytochrome c oxidase I
gene (COI) gene was performed by polymerase chain
reaction (PCR), with specific primers designed by the
authors (opah Atl-S F: 5" CCC TAC CTG TGG CAA
TCA CTC G 3’ and opah Atl-S R: 5" GGG AGA TTA
TTC CAA AGC CAG G 3'). Primers were designed
using the complete mitochondrial genome of L. gut-
tatus available in the National Center for Biotechnol-
ogy Information GenBank database (http://www.ncbi.
nlm.nih.gov/Genbank/, Accession NC_003165.1).

PCRs were carried out with PCR buffer (10%),
MgCl, (3 mM), dNTPs (0.4 mM), primers (0.2 pM),
Taq DNA polymerase (0.5 units—Ludwig Bio-
technology), 4 ul of DNA (150 to 200 ng/ml), and
ultrapure water up to 25 pl. PCR cycling conditions
consisted of (1) one cycle of 94 °C for 1 min; (2) 35
cycles of 94 °C for 1 min, 59 °C for 1 min, and 72 °C
for 1 min; and (3) a final cycle at 72 °C for 5 min.
To evaluate PCR success, products were submitted to
electrophoresis on a 1% agarose gel with GelRed®
nucleic acid stain and photographed in a UV UVP®
M20 transilluminator. PCR products were then puri-
fied by precipitation with PEG 8000 at 20% (polyeth-
ylene glycol PM 8000), following Hartley & Bowen
(1996), and resuspended in buffer TE pH 7. Nega-
tive controls were performed on all PCR reactions to
check for contamination, and samples were sequenced
in both directions at Macrogen, Seoul, Korea (http://
www.macrogen.com). Sequences were visually evalu-
ated and corrected with BioEdit 7.2.5 (Hall, 1999)
and aligned using CLUSTAL W (Thompson et al.,
1994).

@ Springer


http://www.ncbi.nlm.nih.gov/Genbank/
http://www.ncbi.nlm.nih.gov/Genbank/
http://www.macrogen.com
http://www.macrogen.com

Hydrobiologia

& | 28°S
Brazil - 29°
- 30°
-31°
Rio Grande -
:-33"
:-34°
:-35"
Southwestern
Atlantic Ocean

LN LB B B B S N B S B B R B S B T T T | LA | LA | I A | B

54° 53° 52° 51° 50° 49° 48° 47°w

Fig. 1 Map of the sampling region along the Brazilian coast. The gray shape indicates the area where longline vessels captured
Lampris spp. between 2018 and 2020

Molecular data analysis identification. The number of COI haplotypes was
calculated using DnaSP 4.10.9 (Rozas & Rozas,
Molecular identification of Lampris sequences (Gen- 1999), and haplotype and nucleotide diversities were

Bank accession) was made in the Barcode of Life calculated using ARLEQUIN 3.5 (Excoffier & Lis-
Data System (Ratnasingham & Hebert, 2007). All cher, 2010). The distribution of pairwise interspe-
sequences achieved at least 98.92% of similarity with cific and intraspecific genetic distances (gap analysis)
sequences already in this database, ensuring correct was evaluated in the statistical environment R, using
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the ‘barcodingR’ package (Zhang et al., 2017). For
this analysis, the Kimura-2-parameter (K2P) model
was applied due to its common application in DNA
barcoding literature (Candek & Kuntner, 2015). A
Maximum Likelihood Tree was constructed using
MEGA X (Kumar et al., 2018) to evaluate phyloge-
netic relationships with the Tamura—Nei model of
nucleotide substitution and rooted with a L. immacu-
latus COI sequence available in GenBank (Accession
DQ108066.1).

To compare with other previously analyzed Lam-
pris populations, we also conducted genetic diver-
sity and gap analyses using sequences from the same
species identified in this study, reported in Hyde
et al. (2014) (datadryad.org/stash/dataset/https://doi.
org/10.5061/dryad.71m33). For these comparative
analyses, sequences were grouped according to the
oceanographic region: Southwestern Atlantic Ocean
(SWAO), North Pacific Ocean (NPO), South Pacific
Ocean (SPO), SAO, South Indian Ocean (SIO), and
the region between South Atlantic and South Indian
Ocean (South Africa coast) (SAO-SIO) for L. mega-
lopsis; and SWAO, SAO, SIO and Indian Ocean (IO)
for L. australensis. The sequences obtained for the
SWAO were truncated to 655 bp to compare with the
previously available sequences.

