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a b s t r a c t
Although recent years have seen an increase in genetic analyses that identify new species of cephalopods
and phylogeographic patterns, the loliginid squid of South America remain one of the least studied
groups. The suggestion that Doryteuthis plei may represent distinct lineages within its extensive distribution along the western Atlantic coasts from Cape Hatteras, USA (36°N) to northern Argentina (35°S) is
consistent with significant variation in a number of environmental variables along this range including
in both temperature and salinity. In the present study D. plei samples were obtained from a large number
of localities along the western Atlantic coasts to investigate the distribution of these possible species in a
phylogeographic context. Phylogeographic analyses were performed using the mitochondrial
Cytochrome Oxidase I gene and nuclear Rhodopsin gene. Divergence times were estimated using
Bayesian strict clock dating with calibrations based on fossil records for divergence from the lineage containing Vampyroteuthis infernalis (162 mya), the probable origins of the North American loliginids
(45 mya), and the European loliginids (20 mya) and fossil statolith from Doryteuthis opalescens (3 mya).
Our results suggest a deep genetic divergence within Doryteuthis plei. The currently described specie consists of two genetically distinct clades (pair-wise genetic divergence of between 7.7 and 9.1%). One clade
composed of individuals collected in northwestern Atlantic and Central Caribbean Atlantic waters and
the other from southwestern Atlantic waters. The divergence time and sampling locations suggest the
speciation process at approximately 16 Mya, which is in full agreement with the middle Miocene orogeny
of the Caribbean plate, ending up with the formation of the Lesser Antilles and the adjacent subduction
zone, coinciding with a particularly low global sea level, resulting in the practical absence of continental
shelves at the area, and therefore an effective geographic barrier for D. plei. Furthermore, this study also
provides evidence of previously undocumented sub-population structuring in the Gulf of Mexico.
Ó 2016 Elsevier Inc. All rights reserved.

