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Abstract

Species of new world silversides (Actinopterygii; Atherinopsidae; genus Odontesthes) possess economic relevance, biologi-
cal interest and ecological importance. In the present paper we: (A) investigate the molecular diversity in marine species
of Odontesthes from the South West Atlantic Ocean (SWAO), and analyse their interspecific relationships and divergence
by means of DNA Barcoding, including its freshwater congeners, as well. (B) Explore the suitability of DNA Barcoding to
analyse the diversity and distribution of haplotypes in Odontesthes argentinensis, the only well documented marine species
from the SWAO that exhibit putative estuarine and marine populations. Molecular analysis revealed 100% of agreement
between morphological identification and molecular identity. Odontesthes argentinensis, Odontesthes platensis, Odontes-
thes smitti, Odontesthes nigricans and Odontesthes incisa were assigned to five different barcode index numbers (BINs).
Maximum-likelihood analysis showed that all marine species of Odontesthes clustered separately in a unique monophyletic
phylogroup, comprising five well defined haplogroups, with genetic divergence between groups ranging from 2.75 to 7.11%.
The genetic analysis including freshwater congeners showed that O. incisa clustered alone occupying a basal position. The
F, pairwise comparisons within O. argentinensis support the existence of three population groups: one conformed by Mar
Chiquita Lagoon (MCh) specimens, and the others by Mar del Plata/Mar Chiquita coast and San Blas Bay coastal speci-
mens, respectively. The AMOVA showed significant overall differentiation (F,=0.238; p=0.00001) for the entire data set.
The previous/present evidence is discussed, and strongly suggests that incipient speciation is occurring in O. argentinensis
argentinean populations, and specimens from MCh would be considered at present as the leading candidate of a marine to
freshwater incipient speciation event.
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sculpins (Yokoyama and Goto 2005), sticklebacks (Lescak
et al. 2015; Takahashi et al. 2016), and salmons (Taylor et al.
1996; Moreira and Taylor 2015). In the past decade, the
DNA sequencing technology introduced the possibility of
using variation in short sequences of mitochondrial DNA
as labels for specimens in a process known as DNA barcod-
ing (Hebert et al. 2003). The Fish Barcode of Life Initia-
tive (FISH-BOL) is a concerted global effort to aid in the
assembly of a standardized reference sequence library for all
fish species (Ward et al. 2009). The FISH-BOL employ the
COI mitochondrial marker as standard for fish identification
(Hebert et al. 2003). DNA barcoding results indicate that c.
93% of freshwater fish species can be discriminated by this
initiative (Ward et al. 2009).

The order Atheriniformes is a monophyletic group, com-
prised by six families and 49 genera of generally small,
silvery fishes, which belong to the Series Atherinomorpha
(Dyer and Chernoff 1996). The taxonomic and systematic
history of the South American silversides have been drasti-
cally changed during the last 30 years, when several sub-
families and genera were reassigned more than once in the
systematic classification of Atheriniformes (Dyer 2006;
Nelson et al. 2016; Helfman et al. 2009; Cousseau 2010;
Betancur-R et al. 2013). The only family of marine silver-
sides occurring in the South West Atlantic Ocean (SWAO)
is Atherinopsidae, which is represented by the genus Odon-
testhes Evermann and Kendall, 1909 (Dyer 2006; Cousseau
et al. 2004; Gonzalez-Castro et al. 2016). Five species of
marine Odontesthes are currently recognized from southern
Brazil, Uruguay and Argentina: Odontesthes argentinensis
(Valenciennes, 1835), locally called “escardén’; O. incisa
(Jenyns 1841) (called “cornalito”); O. smitti (Lahille, 1929)
(known as “corno”); O. platensis (Berg 1895), usually called
as “panzén” and O. nigricans (Richardson 1848) (known
as “pejerrey malvinense”). Most of these species have sin-
gular economic importance: they are commonly employed
not only for game fishing, but also commercially exploited
by the artisanal and commercial coastal fleets conducted
in shallow waters of southern South America (Dyer 2006;
Cousseau and Perrotta 2013; Gonzalez-Castro et al. 2016).

Despite the economic relevance of the marine species
of Odontesthes, few studies on the molecular taxonomy
of this species group were performed (Beheregaray and
Sunnucks 2001; Heras and Roldan 2011; Mabragaia et al.
2011; Bloom et al. 2013; Garcia et al. 2014; Campanella
et al. 2015; Gonzalez-Castro et al. 2016; Hughes et al. 2017).
The genetic relationships among the marine and freshwater
species of Odontesthes employing COI are a pendent task.
Previous molecular studies did not include altogether these
five marine species, thus hampering the discrimination of
their molecular identity and the phylogenetic relationships
among them (Beheregaray and Sunnucks 2001; Heras and
Roldén 2011; Mabragaia et al. 2011; Garcia et al. 2014;
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Gonzalez-Castro et al. 2016; Hughes et al. 2017). Aiding to
this uncertainty, recent findings support (for some species of
Odontesthes) that promiscuous and recent contact between
incipient species blurs taxa boundaries yielding complicated
taxonomy (Garcia et al. 2014).