We used all available sequences to construct
median-joining (Bandelt et al., 1999) haplotype net-
works with POPART v1.7 (Leigh & Bryant, 2015)
and evaluate the overall genetic structure of the two
species between regions. Structure was evaluated
through analysis of molecular variance (AMOVA)
using the Tamura—Nei model of nucleotide substitu-
tion (Tamura & Nei, 1993), as determined in JModel-
Test 2.1.10 (Darriba et al., 2012), with significance
tests based on 1,000 permutations (Excoffier et al.,
1992). Resulting F; values were classified as low,
moderate, high, and very high when ranging from
0-0.05, 0.05-0.15, 0.15-0.25, and>0.25, respec-
tively (Wright, 1978).

Morphometric and meristic analysis

Measurements were taken to the nearest mm with a
1.5 m tree caliper when larger than 10 cm and with
a 15 cm analogical hand caliper when smaller. Cir-
cumference measurements were taken with a 2 m
measurement tape. From the set of 45 measures and
counts, the 13 most informative were used in the

analyses since the number of predictor variables (p)
is required to be less than the sample size (n). The
two filtering criteria we used were: (1) the formula
n>5Xp (James et al., 2013) and (2) the most inform-
ative morphometric measurements, in an exploratory
PCA analysis (see Supplementary Material). Prior to
the analyses, the morphometric data were standard-
ized by dividing their individual values by the fork
length.

The measurements and counts used for analysis
were: greatest body depth (BD), head length (HL),
head depth (HD), pre-pectoral distance (PPecD), pre-
anal distance (PAD), vertical orbital diameter (vOD),
horizontal orbital diameter (hOD), snout length
(SnoutL), pectoral-fin height (PecFinH), maximum
diameter (MD), operculum diameter (OD), caudal
peduncle depth (CPD), and number of pelvic fin rays
(V) (Fig. 2). Caudal fin rays were not counted as they
were extremely packed. Measurements and counts
followed Underkoffler et al. (2018), except for HD,
which was measured as the vertical distance from
the top of the head to the abdomen on a line cross-
ing the center of the orbit, and SnoutL, represented by
the premaxillary frontal height (Fig. 2). To reduce the
dimensionality and better visualize the morphometric
data, a second principal component analysis (PCA)
was conducted with the 13 selected measurements
and counts, using the ‘factoextra’ package (Kas-
sambara & Mundt, 2020). The ‘missMDA’ package
(Josse & Husson, 2016) was used to fill in missing
values between variables.

Photographs were collected whenever possible to
identify the opahs captured in the SWAO and detect
some easy-to-diagnose characteristics. The general
shape of the body and its appendages, coloration, in
addition to the shape, distribution, and size of the
spots on the body were observed according to the
description of the species (Underkoffler et al., 2018)
and also by comparison between samples. Subse-
quently, comparisons were made with the results of
molecular and PCA analyses to identify the sam-
pled opah. Complementarily, a linear discriminant
analysis (LDA) was used to increase the classifica-
tion efficiency and check our visual identification by
photographs. For this, the first two principal compo-
nents (PCs), which contained the maximum variance
among the data, were used as input for LDA construc-
tion (PC-LDA). Two pre-defined groups for the PC-
LDA were inserted based on the visual identification
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BD

PecFinH

Fig. 2 Morphological measurements and count scheme (V)
for subgenus Lampris. a Greatest body depth (BD), head
length (HL), head depth (HD), pre-pectoral distance (PPecD),
pre-anal distance (PAD), pectoral-fin height (PecFinH), maxi-

of the samples. The PC-LDA model was validated by
leave-one-out cross-validation. Distribution frequen-
cies of landings by season and fork lengths (mm)
were constructed to better visualize patterns among
the sampled specimens, and significant differences
were evaluated by one-way ANOVA. All analyses
were performed in the statistical environment R (R
Core Team, 2020).

Ethical statement

The research did not involve animal experimentation
or harm and required no permits under Brazil animal
welfare laws.