1. Introduction
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One of the greatest challenges for marine evolutionary biology
is the diagnosis of the processes responsible for genetic differentiation of populations (Pampoulie et al., 2004). Interactions between
physical and biological factors such as those between ocean currents, benthic topology and dispersal capacity of different life
stages of organisms (gametes, larvae, juveniles, adults) can result
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in different rates and patterns of gene flow (Weersing and Toonen,
2009; Hoffman et al., 2013; Haye et al., 2014; Villamor et al., 2014),
and these in turn can greatly influence the evolutionary history of
species (Hauser and Carvalho, 2008).
In theory, the presence of a planktonic life phase of marine
organisms allows for a high dispersal capacity and can facilitate
genetic homogeneity across the species’ range (Palumbi, 1994).
Evidence linking dispersion potential to reduced genetic differentiation has been found in various species (Avise, 1994). However,
there are exceptions where high dispersal capacity does not result
in genetic homogeneity (Gerlach et al., 2006; Teske et al., 2007).
Considering these factors, invertebrates such as cephalopods that
present specific biological characteristics that determine dispersal
limits (association to substrates, dispersal time of different life
stages, different salinity tolerances) may be important models that
can be used to test hypothetical speciation processes. Cephalopods
include both sessile species, and species capable of making large
scale migrations. They may present internal or external fertilization, direct or indirect development and can be associated to a
large range of different substrates (Roper et al., 1984; Nesis,
1987; Vecchione et al., 1998; Haimovici et al., 1994; Boyle and
Rodhouse, 2005). Their distributions are often influenced by
physio-chemical environmental factors that vary significantly at
diverse spatial scales. These include salinity (Hendrix et al., 1981;
Vecchione, 1991), ocean currents (Leite et al., 2008; Staaf et al.,
2010) and the presence of specific substrates that are used for
reproduction (Hanlon and Messenger, 1996; Boyle and Rodhouse,
2005).
Distinct species specific characteristics result in various patterns identified in population genetic studies of cephalopods in
recent years. These include genetic homogeneity (Adcock et al.,
1999; Shaw et al., 2004), isolation by distance between subpopulations (Pérez-Losada et al., 2002), and reduction in gene flow related
to barriers (Shaw et al., 1999; Murphy et al., 2002). The majority of
such studies involve species from northeastern Atlantic waters
(Shaw et al., 1999; Murphy et al., 2002, Pérez-Losada et al., 2002;
Anderson et al., 2008), northwestern and western Atlantic species
(Herke and Foltz, 2002; Buresch et al., 2006; Juárez et al., 2010),
and, more recently, species from the north and southeastern Pacific
(Reichow and Smith, 1999; Staaf et al., 2010; Ibáñez et al., 2011;
Sandoval-Castellanos et al., 2010; Ibáñez et al., 2012) and indowest Pacific (Yeatman and Benzie, 1993; Izuka et al., 1996;
Anderson et al., 2011; Cheng et al., 2014). The southwestern Atlantic remains one of the least studied regions (Adcock et al., 1999;
Shaw et al., 2004; Moreira et al., 2011).
Loliginid squid are demersal, usually occupying coastal regions
and limited to the continental shelf (to around 200 m depth),
owing to a dependence on specific marine substrates for egg mass
deposition, a characteristic considered to be important for delimiting the distribution of these species (Boyle and Rodhouse, 2005). Of
the more economically and ecologically important species, Doryteuthis plei Blainville, 1823 is notable because of the presence of
fisheries directed at this species in temperate regions of the distribution range (Jereb et al., 2010). Along with Lolliguncula brevis
Steenstrup, 1881, this species displays the greatest geographic
range for cephalopods along the western Atlantic coasts from Cape
Hatteras, USA (36°N) to northern Argentina (35°S) (Jereb et al.,
2010).
Phylogeographic inferences for populations of D. plei in the Gulf
of Mexico and north-western Atlantic were made using the mitochondrial cytochrome oxidase I gene (COI), indicating the presence
of sub-populations in these regions (Herke and Foltz, 2002). Furthermore, the potential for cryptic species in the genus Doryteuthis
(D. plei and D. pealei) was suggested using mitochondrial and
nuclear markers for small sample numbers from few sampling
locations (Sales et al., 2013a). The present study uses both
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mitochondrial and nuclear markers to infer phylogeographic relationships of D. plei across its range to (1) determine whether D. plei
is a single species presenting isolation by distance but with gene
flow across its range or whether two, or more, cryptic species exist
and (2) determine the distributional limits of any cryptic species
identified and assess the potential for further sub-populations in
the western Atlantic.
2. Material and methods
2.1. Sampling and laboratory methods
A total of 169 specimens were collected for the present study
from various localities between Campeche in Mexico (19°130 N,
91°020 W), to southern Santa Catarina state in Brazil (27°380 S,
48°130 W) (Figs. 1 and 2, Supplementary data 1). A set of reference
individuals were fixed in 10% formalin and deposited in the zoological collection of Oceanographic Museum at Federal University of
Rio Grande (FURG). Additionally, 23 sequences from Herke and
Foltz (2002) and three sequences from Sales et al. (2013a), were
downloaded from Genbank and included in the final dataset
(Supplementary data 1), resulting in a COI population analysis dataset containing sequences representing 195 individuals of D. plei covering the great majority of the distribution of the species (Jereb
et al., 2010). All new specimens were identified using the taxonomic
keys of Roper et al. (1984) and Jereb et al. (2010). Procedures for
preservation of tissues, DNA extraction, amplification by PCR and
cycle sequencing are the same as in Sales et al. (2013a, 2014).
In addition to the new COI D. plei haplotypes, COI sequences
were downloaded to produce a second dataset for analyses of
divergence time including sequences for: Loligo vulgaris (Lamarck,
1798), Loligo forbesi (Steenstrup, 1856), Loligo reynaudii (Orbigny,
1839–1841), Doryteuthis opalescens (Berry, 1911), Lolliguncula brevis Blainville, 1823, Lolliguncula diomedeae Steenstrup, 1881, Sepioteuthis sepioidea Blainville, 1824, Ommastrephes bartramii Lesueur,
1821; Sthenoteuthis oalaniensis Lesson, 1880 and Vampyroteuthis
infernalis Chun, 1903 (Supplementary data 1). New rhodopsin haplotypes for D. plei were also obtained for various samples using
amplification by PCR and cycle sequencing as in Sales et al.
(2013a, 2014) (Supplementary data 1).
2.2. Molecular diversity analyses, genetic structuring and demographic
history
Sequences were aligned using ClustalW (Thompson et al.,
1997), implemented in BioEdit v.7.0.4 (Hall, 1999). Visual inspection was made after every alignment to correct possible errors in
the automatic alignment process. The genetic diversity indices:
Haplotype number (Hap); haplotype diversity (H); and nucleotide
diversity (p) (Nei, 1987), were estimated for each sampling locality
using Arlequin v. 3.11 (Excoffier et al., 2005).
The program Geneland (Guillot et al., 2005) implemented in R,
was used to estimate similarity of populations across the sampling
area, using multiple runs to infer the number of population groups
(clusters) utilizing the COI + Rhodopsin database concatenated following these parameters: 5,000,000 Monte Carlo Markov Chain
(MCMC) iterations, sampling every 5000 iterations, and discard
of the first 10% of samples as a ‘‘burn-in” phase. The best run
was selected using the greatest mean posterior probability using
the post processing function, and the ‘‘Map of population membership” and ‘‘Map of probability of population membership” produced based on populations identified under Hardy-Weinberg
equilibrium with linkage equilibrium between loci (HWLE).
To confirm the clusters obtained in Geneland analyses a hierarchical analysis of molecular variance (AMOVA, Excoffier et al.,
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Fig. 1. Geneland HWLE population maps. A: Map of Posterior probability of Doryteuthis plei populations representing the number of clusters after the burnin. B: Spatial
posterior probability of belonging to south-western Atlantic D. plei populations; C: Spatial posterior probability of belonging to north-western Atlantic D. plei populations.