Among marine species of Odontesthes from SWAO,
O. argentinensis represents a unique and interesting study
case. Several works strongly suggested that this marine fish
is undergoing speciation related to colonization of estua-
rine habitats in South America (Beheregaray and Sunnucks
2001; Bemvenuti 2002, 2006; Garcia et al. 2014; Gonzalez-
Castro et al. 2016). Beheregaray and Sunnucks (2001) sug-
gested that ecological shifts due to colonization of estuarine
habitats seem to have promoted rapid adaptive divergence
and reproductive isolation in estuarine populations of O.
argentinensis, which were considered as incipient ecologi-
cal species. Moresco and Bemvenuti (2006) stated that, in
Rio Grande do Sul (Brazil), O. argentinensis is represented
by two populations: one resident population in the Patos
Lagoon estuary and other in the sea. Both populations
showed evidence of disjoint spawning in their respective
environments. Accordingly, Gonzéalez-Castro et al. (2009)
found ripe and spent females of O. argentinensis in the inner
zone of Mar Chiquita Coastal Lagoon (Argentina) (where
water is mixo-oligohaline), suggesting that spawning of O.
argentinensis occurs inside the lagoon. In addition to these
findings, Gonzalez-Castro et al. (2016) demonstrated that O.
argentinensis from Mar Chiquita Coastal Lagoon (Argen-
tina) is meristically and morphometrically distinguishable
from nearby marine populations, and appears to behave as a
well-differentiated population, or even incipient ecological
species.

The Neotropical fish fauna living at the southernmost
extreme of South America, in Argentina, has been barcoded
since 2005 (Diaz de Astarloa et al. 2008; Mabragafia et al.
2011; Rosso et al. 2012, 2017). Despite the accumulated
knowledge on these species, several groups still represent
a difficult task for taxonomists. In this context, the use of
molecular techniques such as DNA barcoding can help pro-
viding complementary information for taxonomically con-
flicting species.

However, DNA Barcoding gave no full resolution to
discriminate the freshwater species of Odontesthes (Rosso
et al. 2012; Garcia et al. 2014; Gonzalez-Castro et al. 2016).
Therefore, the effectiveness of DNA Barcoding for discrimi-
nating their marine congeners is still a pending task. In order
to achieve this purpose, a formal link between a proper tax-
onomic discrimination with its genetic identity as well as
exploring interspecific relationships among SWAO species
of Odontesthes is needed. Molecular discrimination between
freshwater and marine species of Odontesthes is not as
straightforward as taxonomic information would anticipate
(Garcia et al. 2014; Gonzélez-Castro et al. 2016; Hughes
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et al. 2017). Therefore, a molecular approach intended to
unravel interspecific relationships among marine Odontes-
thes would be benefited by the inclusion of some freshwater
representatives of this genus.

The aims of this work are:

(A) To investigate the molecular diversity in marine
species of Odontesthes from the SWAO, and analyse their
interspecific relationships and divergence by means of DNA
Barcoding, including also its freshwater congeners.

(B) To explore the suitability of DNA Barcoding to ana-
lyse the diversity and distribution of haplotypes in O. argen-
tinensis, which is the only well-documented marine species
from the SWAO that exhibit estuarine and marine popula-
tions and even incipient speciation between them.

Materials and methods
Study area

The southwestern Atlantic continental shelf is wide for
almost its entire length, which extends approximately
400 miles to the Malvinas islands. Northwards, the conti-
nental shelf is narrow especially in the region of the mouth
of the Rio de la Plata and along the Uruguayan coast. The
shelf break occurs at about 200 m depth (Fig. 1). Through-
out this region, substrates consist mainly of sand and mud,
except on the southernmost shelf which has an undulated
bottom topography featuring many rocky areas (Capurro
1981). Oceanic circulation in the southwestern Atlan-
tic is characterized by the encounter between the warm,
southward flowing Brazil Current and the cold, northward
flowing Malvinas Current. The Atlantic coast of Buenos

Aires Province (36°S to 41°S) is influenced by these two
important oceanic currents. The Brazil Current flows
southward along the continental margin and turns away
from the coast at about 36-38°S. Interactions between the
oligotrophic Brazil Current and the nutrient-rich Malvinas
Current make the Atlantic coast of Buenos Aires Province
an important nursery and feeding area for fishes. This is
the case of Mar Chiquita Coastal Lagoon (MCh) a shallow
water nursery estuary separated from the sea by a littoral
line of dunes with an inlet joining it to the ocean. This
lagoon is considered a World Biosphere Reserve by the
Coordination Council of the Man and Biosphere Program
(MaB) of UNESCO. It is approximately 60 km?, with a
maximum length of 25 km parallel to the sea. Salinity fluc-
tuates over a wide range between 0 and 36%o. (Gonzalez-
Castro et al. 2009), depending upon the tidal stage and
the force and direction of the wind. Water temperature
seasonally ranges between 3 and 25 °C.