Results

Two species of the genus Lampris—L. australensis
and L. megalopsis—were revealed for the first time in
the SWAO, expanding the distribution range for both
species. From the 88 sampled specimens, 26 were
identified as L. megalopsis, and 62 were L. australen-
sis either by photographs, molecular, or morphomet-
ric analysis (Table S1). The occurrence of Lampris
species in the SWAOQ is shown in a worldwide context
in Fig. 3, adapted from Hyde et al. (2014).
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mum diameter (MD), operculum diameter (OD), pelvic fin rays
(V), and caudal peduncle depth (CPD). b Vertical orbital diam-
eter (vOD), horizontal orbital diameter (hOD), snout length
(SnoutL)

Of the 20 individuals with COI sequenced, thir-
teen were identified as L. australensis and seven as
L. megalopsis. Eight haplotypes were found for L.
australensis, four being described for the first time
and four matching haplotypes previously reported
by Hyde et al. (2014) for L. australensis in the SAO,
IO, and SIO (Table 1; Fig. 3). Four haplotypes were
found for L. megalopsis, of which one was new and
three had been previously reported in several other
regions (Hyde et al., 2014). Molecular diversity
analyses showed high haplotypic and low nucleotide
diversity for L. australensis and L. megalopsis from
the SWAO (Table 1).

The median-joining haplotype networks for L. aus-
tralensis and L. megalopsis (Fig. 4) from several geo-
graphic regions showed that one to three mutations
separated haplotypes. Haplotypes 1 and 2 of L. mega-
lopsis represent worldwide haplotypes present in all
oceans. The barcode gap analysis showed that the per-
cent difference of sequences ranged from 0 to 0.011
between individuals of the same species and from
0.066 to 0.080 between individuals of different spe-
cies in the SWAO (Fig. 5). Mean values were, respec-
tively, 0.0035 (s.e. 0.0024) and 0.0727 (s.e. 0.0288),
resulting in an overall gap of 0.056. The results for
this analysis using the sequences of these species
available in Hyde et al. (2014), and with all data
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Fig. 3 Worldwide distribution of Lampris species described in Hyde et al. (2014) and the present study. The pie charts represent the
proportion of each species described by Underkoffler et al. (2018), per location. Figure adapted from Hyde et al. (2014)

pooled, were similar. The phylogenetic tree produced
two distinct clades containing and confirming the
identified species (Fig. 6). AMOVA F, values among
regions were low, indicating no population struc-
ture for L. australensis (F3=0.02; P=0.41+0.012).
However, despite the low F found among L. mega-
lopsis regions (Fy=0.02; P=0.02+0.004), the dif-
ference was significant.

PCA of morphometric data resulted in a plot show-
ing two ellipses. The first principal component (PC1)
explained 38.8% of the morphometric variation,
and the second (PC2) explained 21.6% (Fig. 7). The
other eleven components did not surpass 8.1% (Fig.
S1). For L. megalopsis, PAD, HL, and PPecD were
some of the measurements with the highest loadings
(Table S2). These measurements are more longitu-
dinally distributed along the body length than in L.
australensis, which presented the highest values in
measurements taken latitudinally, such as HD, great-
est BD, and CPD, besides the OD and MD measure-
ments. In the second principal component (PC2),

PAD, OD, PecFinH, and HD were the main variables
that explained the differences.

The PC-LDA analysis, built from two pre-defined
groups by visual identification and 13 measurements
from 65 individuals, resulted in a percentage of cor-
rectly classified (PCC) fish of 100% for L. australen-
sis and 98% for L. megalopsis. These characters were
noticed throughout sampling and photograph analy-
sis, based on the description by Underkoffler et al.
(2018) and subsequent genetic and morphometric
confirmation.

Lampris australensis presents larger white spots,
mainly in the anterior ventral region below the head,
which can approximate the size of the fish’s pupil and
gives the impression of a darker outline (Fig. 8). The
spots become smaller and sparser as they approach
the posterior and dorsal regions. Eyes are smaller
than in L. megalopsis, and the general body shape is
rounder. The top of the head can sometimes be dis-
tinctly arched. In L. megalopsis, the spots are smaller
and circular but often have long, irregularly shaped
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Table 1 Molecular diversity indexes of Lampris australensis and L. megalopsis in the SWAO (This study) and from Hyde et al. (2014)

%G

%T %A

%C

nt+SD

h+SD

uH

References

Species

28.18 21.61 19.60

30.61

2.784+1.573
2.969 +1.761

7
7
5

46

1
1

6
6
4

0.003 +0.002
0.004 +0.003
0.002+0.001
0.002+£0.001

0.923+0.050
0.952+0.095
0.809+0.129
0.795+0.001

4
2

1

46

13
7

This study

L. australensis

19.48
19.33
19.12

21.98
21.99
2242

27.68
27.09

30.86
26.73

1.631+1.088

Hyde et al. (2014)