Fig. 2. Haplotype network of mtDNA COI sequence data using the Maximum Likelihood method and the evolutionary model TIM2 + I. Colors correspond to the same locations
shown in Fig. 1. The amount of haplotypes in each circle is indicated by the representation. The number in the center of the haplotype network correspond to mutations
between the North/Central and South specimens. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1992), was performed in Arlequin v. 3.11 (Excoffier et al., 2005).
Genealogical relationships of haplotypes were obtained by creating
a haplotype network in the program Haploviewer (Salzburger
et al., 2011) using the Maximum Likelihood algorithm determined
by jModelTest 2 (Darriba et al., 2012). The indices of Fs (Fu, 1997)
and D (Tajima, 1989) and their respective P values were estimated
in Arlequin v. 3.11 (Excoffier et al., 2005).
To analyze historical demography and divergence times, a
molecular clock test was applied to the second sequence dataset
(COI data - D. plei haplotypes and outgroups) to determine the best
model in BEAST v. 1.7.4 (Drummond and Rambaut, 2007). Two
simulations were made: 1 – with a strict clock linked to mutation
rate; 2 – with relaxed clocks (log-normal and exponential). Simulations were compared using the Bayes factor (Suchard et al.,
2001), as implemented in Tracer 1.5 (Rambaut and Drummond,
2009a), and the strict clock linked to mutation rate was