Fish sampling

A total of 80 adult specimens belonging to the genus Odon-
testhes were purchased, from sport and artisanal fishermen
upon landing, in five localities from Argentina (Fig. 1):
(a) Mar Chiquita Coastal Lagoon (MCh), a brackish water
environment, only employed for objective B); (b) Mar Chig-
uita coast (MCh_coast) (marine environment); (¢) Mar del
Plata coast (MdP) (marine environment); (d) San Blas Bay
(SBB) (marine environment); (¢) Comodoro Rivadavia (CR)
(marine environment). Fishes were transported to the labora-
tory, where they were measured and taxonomically identified
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Fig. 1 Map of the study region,
showing the localities (small
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specimens were collected

South
America

“F37°30" S

1300

Mar Chiquita
coastal lagoon

IS
o
2
Latitud S

L 5029\‘\

Mar Chiquita
® coast

80° 70° 60°
Longitud W

50°

@ Springer



220

Genetica (2019) 147:217-229

by means of morphological identification keys of Bemvenuti
(2002), Cousseau et al. (2004) and Dyer (2006).

DNA extraction and amplification

White muscle tissue was obtained from 80 individuals of
Odontesthes species (Fig. 1; Table 1), and preserved in
96% ethanol (—20 °C) for genetic analysis. The speci-
mens were photographed, labelled and formalin fixed (with
further alcohol long-term preservation). Also, when pos-
sible, they were deposited as vouchers in the fish collec-
tion of the Instituto de Investigaciones Marinas y Costeras
(IIMyC) (FCEyN-UNMDP-CONICET), Argentina.

The DNA extraction, polymerase chain reaction (PCR),
and sequencing of the COI gene were performed accord-
ing to standard DNA barcoding protocols (Ivanova et al.
2006), employing primer cocktails developed for fishes
(Ward et al. 2005; Ivanova et al. 2007). The extraction and
amplification of DNA were performed at the International
Barcode of Life reference Barcode Laboratory of CONI-
CET at [IMyC (Mar del Plata, Argentina).

Amplification of the 5' region of COI, primers com-
binations, PCR reaction profile and amplicons visuali-
zation were performed according Gonzalez-Castro et al.
(2016). Sequencing was performed at the Canadian Cen-
tre for DNA Barcoding (CCDB) in Ontario (Canada), and
in MACROGEN (Seoul, Korea). Sequencing reactions
applied M13 forward and reverse primers using the Big
Dye Terminator v.3.1 Cycle Sequencing Kit (Applied Bio-
systems Inc.), and the reaction profile was comprised of
an initial step of 2 min at 96 °C and 35 cycles of 30 s at
96 °C, 15 s at 55 °C, and 4 min at 60 °C. Products were

directly sequenced using an ABI 3730 capillary sequencer
according to manufacturer’s instructions.

Molecular analysis
Objective A

Molecular diversity: BIN analysis The Barcode Index Num-
ber (BIN) labels operational taxonomic units (OTUs) ini-
tially generated through single linkage clustering and subse-
quently refined through Markov clustering (Ratnasingham
and Hebert 2013). This approach creates a species-level
taxonomic registry based on the analysis of patterns of
nucleotide variation in the barcode region of the cytochrome
c oxidase I (COI) gene. Since these OTUs show high con-
cordance with prior morphological taxonomy, BINs can
be used to verify species identifications as well as docu-
ment diversity when taxonomic information is lacking. In
this paper the BIN was used as a benchmark for testing the
congruence between taxonomic and molecular resolution
of marine species of Odontesthes in the SWAO as well as
to explore the concordance of our findings with other pub-
lic sequences of the same species with a known BIN. This
approach, referred as the BIN discordance report within the
BOLD toolbox, performs this “validation” by comparing
the taxonomy of input records against all others in the same
BINs. In discordant BINs, the K2P NIJ trees provided by
BOLD were explored in order to analyse internal relation-
ships among sequences.

All sequence assemblies performed at CCDB, (including
electropherogram (trace) files, primer sequences and speci-
men provenance data) were deposited in the “Odontesthes

Table 1 Collection sites, size

. Groups Locality ST length Group-code Nt Ncor
range and s.ample size (Nt) range (mm)
of the species of Odontesthes
employed for this study 0. smitti 133-322  Osmi 11
Mar del Plata coast 5
San Blas Bay
Comodoro Rivadavia coast
O. argentinensis 150-282 Oarg 40
Mar Chiquita Lagoon (brackish water) 18
Mar Chiquita coast 4
Mar del Plata coast 10
San Blas Bay
0. incisa Mar del Plata coast 232-326 Oinc 9
O. platensis 114406 Oplat 10
Mar Chiquita coast 4
San Blas Bay 6
O. nigricans San Blas Bay Onigr 10 10
Total N 80 80

N number of barcoded specimens by locality
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of Argentina” Project (Project-code: OdArg) on BOLD. This
project also contains digital images of the morphological
voucher specimens, sex and ontogenetic stage (juvenile or
adult), total and standard body length as well as GPS coor-
dinates for all collection localities.

Genetic divergence and interspecific relationships All
analyses were conducted using MEGA version 6 (Tamura
et al. 2013). DNA sequences were aligned by the Muscle
algorithm (Edgar 2004) and further double-checked visu-
ally. Each distinct sequence was considered a different
haplotype. The number of base substitutions per site from
averaging over all sequence pairs between and within spe-
cies-groups was estimated. Sequences were deposited in
Genbank (Table S1).