This study

L. australensis

31.59
31.73

L. megalopsis

1.371+£0.848

49

277

Hyde et al. (2014)

L. megalopsis

Species sample sizes (n), total number of haplotypes (H), number of unique haplotypes (uH), haplotype diversity (%), nucleotide diversity (p), number of transitions (7), number
of transversions (7,), number of variable sites (V), uncorrected average pairwise differences between samples (P), and % nucleotide composition for cytochrome c oxidase I gene

data

spots between them. Pectoral fins are usually longer
than in L. australensis, and the eyes are notably
bigger.

The body color of both species may vary over the
time of death. Animals that were recently caught lose
their vivid red and orange colors, but remain with
red fins and a pinkish color on the body, especially if
the scales are still present. After some time, L. mega-
lopsis tends to maintain a pinkish or present a gray
metallic color while L. australensis can remain pink
(Fig. 8) or present a metallic blue color, as described
in Underkoffler et al. (2018). The tongues of both spe-
cies occasionally presented purple coloration spots,
varying in size, intensity, and shape; sometimes the
whole tongue was purplish. In most fish sampled, the
fins had a vivid red color. However, when the fish had
been stored for a few days on the fishing vessel or fro-
zen in the laboratory for later processing, the tips of
the caudal and pectoral fins sometimes had a yellow-
ish color and dryness. It was not possible to identify
SWAO specimens with the proposed key by Under-
koffler et al. (2018) as most of the proportions did not
match the description (Table 2).

Based on the multiple identification methods used,
we observed that the frequency of each species dif-
fered among seasons, with L. megalopsis presenting
higher frequency in summer months while L. aus-
tralensis were more frequent throughout the rest of
the year (Fig. S2). The size composition indicates that
L. megalopsis are generally larger than L. australen-
sis (Fig. S3), which was confirmed with a one-way
ANOVA [F(1.79)=6.306, P=0.01].

Discussion

At least two species of the genus Lampris occur sym-
patrically in the Southwestern Atlantic Ocean: L.
megalopsis and L. australensis were identified for the
first time in the SWAO through molecular and mor-
phological analyses, amplifying the distribution range
of both species. Until now, L. australensis had been
recorded only in the waters of Australia, Chile, South
Africa, and Tasmania (Underkoffler et al., 2018;
Kukuev, 2021), and with the results of this study, it
is possible to affirm that the species is circumglob-
ally distributed in subtropical southern hemisphere
waters. Regarding L. megalopsis, this species was
known to occur only in the Central-North Pacific,
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Lampris australensis

Fig. 4 Median-joining network of Lampris australensis (left)
and L. megalopsis (right) haplotypes from different geographi-
cal regions. The size of the nodes is proportional to the number
of individuals with that haplotype, and each dash mark indi-
cates the number of mutations between haplotypes. NPO North

American Samoa, Australia, Indonesia, and South
Africa (Underkoffler et al., 2018); with our study, it
now presents a cosmopolitan distribution.

The average K2P distance of individuals within
species was 0.35% compared to 7.2% for the Lampris
genus in the SWAO. These values produced an over-
all gap of 5.6%, which is similar to the gap obtained
for L. australensis and L. megalopsis by Hyde et al.
(2014). These values are consistent with the distances
between species and genera and are also corroborated
by several other DNA barcoding studies on fishes
(e.g., Ward et al., 2005; Ward, 2009; Lakra et al.,
2011).

Diversity data showed high genetic diversity for
the COI region for both species in the SWAO, which
agree with the results obtained with the pooled data
from Hyde et al. (2014). The similarity between the
haplotype and nucleotide diversities between the
sites, along with the low F; values found in AMOVA,
may indicate the presence of gene flow in both spe-
cies along with their distribution ranges. We suggest
that this be evaluated with more variable markers to
obtain a fine-scale understanding of the connectiv-
ity of Lampris populations. Lampris guttatus lato
sensu has a powerful swimming system (Rosenblatt

Lampris megalopsis

\

-
e
i

"

Pacific Ocean, SPO South Pacific Ocean, SWAO Southwestern
Atlantic Ocean, SAO South Atlantic Ocean, SAO-SIO region
between South Atlantic and South Indian Ocean (South Africa
coast), SO South Indian Ocean, /0 Indian Ocean