determined to be more adequate (InBayesFactor = 3.72). In this
set of runs the mean rate selected for a prior normal distribution
was 0.02  106 ± 0.005  106 SD, the same mutation rate utilized in previous cephalopod studies (Pérez-Losada et al., 2007;
Ibáñez et al., 2011, 2012).
Because of the results of other analyses in this paper, the demographic history of D. plei populations was inferred using the COI
data separated into two datasets, one including only samples from
the north western Atlantic and one including only samples from
the south western Atlantic. Both datasets were analyzed using
the Bayesian Skyline Plot (BSP) in BEAST v. 1.7.4 (Drummond and
Rambaut, 2007). The BSP analysis uses Monte Carlo Markov Chain
(MCMC) methods based on nucleotide sequence data to estimate
posterior distributions of the effective population size (Ne) through
time as well as Highest Posterior Density intervals (95% HPD). The
BSP analysis was made using the evolutionary model selected by
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jModelTest 2 (Darriba et al., 2012), where for both datasets the
Hasegawa-Kishino-Yano model with Gamma correction was
selected (ln L = 1086.09, BIC = 4401.90) (HKY + G). Two independent MCMC runs were performed, each with 80,000,000 iterations
and sampling every 1000 generations. The first 8 million samples
were discarded as ‘‘burn-in”. The program LogCombiner v. 1.7.4
(Rambaut and Drummond, 2009b) was used to the combine the
independent runs and produce the graphical BSP results.

2.3. Genetic divergence and estimates of divergence time
Genetic divergences were calculated using Kimura 2 parameters (K2P) distance model (Kimura, 1980) as implemented in MEGA
v.6.0.6 (Tamura et al., 2013). To infer divergence time between the
populations sampled in the present study, the MCMC method was
implemented in BEAST v.1.7.4 (Drummond and Rambaut, 2007)
using the same parameters established for BSP (see above). The
HKY + G model and prior tree from the Yule process were used
with the full complement of COI + Rodopsin haplotypes and
sequences for closely related species downloaded from Genbank
(the second dataset indicated in sampling).
The estimation of divergence times was made on BEAST v. 1.7.4
program (Drummond and Rambaut, 2007). Initially, the BEAST file
was built in BEAUti (Drummond and Rambaut, 2007). The substitution model utilized was HKY (selected for AIC), with base frequencies estimated empirically, using the database partitioned by
codon. All parameters were unlinked and mean substitution rate
was unfixed. For the tree prior parameters, two simulations were
performed. Initially, the tree prior Speciation: Yule Process was
used. This simplest branching model assumes that, at any given
point in time, every living lineage can speciate at the same rate,
k. Because the speciation rate is constant through time, there is
an exponential waiting time between speciation events (Yule,
1924; Aldous, 2001), being more appropriate for species-level phylogenies (Drummond and Rambaut, 2007). This model does not
allow for extinctions. We also performed simulations utilizing
the tree prior Birth-Death process, which is an extension of the
Yule process. The Birth-Death model assumes that at any point in
time every lineage can undergo speciation at rate k or go extinct
at rate l (Kendal, 1948; Rannala and Yang, 1996; Gernhard,
2008). These two simulations were run using a strict clock and
the calibration nodes were constrained using lognormaldistribution priors.
The Time to Most Recent Common Ancestor (TMRCA) for the
main clades was estimated using the following calibration points:
(A) 162 million years ago (Mya): appearance of the Order Vampyromorpha (Fischer and Riou, 2002; Strugnell et al., 2006); (B)
45 Mya: The probable origin of the North American loliginids
(Clarke and Maddock, 1988); (C): 20 Mya: The probable origin
European loliginids; (D) 3 Mya: Statolith fossils identified as
belonging to Doryteuthis opalescens dated to the early Pleistocene
(Clarke and Fitch, 1979). The MCMC method was used to infer
divergence times between the northern and southern populations,
run in BEAST 1.7.4 (Drummond and Rambaut, 2007). This was
based on two independent MCMC runs of 160 million generations,
with samples being taken every 1000 generations. The MCMC log
files were combined in Tracer to summarize posterior divergences
times with 95% highest posterior density limits; Only runs were
the ESS values where greater than 200 for all marginal parameters
were used, after discarding 10% of the first trees as burn-in.
Additionally, sea-level changes’ reconstructions of Haq et al.
(1988) and several different paleomaps of the Caribbean geologic
evolution (Pindell and Barrett, 1990; MacMillan et al., 2004;
James, 2005; Miall and Blakey, 2008; Figueiredo et al., 2009;
Montes et al., 2012) were uploaded in the SURFER v. 11.6 software
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(Golden Software, Inc.) and used to build up the geologic explanations for the reasons and time of divergence.
3. Results
3.1. Phylogeographic analyses
The final dataset of COI gene contained a complete 600 base
pair sequence for all 195 individuals. For the Geneland analysis,
the concatenated database (COI + Rhod) contained 1250 base pair.
The phylogeographic structure determined by Geneland demonstrated a spatial differentiation of populations of Doryteuthis plei
from the northwestern Atlantic and Gulf of Mexico in relation to
individuals from the southwestern Atlantic (southwards from the
Lesser Antilles) (Posterior probabilities > 0.4, Fig. 1). Based on the
population assignments of Geneland, the results of the AMOVA
for COI gene corroborate the differentiation of these groups with
greater differentiation between groups (northwestern Atlantic
and Gulf of Mexico vs. southwestern Atlantic, 94.29%) compared
to within groups (5.48%) (Ust: 0.94339; P < 0.01, Table 1).
Similarly, the FST values obtained between populations from
these regions were high and significant ranging from 0.924 (northwestern Atlantic vs. Espírito Santo) to 0.985 (Campeche vs. Amapá)
(Table 2). Comparing FST values within these regions some differentiation is found between the northwestern Atlantic and Campeche
(0.502–0.634), however, no indications of population structuring
were found between these sampling locations in phylogenetic
terms or in the Geneland analysis. By comparison little intersample population structure signal was found between localities
along the southwestern Atlantic coastline (FST = 0.096, Venezuela
vs. Amapá; FST = 0.058, Pará vs. Espírito Santo; and FST = 0.041 Bahia
vs. Espirito Santo) (Table 2). The AMOVA and diversity indices were
also estimate for rhodospin haplotypes. For AMOVA, the same pattern observed in COI gene was recovered: The differentiations of
groups are greater between Northwestern Atlantic/Gulf of Mexico
vs. southwestern Atlantic, with 93.5% compared to within groups
(3.28%) (Ust: 0.96772; P < 0.01) (Supplementary data 2). The FST
values were significant (Supplementary data 3) between
Northwestern Atlantic/Gulf of Mexico vs Southwestern Atlantic
mainly when compared the Gulf of Mexico vs Southwestern
Atlantic because the number of haplotypes used in our data base
(Supplementary data 4).
The 91 haplotypes present in the haplotype network based on
the evolutionary model TIM2 + I (In L = 1246.9533), show two
clear clusters separated by 37 mutations between individuals from
the northwestern Atlantic/Gulf of Mexico and individuals from the
southwestern Atlantic with no haplotypes shared between geographical regions (Fig. 2). All sampled populations from the southwestern Atlantic shared haplotype 29, the most frequent haplotype
in the region. No shared haplotypes were found in samples from
the northwestern Atlantic and Gulf of Mexico, and haplotypes from