The K2P 4+ G model was chosen for comparison purposes,
as it was determined as the best-fit model under Akaike
information criterion for neighbour-joining (NJ) and max-
imum-likelihood (ML) analyses. The rate variation among
sites was modeled with a gamma distribution (shape param-
eter=0.16). The analysis involved 62 nucleotide sequences.
There were 652 positions in the final dataset.

A NJ analysis was performed to provide a graphic repre-
sentation of divergences between species. The robustness of
the obtained tree was tested using bootstrap analysis (Felsen-
stein 1985) with 1000 replicates.

As distance-based models erase all character-based
information (DeSalle 2006), the best nucleotide substitu-
tion model was also employed to perform a maximum-like-
lihood (ML) analysis. Robustness of trees was tested using
bootstrap analysis with 1000 replicates. To test how marine
Odontesthes are genetically related to its freshwater conge-
ners (objective a), available public sequences were down-
loaded from BOLD and GenBank.

Objective B

Diversity and distribution of haplotypes of putative estua-
rine and marine populations of O. argentinensis For this
objective, the COI sequences of 18 individuals of O. argen-
tinensis from MCh were incorporated. Therefore, 40 indi-
viduals grouped in three putative populations were analysed:
(i) MCh (N=18); (ii) MCh_coast/MdP; grouped marine
localities due to its proximity and environmental similarity)
(N=14) and (iii) SBB (N=38).

Basic sequence properties and polymorphisms such as
nucleotide () and haplotype (%) diversities were examined
with DNASP 5.10 (Librado and Rozas 2009). Genetic vari-
ation was partitioned into three components: among groups
(F.), among populations within groups (F,.), and among
individuals within populations (F) The genetic population
structure was assessed by analysis of molecular variance

(AMOVA) based on traditional F-statistics as implemented
in Arlequin 3.5 (Excoffier and Lischer 2010). A phylogenetic
network based on differences in nucleotide sequences was
constructed according to the median-joining method using
the software Network (Bandelt et al. 1999).

Past demographic histories of populations were tested for
population size changes with Tajima’s D and Fu’s F neutral-
ity tests as implemented in DNASP (Tajima 1989; Fu 1997).
They represent the deviation from neutrality, which is based
on the expectation of a constant population size at mutation-
drift equilibrium. A negative Tajima’s D denotes an excess
of low frequency polymorphisms relative to expectation,
indicating population size expansion and/or positive selec-
tion (Tajima 1989). A positive Tajima’s D implies low levels
of both, low and high frequency polymorphisms, indicating
a decrease in population size and/or balancing selection (Fu
1997).

Results
Taxonomic and molecular diversity

The silversides analysed were morphologically identified
unambiguously as belonging to five different marine species
of the genus Odontesthes (Table 1). The molecular analysis
revealed a 100% of agreement between each morphologi-
cal identification and its respective molecular identity (COI
sequence) (Table 1).

Odontesthes argentinensis, O. platensis, O. smitti, O.
nigricans and O. incisa were assigned to five different
BINs (Table 2). Nevertheless, when compared with public
sequences available in BOLD, the scenario become less
discrete. The BIN discordance report showed a lack of
concordance between taxonomic identification of some
specimens from the SWAO and species of Odontesthes
contained in two BINs. A thorough examination of each
BIN showed that only three species of Odontesthes (O.
platensis, O incisa, and O. nigricans) possess private BINs
(i.e. no other species are included in these BINs). Con-
versely, the BINs corresponding to O. argentinensis and
O. smitti from the SWAO included more than one spe-
cies. Particularly, the BIN AAB5756 mostly included O.
smitti from Argentina, but also their marine relatives from
Chile O. regia and O. gracilis, and a freshwater species, O.
hatcheri. On the other hand, the BIN AAB5755 included
the marine O. argentinensis and five freshwater species, O.
bonariensis, O. perugiae, O. humensis, O. mauleanum and
O. hatcheri. Even when both discordant BINs amalgam-
ate several species, their K2P NJ tree topologies showed
different pictures of clustering within the BINs. The BIN
AABS5756 displayed four evident clusters (Fig. S2). Two
distant clusters included specimens of O. regia and O.
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Table 2 Distance summary for the different Barcode Index Number (BIN) containing the marine species of Odontesthes from the Southern-West
Atlantic Ocean

Taxonomy BIN Mean Max Count NN dist NN BIN NN member Others in BIN
0. incisa® AAXO0187 0.59 1.59 18 (14) 3.21 AAB5756 Odontesthes sp. -
O. smitti* AAB5756 0.65 1.69 82 (76) 1.91 ABZ7374 O. platensis 0. regia®*
0. gracilis™
O. hatcheri®
O. argentinensis (mis ID)
O. nigricans (mis ID)
O. argentinensis®>* AAB5755 0.63 2.55 277 23 AAB5756 0. regia O. bonariensis®
O. perugiae®
O. humensis®
0. mauleanum®®
O. hatcheri®
O. platensis® ABZ7374 0.1 0.15 3 191 AAB5756 0. regia -
O. nigricans® AAF4482 0.2 0.31 3 228 AAB5756 0. regia -