& Johnson, 1976; Wegner et al., 2015), allowing this
species to travel large distances and possibly explain-
ing its widespread occurrence and the low differen-
tiation values we found. The six recently identified
Lampris species have similar pectoral anatomy (Dav-
esne et al., 2018), which allows the assumption that
endothermy and pectoral muscle swimming function
occurs in all (Davesne et al., 2018). Furthermore,
Underkoffler et al. (2018) report that the species have
similar ecology, external morphology, and behavior.
The haplotype network built for L. megalopsis
with our sequences, along with those from Hyde et al.
(2014), suggests the presence of ancestral haplotypes
from the NPO. Haplotype number 1 is in the middle
of the network and is present in all sampled regions,
with several haplotypes deriving from it (see Fig. 6).
Therefore, it is possible to infer that this species could
have originated in the NPO. For L. australensis, the
network relations are less clear as the sample number
is much smaller, and few relations are shown (Fig. 6).
Despite this, the network of 10 haplotypes is enough
to evidence a historical gene flow between locations.
Morphological analysis demonstrated the presence
of two morphological groups of the genus Lampris in
SWAO. In the PCA plot (Fig. 7), samples identified
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DNA barcoding gap analysis
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Fig. 5 Intra and interspecific DNA barcoding gap analysis of Lampris australensis and L. megalopsis from COI gene sequences. a
SWAO, b Hyde et al. (2018) pooled data set from SAO-SIO, SIO, IO, SPO, and NPO, and ¢ pooled data from both studies

with barcode analysis confirmed the correct clas-
sification of the species L. megalopsis and L. aus-
tralensis, according to Underkoffler et al. (2018). In
addition, the efficiency of the measurements chosen
for morphometric analyses was confirmed, and we
suggest they be adopted for distinguishing species.
Furthermore, the successful classification was also
observed with PC-LDA analysis, which had a PCC of
100% for L. australensis and 98% for L. megalopsis.
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These analyses showed high classification efficiency,
demonstrating that L. australensis and L. megalop-
sis can be visually distinguished. We propose that
the evaluation of pectoral fins and eye size (larger in
L. megalopsis), spot pattern (larger and sparser in L.
australensis), and body shape (generally rounder in
L. australensis) should be conducted for species dif-
ferentiation in the SWAO. These characteristics com-
bined are relatively easy to diagnose and can be used
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Fig. 6 Maximum likeli-
hood tree based on Lampris
australensis (ATL-LA) and
L. megalopsis (ATL-LM)
data. Bootstrap values are
shown for each node. Nodes
without numbers indicate
support below 50. A single
sequence from L. immacu-
latus sequence (GenBank
accession DQ108066.1) is
used as an outgroup
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Fig. 7 Plot of principal components one and two from the
principal component analysis of 13 morphometric variables
of 65 specimens of Lampris australensis (blue) and L. mega-
lopsis (red). Ellipses represent 95% confidence interval and
circles represent samples with molecular identification by
COI sequences analysis. The measurements and counts used
for analysis were greatest body depth (BD), head length (HL),

Lampris immaculatus

& Lampris australensis

A Lampris megalopsis

O Genetically identified
as L. australensis

O Genetically identified
as L. megalopsis

A
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________ & -
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head depth (HD), pre-pectoral distance (PPecD), pre-anal
distance (PAD), vertical orbital diameter (vOD), horizontal
orbital diameter (hOD), snout length (SnoutL), pectoral-fin
height (PecFinH), maximum diameter (MD), operculum diam-
eter (OD), caudal peduncle depth (CPD), and number of pelvic
fin rays (V)
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Fig. 8 Species of the subgenus Lampris with visible general
differences between spot patterns, eyes, pelvic fins size of the
head, and caudal peduncle. Specimens collected in the South-

western Atlantic Ocean: a male Lampris australensis, 926 mm
TL, 35 kg, and b male L. megalopsis, 1010 mm TL, 23.6 kg.
Scale represents 100 mm

Table 2 Counts and
measurements obtained

Counts and measurements

L. australensis L. megalopsis

from Lampris specimens in
the Southwestern Atlantic
Ocean

Dorsal-fin rays
Anal-fin rays
Pectoral fin rays
Measurements represent
how many times one
measurement fits in
standard or head length.
Values for the features
according to Underkoffler
et al. (2018) are shown

in square brackets for

L. australensis and L.
megalopsis

Pelvic fin rays

standard length

Body laterally compressed and rounded, its greatest depth
slightly anterior to pelvic fins and contained, on average, in