Table 1
Values of Fst and AMOVA of populations Doryteuthis plei used in this study. na: North
Atlantic; gme: Gulf of Mexico (East); gmw: Gulf of Mexico (West); camp: Campeche;
ve: Venezuela; ap: Amapá state; pa: Pará state; pb: Paraíba state; ba: Bahia state; es:
Espirito Santo state; rj: Rio de Janeiro state; pr: Paraná state; sc: Santa Catarina state.
Doryteuthis plei
North and Central Atlantic (North America; Gulf of Mexico East; Gulf of Mexico
West; Campeche)  South Atlantic (Venezuela; Amapa; Para; Paraíba; Bahia;
Espirito Santo; Rio de Janeiro; Parana; Santa Catarina)
Source of variation
% of Variation
Ust
Between Populations
94.29
0.94339*
Among populations within groups
0.23
Within Populations
5.48
*

Significance value (P < 0.01).
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Table 2
Indices of genetic differentiation (Fst, lower diagonal) based on the COI gene, obtained for populations of Doryteuthis plei used in this study. NA = America do Norte; GME: Leste do
Golfo do México; GMW: Oeste do Golfo do México; Camp: Campeche; VE: Venezuela; AP: Amapá; PA: Pará; PB: Paraíba; BA: Bahia; ES: Espirito Santo; RJ: Rio de Janeiro; PR:
Paraná; SC: Santa Catarina.