Mean mean intraspecific genetic distance, Max maximum intraspecific genetic distance, Count number of sequences in each BIN, NN Dist dis-
tance to the nearest neighbour, NN BIN Barcode Index Number of the nearest neighbour, NN member taxonomic identification of the nearest
neighbour, Others in BIN other species of the genus Odontesthes contained in each BIN

*Distribute out of South West Atlantic Ocean
#Marine habitat
Brackish habitat

“Freshwater habitat

gracilis from Perd and Chile. A cluster mostly contain-  the consequent highest haplotypes/specimens rate (0.89).
ing O. smitti from Argentina and other one conformed by ~ Conversely, O. platensis presented only two haplotypes for
O. hatcheri from Argentina and Chile constituted the two  ten specimens (Table 3).
remaining clusters of BIN AAB5756. Conversely, the BIN
AAB5755 did not show any evident pattern in sequence  Genetic divergence
assemblage (S3 Figure).
An overall mean distance of 0.0388 (0.0076 s.e.) was
obtained. The number of base substitutions per site from

Haplotype diversity in marine species of SWAO averaging over all sequence pairs between and within spe-

cies-groups is shown (Table 4). The highest divergence val-
Partial COI sequences of 652 bp were successfully ampli-  ues for marine species were 0.0711 (O. argentinensis—O.
fied for 80 specimens of Odontesthes (Table 1), includ- incisa) and 0.065 (O. argentinensis—O. nigricans), whereas

ing all the marine specimens (N =62) and those estuarine  the lowest value was recorded for O. smitti—O. platensis
(N =18) specimens of O. argentinensis, employed only (0.0275).

for the objective B. Among the 62 COI samples of marine

silversides, 29 haplotypes were recovered (Table 3), with

68 variable (polymorphic) sites of which 54 were parsi-  Interspecific relationships

mony informative characters. The Haplotype diversity (k)

estimated was 0.938 (s.d=0.015). The NJ and ML analyses (based on K2P + G model) gener-
No shared haplotypes were found between any of the  ated trees with nearly identical topologies, where all marine
species analysed. Although the sample size of the stud-  species of Odontesthes clustered separately in a unique

ied species was nearly identical (N=9-11 specimens  monophyletic phylogroup (100% of robustness), compris-
per species, with the exception of O. argentinensis, with  ing five well defined haplogroups (bootstrap values ranged
N =22) it is noticeable the different number of haplotypes/  between 99 and 100%). There was no evidence for cryptic
specimens obtained. At this respect, O. incisa with just  diversity (Fig. 2). Tree topology showed two major branches
nine specimens sampled showed eight haplotypes, with  that constitute the Odontesthes phylogroups. One of them
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Table 3 Distribution of the haplotypes (Hp) of the marine species of Odontesthes analysed from the South-western Atlantic Ocean

Hr

Hp Hp Hp Hp Hp Hp Hp Hp Hp Hp Hp Hp Hp Hp Hp Hp
21 24 27

Hp Hp
12

Hp

Species N Hp1 Hp2 Hp3 Hp4 HpS5 Hp6 Hp7 Hp 8 Hp9 Hp

29

28

26

25

23

22

14 15 16 17 18 19 20

13

11

10

0.27
0.59

9

0. smitti 11

22

argen-
tinen-
SIS

0.89
0.2

0. incisa9

0. plat- 10

ensis
0. nigri- 10

0.3

cans
Total

62

Hr number of haplotypes/number of sequences barcoded for each species

Table 4 Estimates of evolutionary divergence over sequence pairs
between the species of marine Odontesthes analysed

Osmi Oarg Oinc Opla Onigr
Osmi - (0.0102) (0.0139) (0.0088) (0.0097)
Oarg 0.0361 - (0.0182) (0.0109) (0.0174)
Oinc 0.0530 0.0711 - (0.0164) (0.0142)
Opla 0.0275 0.0383 0.0621 - (0.0128)

Onig 0.0335 0.0650 0.0536 0.0433 -

The number of base substitutions per site from averaging over all
sequence pairs (in bold, below the diagonal), and standard errors (in
parenthesis; above the diagonal) was conducted using the Kimura
2-parameter model. The rate variation among sites was modelled with
a gamma distribution (shape parameter=0.16)

Osmi O. smitti, Oarg O. argentinensis, Oinc O. incisa, Opla O. plat-
ensis, Onig O. nigricans

was conformed only by O. incisa (the basal taxon), while the
other branch was further subdivided in two: one composed
by O. nigricans and the other by O. smitti, O. platensis and
O. argentinensis (Fig. 2). Odontesthes argentinensis and O.
platensis were the most derivative haplogroups (71% boot-
strap support) (Fig. 2).

The more comprehensive phylogenetic analysis, which
included freshwater congeneric species, showed that Odon-
testhes clustered in two branches, where O. incisa remains
in a basal position (100% robustness) constituting alone one
of those branches (Fig. 3). The freshwater species of Odon-
testhes (O. bonariensis, O. perugiae, and one O. hatcheri
specimen) clustered within the marine species clade of O.
argentinensis. Odontesthes smitti samples constituted a clus-
ter with O. regia, O. gracilis and the remain O. hatcheri
specimens included in the analysis (83% robustness), where
the highest divergence observed is between O. smitti and O.
hatcheri samples (0.016). Unexpectedly, O. platensis was
more related to the Chilean freshwater/estuarine species
O. mauleanum and O. brevianalis although with a genetic
divergence of 0.033. No genetic divergence was observed
between both Chilean Odontesthes species.