Head length in standard length

Vertical eye diameter in head length

Dorsal-fin base length contained in standard length
Dorsal-fin height contained in standard length

48-52 [50-52] 44-51 [50-51]
38-44 [40-42] 37-42 [38]
22-25[22-23] 20-26 [22-23]

5-18 [13-15] 1317 [14-15]
1.5[1.4] 1.6 [1.5]
3.1[2.8] 3.1[2.8]
45[5.2] 4.0 [4.7]
3.6[1.8] 2.1[1.8]
22[2.7] 4.0[3.2]

on fishing vessels by fishers and on-board observers
to distinguish Lampris species that are by caught at
the sampled region.

Some of the general characteristics presented here,
such as spot pattern, longer pectoral fin, and large
eyes in L. megalopsis, are also cited by Underkoffler
et al. (2018) as diagnostic characteristics. In L. aus-
tralensis, the spot pattern and small eyes were the
most concordant characteristics. However, there were
also some discordant features: a distinctly arched
head profile was not always present and was also
observed in some samples of L. megalopsis in the
SWAO. Yellow-tinged median fins, as described in
Underkoffler et al. (2018), was only visible in samples
kept frozen for a few days and are probably a conse-
quence of storage conditions before sampling, as they
were also dry and rigid after defrosting. However,
fresh samples observed in this study did not present
this characteristic. The freshness of the sample may
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also interfere with the presence of a purple color in
L. megalopsis tongues, which could occur due to
blood coagulation. Therefore, the use of tongue color
as a diagnostic character for L. megalopsis should be
done with caution. It was also not possible to identify
SWAO Lampris species using the key proposed by
Underkoffler et al. (2018) since the means of the pro-
posed proportions overlapped between L. australensis
and L. megalopsis (e.g., HD and BD) and because
the proportions in our samples did not fully match L.
australensis, L. megalopsis nor L. incognitus (which
was the alternative to L. megalopsis). Thus, the con-
struction of a new identification key for the genus is
advised, using a higher number of individuals of each
species from various locations worldwide, preferably
involving other characteristics (i.e., gill-raker counts).

Considering the present distribution of L. aus-
tralensis in the subtropical waters of the southern
hemisphere and the cosmopolitan distribution of L.
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megalopsis, previous records of L. guttatus in the
southeast Brazilian (Figueiredo & Menezes, 1980;
Lopes & Oliveira-Silva, 2017) and Argentine coasts
(Piacentino & Muguetti, 1994), were likely actually
L. megalopsis, while in Uruguay (Nion et al., 2002)
and South Brazil (Piacentino & Muguetti, 1994) the
presence of L. australensis is also possible since sub-
tropical oceanic waters also border these regions.

Lampris species are receiving increasing com-
mercial interest (Underkoffler et al., 2018), and it is
crucial that studies on growth, reproduction, and diet
be carried out for the definition of possible manage-
ment actions, such as minimum legal sizes and closed
fishing seasons, if necessary. These actions depend
on the reproductive biology of fish stocks (Morgan,
2008) and can only be stipulated based on the cor-
rect identification of species. The species-specific
data presented here are incipient but already indi-
cate differences in landings by seasons (Fig. S2) and
in maximum sizes (Fig. S3), which could also sug-
gest possible differences in the life histories of L.
australensis and L. megalopsis in the SWAO, which
must be unveiled. Species with faster body growth
generally support higher fishing mortality than those
with slower growth (Reynolds et al., 2001), and the
smaller size composition in L. australensis could
indicate slower body growth and lower fishing mor-
tality tolerance when compared to L. megalopsis; if
this is indeed the case, separate management initia-
tives are required.

The results presented here elucidate which spe-
cies of the genus Lampris occur in the SWAO, pro-
viding information on their biology and a detailed
comparative description of their morphology, which
contributes toward a better understanding of their
distribution and allows their easy identification in
the region. Our results also add to the global knowl-
edge on the distribution and biology of the Lampris
genus, which is fundamental for understanding the
potential impacts of fisheries on these species and
for creating conservation and management initiatives
aimed toward a more sustainable use of these valu-
able resources.
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