NA
GME
GMW
Camp
VE
AP
PA
PB
BA
ES
RJ
PR
SC

NA

GME

GMW

Camp

VE

AP

PA

PB

BA

ES

RJ

PR

SC

0.000
0.025
0.024
0.502*
0.931**
0.930**
0.941**
0.928**
0.938**
0.924**
0.925**
0.941**
0.938**

–
0.000
0.029
0.634*
0.946**
0.947**
0.952**
0.934**
0.948**
0.929**
0.930**
0.952**
0.947**

–
–
0.000
0.543*
0.946**
0.948**
0.952**
0.935**
0.948**
0.930**
0.931**
0.952**
0.947**

–
–
–
0.000
0.979**
0.985**
0.973**
0.960**
0.970**
0.956**
0.957**
0.973**
0.969**

–
–
–
–
0.000
0.096*
0.070
0.002
0.037
0.050
0.022
0.004
0.032

–
–
–
–
–
0.000
0.042
0.012
0.041
0.035
0.022
0.004
0.027

–
–
–
–
–
–
0.000
0.005
0.012
0.058*
0.002
0.003
0.011

–
–
–
–
–
–
–
0.000
0.005
0.000
0.014
0.022
0.014

–
–
–
–
–
–
–
–
0.000
0.041*
0.007
0.009
0.007

–
–
–
–
–
–
–
–
–
0.000
0.029
0.006
0.029

–
–
–
–
–
–
–
–
–
–
0.000
0.022
0.014

–
–
–
–
–
–
–
–
–
–
–
0.000
0.027

–
–
–
–
–
–
–
–
–
–
–
–
0.000

*

Significance value (P < 0.05).
Significance value (P < 0.01); Sampling points abbreviation are: NA (North America), GME (Gulf of Mexico East), GMW (Gulf of Mexico West), Camp (Campeche), VE
(Venezuela), AP (Amapá), PA (Pará), PB (Paraíba), BA (Bahia), ES (Espirito Santo), RJ (Rio de Janeiro), PR (Paraná) and SC (Santa Catarina).
**

Campeche formed a cohesive distinct unit within the northwestern
Atlantic and Gulf of Mexico, with no apparent clustering of haplotypes to other populations (Fig. 2).
3.2. Demographic analyses
Considering all D. plei samples there was a high haplotype
diversity (H = 0.909) and low nucleotide diversity (p = 0.027)
(Table 3). Similar patterns are encountered within the northwestern Atlantic/Gulf of Mexico and southwestern Atlantic populations,
although nucleotide diversity is an order of magnitude lower
(p = 0.002–0.006), as well as within all sampling locations except
for samples from Campeche (H = 0.396 and p = 0.000). Fu’s Fs
was negative and significant for all localities, indicating an excess
of rare mutations compared to the number expected under neutral
evolution and suggesting recent population expansion. These
results are also supported by the Bayesian Skyline Plots, which
show historical expansion of populations for both the northwestern Atlantic/Gulf of Mexico and the southwestern Atlantic; For
the northwestern Atlantic/Gulf of Mexico, the effective population
size increased from approximately 3,300,000 to approximately
13,900,000 individuals (HPD 95% 11,423,712–66,603,752 individuals) at last 70,000 years (Fig. 3A). For the Southwestern populations, the effective population size increased for 4,000,000 to
32,000,000 (HPD 95% 18,400,000–50,500,000 individuals) at last
60,000 years (Fig. 3B).