Diversity and distribution of haplotypes
in putative estuarine and marine populations of O.
argentinensis

The 40 COI sequences analysed, corresponding to O. argen-
tinensis from estuarine (MCh, N=18) and marine specimens
(MdP/MCh_coast, N=14; SBB, N=28) showed 21 variable
sites, equivalent to 15 haplotypes.

The haplotype network showed a star-shaped topol-
ogy (Fig. 4). The most frequent haplotypes were Hp10
(represented by 13 individuals) and Hp6 (represented by
11 individuals). Haplotype 10 differs from Hp6 in a sin-
gle step mutation, and was almost exclusive from Mch (12
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Fig.2 ML tree (using the K2P+ G model of molecular evolution) of » Oarg20
the COI sequences for the marine species of Odontesthes obtained Oarg21
by MEGA. Bootstraps values are indicated on nodes. Outgroups: Oarg18
A. breviceps (Atherina breviceps); A. boyeri (Atherina boyeri); M. Carg17
curema (Mugil curema); M. liza (Mugil liza). Specimen code of Oarg16
marine Odontesthes as in Table S1 (Supporting Information) 2:21?
Oarg8
Oarg7?
individuals), including only one specimen from MdP/MCh_ » z::zfo
coast. Instead, Hp6 was the central haplotype and included Oargts
individuals from the three putative populations, being mostly Oarg19
constituted by MdP/MCh_coast specimens (MdP/MCh_ Qargt
coast, N=8; SBB, N=2; MCh, N=1). Moreover, Hp6 was 9964; 2:22
shortly interconnected by only one step mutation to most Oarg12
(nine) haplotypes. Haplotype Hp11 also included more than o2 g::zi
one individual, shared by two individuals of MCh and one Oargld
from MdP/MCh_coast. Haplotypes Hp1, Hp2, Hp3, Hp4 and Oarg22
Hp5 were private haplotypes for SBB. Haplotypes Hp14 and o
Hp15 were private for MCh and Hp7, Hp8, Hp9, Hp12 and ‘ Zi:::
Hp13 for MdP/MCh_coast. | oplat2
Genetic variability was high for the pooled samples, Oplaté
displaying a value of 0.824 for haplotype diversity (k) and | %2:;
0.00302 for nucleotide diversity (). Haplotype diversity Oplat?
(h) were 0.5556 in MCh, 0.73333 in MAP/MCh_coast and | oprro
0.9286 in SBB, while x vary from 0.0483 (MCh), 0.0698 | oo
MdP/MCh_coast and 0.1666 (SBB). AMOVA showed sig- [ Osmi3
nificant overall differentiation (F,=0.238; p=0.00001) | osmis
for the entire data set. Pairwise F showed significant val- Zz:;
ues in all cases, and varied from 0.11 to 0.31. The highest Osmid
value was found for the pairwise comparison between MCh g| OSMi5
and SBB populations, while the lowest value was detected % Zz:g
between SBB and MdP/MCh_coast (Table 5). The AMOVA Osmi9
revealed that 9% of the genetic variance was found among Osmit0
groups (FCT =0.089; p=0.652). The differences among g:::'?”
populations within groups accounted for 15% (FSC =0.164; Onigo
p=0.036) of the total variation, while 76% of the variance *7t onige
could be attributed to among individuals within-population 100 2::2?
variability (Fy=0.238; p=0.000). The results of Tajima’s | Onigs
D and Fu’s Fs tests showed that only the population of MdP/ ! onigto
MCh_coast presented significant negative values [(—2.18 Onig2
(p=0.0.004); —4.30 (p=0.001), respectively)]. | e
Oinc9
Oincs
Discussion B
. Oinc3
Taxonomic and molecular diversity “ ‘;"‘287
64| Oinc1
The use of DNA Barcoding allowed the discrimination of Oinc2
all marine species of the genus Odontesthes from the SWAO | A:’:"‘”_"S
with a 100% of concordance with the prior taxonomic iden- " Cu;er::e”

tification. However, when this data was contrasted with the % M. liza
large amount of sequences stored in BOLD, these findings |

were only partially supported. Particularly, some freshwater o

species of Odontesthes, such as O. bonariensis, O. perugiae,
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Fig.3 ML tree (using the K2P+G model of molecular evolution) of
the COI sequences for the species of Odontesthes (marine and fresh-
water) obtained by MEGA. Bootstraps values are indicated on nodes.

Fig.4 Haplotype network (con-
structed with NETWORK soft-
ware) based on COI sequences
for the putative populations

of Odontesthes argentinensis.
Black dots correspond to miss-
ing haplotypes and circle size

is proportional to haplotype
frequency. Numbers correspond
to haplotype. Difterent colours
indicate the collection sites:
green, Mar Chiquita coastal
lagoon; blue, Mar del Plata/Mar
Chiquita coasts; yellow, San
Blas Bay

Table 5 Pairwise FST values based on COI data set among the popu-
lations analysed of Odontesthes argentinensis

SBB MdP/MCh_coast
SBB - -
MdP/MCh_coast 0.1150 -
MCh 0.3186 0.2351

SBB San Blas Bay, MdP/MCh_coast Mar del Plata/Mar Chiquita
coast, MCh Mar Chiquita Coastal Lagoon

Pairwise FST significant values are in bold (p =0.05)

O. humensis, O. mauleanum and O. hatcheri, received the
same BIN (AAB5755) as its marine counterpart O. argen-
tinensis. Rueda et al. (2017) assessed the impact of the

Mugil liza

Size of triangles is proportional to number of haplotypes. Mugil
curema and Mugil liza were used as outgroups

introduction of the nonnative O. bonariensis in Patagonia
(where the patagonic silverside, O. hatcheri inhabits). These
authors analysed microsatellite markers and mitochondrial
DNA and quantified the incidence of hybridization between
these two species. They concluded that in several areas,
introductions resulted in extensive hybridization, with
high frequencies of F, and backcrossed hybrids in natural
populations. This could be the explanation of our results
(O. hatcheri sharing BIN with O. bonariensis). Accord-
ingly and as expected, in our phylogenetic analyses some of
these freshwater species clustered tightly within the clade
of O. argentinensis. The lack of resolution of the COI gene
to discriminate between these species of Odontesthes was
already reported (Garcia et al. 2014). Particularly, it was
already noted that additional molecular (Hughes et al. 2017)
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or morphometric (Gonzalez-Castro et al. 2016) approaches
are needed in order to unambiguously discriminate between
the marine O. argentinensis and the freshwater O. bonar-
iensis. Conversely, the lack of resolution between marine
species as O. smitti, O. regia and O. gracilis using the COI
gene was not reported until this study. The samples of O.
smitti from the SWAO received the BIN AAB5756 which
also hosts sequences labeled as O. regia, O. gracilis, O.
hatcheri, O. argentinensis and O. nigricans. A private BIN
for O. argentinensis is not available, but disparate different
taxonomic features between O. argentinensis and O. smitti
(Cousseau et al. 2004; Dyer 2006; Cousseau and Perrotta
2013) strongly suggested that sequences of O. argentinen-
sis receiving the BIN AAB5756 are misidentifications. Our
results also confirm that specimens of O. nigricans assigned
to the BIN AAB5756 represents a misidentification, since
a private BIN (AAF4482) was assigned by BOLD for the
SWAO specimens of this species identified in this study. The
lack of resolution of the COI gene at the species level for the
genus Odontesthes is not universal. Our survey revealed that
at least three species of this genus (O. incisa, O. platensis
and O. nigricans) can be unambiguously identified by means
of this molecular marker.

Irrespective of the concordance between taxonomic
identification and genetic identity using the COI gene as a
molecular marker, our results showed a strong structure in
the COI sequence composition for species of Odontesthes
from the SWAO as revealed by the large genetic divergence
between-BINs. The observed genetic divergences among
COI spanned the expected range for congeneric species of
Atheriniform fishes (Heras and Roldan 2011).

Haplotype diversity in marine species of SWAO

The high haplotype diversity (0.824) observed in the pre-
sent work may partially obey to the high haplotype/specimen
ratio observed in some species. This ratio was particularly
high in the small O. incisa with almost one haplotype per
specimen analysed. These results suggest that a population
molecular approach for this species should be conducted in a
near future, in order to go deep in its genetic-biogeographic
structure.

Interspecific relationships

Among the five well-defined haplogroups constituted in
the Maximum Likelihood analysis, O. incisa was the basal
taxon, suggesting that this small silverside would be the
most ancient-marine Odontesthes species from the SWAO.
Campanella et al. (2015) obtained similar results based on a
time-calibrated phylogeny, suggesting that this small marine
silverside would be the ancient species of the genus.

@ Springer

Two opposite hypotheses are currently on debate about
the continental or marine origin of new world silversides
(Odontesthes): Dyer postulated a continental origin of the
genus, while Lahille and White proposed a marine origin
(Dyer 1998; Lahille 1929; White 1986). So far, the fossils
records are scarce: Bogan et al. (2009) found fossil remains
of Odontesthes (Middle Pleistocene) corresponding to fresh-
water deposits. The ancient records are referred to Miocene
age, which would correspond to freshwater deposits (Dyer
1998; Bogan et al. 2009). The reconstruction of habitat occu-
pancy for Atheriniformes performed by Campanella et al.
(2015) showed that, within Atherinopsidae (new world sil-
versides), the ancestors of subfamilies Atherinosinae (from
which Odontesthes belong) and Menidiinae were recon-
structed as marine, supported by a high probability (76%).

Diversity and distribution of haplotypes

in putative estuarine and marine populations of O.
argentinensis, in the context of recurrent marine
to freshwater speciation

The diversity and distribution of haplotypes strongly sug-
gests that the three localities compared correspond to differ-
ent populations of O. argentinensis, which could be under
incipient speciation events. Each locality presented several
private and distinctive haplotypes. Moreover, MCh exhibited
a, highly abundant, almost-unique haplotype (Hp10; 12/13
individuals) that remark its differences from the other popu-
lations analyzed. The Hp6, predominantly marine, would be
the origin of freshwater MCh Hp10.