3.3. Genetic divergence and divergence time estimates
Divergence values vary between 8.4% (D. plei from the northwestern Atlantic and Gulf of Mexico vs. D. plei from the southwestern Atlantic) and 23.8% (D. plei from northwestern Atlantic and
Gulf of Mexico vs. D. sanpaulensis) for COI data (Table 4) and from
0.8% (D. plei from the northwestern Atlantic and Gulf of Mexico vs.
D. plei from the southwestern Atlantic) to 5.2% (D. sanpaulensis vs.
D. pealei from the northwestern Atlantic) for Rhodopsin data
(Table 5). Analyses of divergence time indicate that populations
of D. plei from the northwestern Atlantic/Gulf of Mexico, and populations of D. plei from the southwestern Atlantic separated from
each other around 16 Mya (95% HPD 9.857–22.254 Mya) (Fig. 4).
4. Discussion
4.1. Phylogeographic inferences
The results of this study build on those of Sales et al. (2013a)
which indicated possible cryptic speciation for Doryteuthis plei
and Doryteuthis pealei, within the Western Atlantic Ocean, by
increasing spatial coverage and sample density across the known
range of D. plei. The phylogeographic analyses performed here
did not clearly support population differentiation among
northwestern Atlantic and northern Gulf of Mexico populations
of D. plei, but did indicate a possible subpopulation in the region

Table 3
Indices of genetic diversity obtained for the COI gene populations Doryteuthis plei used in this study. Bold values were significant. N = Number of subjects; Hap = number of
haplotypes; (H) = haplotype diversity. (p) = nucleotide diversity.

*

Population

N

Hap

(H) (sd)

(p) (sd)

D Tajima

Fs Fu

NA
GME
GMW
Camp
AP
PA
PB
BA
ES
RJ
PR
SC

13
6
7
14
6
20
20
20
20
20
20
20

11
6
7
4
4
12
13
10
17
16
10
13

0.962
1.000
1.000
0.396
0.800
0.811
0.884
0.711
0.979
0.979
0.758
0.853

0.006
0.005
0.005
0.000
0.002
0.002
0.004
0.003
0.005
0.005
0.002
0.003

1.673
0.286
0.197
1.670
1.295
2.005*
1.901*
2.042*
1.563*
1.506
1.270
1.569*

5.702**
3.032*
4.266*
2.288*
1.252*
8.577**
7.172**
4.524*
14.832**
12.619**
5.162**
9.384**

Total

195

91

0.909 (0.018)

1.382

38.742*

(0.050)
(0.096)
(0.076)
(0.159)
(0.172)
(0.092)
(0.067)
(0.113)
(0.024)
(0.021)
(0.101)
(0.083)

(0.001)
(0.000)
(0.000)
(0.000)
(0.001)
(0.001)
(0.001)
(0.001)
(0.001)
(0.001)
(0.001)
(0.001)

0.027 (0.002)

Significance Value (P < 0.05).
Significance Value (P < 0.01); Sampling points abbreviation are: NA (North America), GME (Gulf of Mexico East), GMW (Gulf of Mexico West), Camp (Campeche), VE
(Venezuela), AP (Amapá), PA (Pará), PB (Paraíba), BA (Bahia), ES (Espirito Santo), RJ (Rio de Janeiro), PR (Paraná) and SC (Santa Catarina).
**
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Fig. 3. Bayesian Skyline Plot of Doryteuthis plei from Western Atlantic Ocean of COI gene. In figure A, all individuals from North/Central Atlantic Ocean (NA, GME, GMW and
Camp). In figure B, all individuals from Southern Atlantic Ocean (VE, AP, PA, PB, BA, ES, RJ, PR and SC). Population size on the y-axis is given on a logarithmic scale. Time on the
x-axis is given in years. The thick solid line represents the mean estimate of population size; the blue area shows the 95% highest posterior density intervals. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Genetic distances estimated of cytochrome c oxidase I gene (COI) of the Doryteuthis species utilized in the present study.
COI