Odontesthes argentinensis is a widely distributed western
Atlantic coastal species, occurring in marine and estuarine
environments from the Sao Paulo State, in Brazil, south-
wards Chubut province, Argentina (Dyer 2006). There is
at present increasing published evidence, which strongly
suggest that its estuarine-populations are under incipient-
speciation events, associated to significant behavioural and
ecological divergence, relative to its incursion/adaptation
to these brackish environments (Beheregaray and Sunnucks
2001; Moresco and Bemvenuti 2006; Heras and Roldan
2011; Llompart et al. 2013; Diaz et al. 2016). In this regard,
specimens of O. argentinensis inhabiting MCh would be
an example of this process: Gonzalez-Castro et al. (2009)
suggested that there is a reproductively isolated population
of O. argentinensis in MCh. Moreover, Gonzalez-Castro
et al. (2016) showed that estuarine (MCh) and marine pop-
ulations of O. argentinensis studied are meristically and
morphometrically distinguishable and appear to behave as
well differentiated populations, or even incipient ecologi-
cal species. In agreement of these facts, the present results
(F, pairwise comparisons, Table 5) support the existence
of three populations-groups: one comprised by specimens
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of O. argentinensis from MCh Lagoon, and the others by
specimens from MdP/MCh coast and SBB, respectively.

A significant excess of low-frequency haplotypes and
thereby negative and significant values of both Tajima’s
and Fu’s neutrality tests were observed in MdAP/MCh coast
population indicating a departure from neutrality. Neutral-
ity tests yielded to different historical demographic sce-
narios, in which population-expansion could be proposed
for O. argentinensis populations. This substantial genetic
divergence occurs on a very small geographic scale as
already found in other studies (Bemvenuti 2000; Garcia
et al. 2014).

Recurrent marine to freshwater speciation in fish has been
widely documented. It was predicted that the new selective
pressure occurring in novel habitats is responsible of the
subsequent divergent natural selection. This, in turn, would
promote adaptation to the new habitat and at last, the eco-
logical incipient speciation (Schluter 2000; Beheregaray
and Sunnucks 2001; Betancur-R et al. 2012; Lescak et al.
2015). Yamasaki et al. (2015) demonstrated considerable
species diversity of Rhinogobius gobies by parallel life his-
tory divergence through colonization of and adaptation to
various freshwater habitats. Takahashi et al. (2016) sug-
gested that a diversification of cold-water adapted euryha-
line fish, such as Pungitius and Cottus, was promoted by the
isolation of lineages in discontinuous freshwater. Genomic
analyses of the threespine stickleback fish, originated after
the 1964 Great Alaska Earthquake, support the recent and
repeated independent colonization of freshwater habitats by
oceanic ancestors in these 50 years (Lescak et al. 2015).
These authors find evidence of recurrent gene flow between
oceanic and freshwater ecotypes where they co-occur.

All these previous/present evidence strongly suggest that
incipient speciation is occurring in O. argentinensis popula-
tions of SWAO, and specimens from MCh would be consid-
ered at present as the leading candidate of a marine to fresh-
water incipient speciation event. In southern South America,
highstands of the sea level during the Holocene may have
had striking influence in the diversification of regional fauna.
Particularly, it was suggested that the sea-level fluctuation
during the Holocene has induced the emergence of new geo-
graphical extensions constrained by some conditioning fac-
tors as salinity regimes, habitats and substrates (Isla 2012).
In this scenario, changes in salinity dynamics, landscape
and habitats can induce changes in the distribution, isola-
tion and therefore the speciation of some taxa (Isla 2012).
Also, to recognize the natural trend in the inlet evolution of
MCh, Isla (1997) analyzed historical maps, nautical charts
and ancient aerial photographs. This survey revealed a com-
plete isolation of MCh from the Ocean by the year 1748, as
stated by Cardiel (1748) who mentioned 300 steps between
the coastal lagoon and the ocean beach. An English chart
drawn by Kitchin in 1772 (Isla 1997) described the inlet as

“misfit for boats”, denoting the first record of an opening
(small, but adequate for fish entry) of the Lagoon to the sea.
In the following years, the inlet migrated to the north until it
became blocked again (Storni 1915). Many times, man had
to open the inlet: the farmers used to wait for strong winds
from the north that piled up water to the southern shore
of the lagoon and practiced a channel that rapidly became
broader and deeper (Isla 1997).

These evidences suggests that the first entry in MCh of
O. argentinensis could have happened either during the sea-
level fluctuation of the Holocene (prox. 7000 years ago) or in
more recent times (last three hundred years), when the first
opening of the inlet was documented. Irrespective of that,
the current evidence about marine to freshwater speciation
in fishes suggests that both scenarios may have promoted
in MCh the incipient speciation of O. argentinensis from
marine origin we record in the present paper. Upcoming
research employing higher-mutation rate nuclear and mito-
chondrial markers (RAD seq and d-Loop), as well as addi-
tional sampling locations, will expand the knowledge on this
issue.
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