D. plei North/Central

D. plei South

D. pealei North

D. sanpaulensis

D. gahi

D.
D.
D.
D.
D.
D.

–
0.084
0.174
0.238
0.191
0.192

–
0.170
0.207
0.179
0.181

–
–
0.188
0.157
0.159

–
–
–
0.194
0.199

–
–
–
–
0.190

plei North/Central
plei South
pealei North
sanpaulensis
gahi
opalescens

Table 5
Genetic distances estimated of rhodopsin gene (Rhod) of the Doryteuthis species utilized in the present study.
Rhod

D. plei North/Central

D. plei South

D. pealei North

D. sanpaulensis

D. gahi

D.
D.
D.
D.
D.
D.

–
0.008
0.042
0.034
0.040
0.030

–
–
0.035
0.037
0.040
0.030

–
–
–
0.052
0.048
0.043

–
–
–
–
0.042
0.024

–
–
–
–
–
0.038

plei North/Central
plei South
pealei North
sanpaulensis
gahi
opalescens

of Campeche. No haplotypes were found to be shared by any of the
populations. Neutrality tests and BSP indicate that these populations have likely undergone recent population expansion. Herke
and Foltz (2002) had previously indicated the presence of at least
two subpopulations of D. plei in the northern Gulf of Mexico. The
presence of subpopulations in Loliginid squid has previously been
associated with hydrographic and hydrodynamic barriers to migration between various coastal European and Azorean populations of
Loligo forbesi (Shaw et al., 1999) and segregated inshore breeding
populations of Loligo (Doryteuthis) pealei which mix in offshore
overwintering grounds (Buresch et al., 2006). The latter of these
two examples, which is from the same approximate geographic
region, combined with the relatively lower capacity of DNA
sequence data from moderate sample sizes to resolve subpopulations may explain why we did not recover the subpopulations indicated by Herke and Foltz (2002).
All analyses performed in this study strongly support substantial genetic divergence of D. plei samples from the northwestern
Atlantic/Gulf of Mexico from samples from the southwestern
Atlantic (COI gene K2P distance: 7.7–9.1%; Ust: 0.94339; FST:
0.952, P < 0.01), including analyses based on more slowly evolving
rhodopsin nuclear gene (K2P distance: 0.8%). Similar divergence
values for the equivalent gene sequences have been found to
differentiate Lolliguncula brevis populations across the western

Atlantic (6.5% for COI and 0.8% for Rhodopsin) and Loligo reynaudii
from Loligo vulgaris between the northeastern and southeastern
Atlantic (5.7% for COI and 0.9% for Rhodopsin) (Sales et al., 2014).
As such, the divergence found between populations of D. plei from
the northwestern Atlantic and southwestern Atlantic is comparable to species level divergence observed in other loliginid squid.
Comparing data for all southwestern Atlantic samples (between
Isla Margarita, Venezuela and Santa Catarina, Brazil) there is a contrasting pattern to that observed for the northwestern Atlantic D.
plei population, with all localities sharing the most frequently
observed haplotype (haplotype 25), indicating that there are no
barriers to dispersal and gene flow between these populations
along the South American Atlantic coast, or that recent population
expansion and dispersal along the entire coast has occurred. The
latter is supported by the BSP analyses and neutrality tests. This
pattern of haplotype dominance has been found previously in
other squid species (Sandoval-Castellanos et al., 2010; Ibáñez
et al., 2011, 2012).
Despite indications of historical population expansions D. plei
exhibits slightly higher mtDNA diversity (both haplotype and
nucleotide diversity) than observed for many other cephalopods,
and may reflect reduced effects of Pleistocene glacial cycles on
population sizes and distributions in this warm temperate/
sub-tropical species compared to other abundant and neritic colder
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Fig. 4. Bayesian strict-clock cladogram based on COI + Rhod haplotypes with dates of divergence between taxa: A = Vampiroteuthis infernalis vs. others: 157.39 mya (137.95–
176.19 mya); B = The probable origin of the North American loliginids: 45.04 mya (44.04–45.96 mya); C = The probable origin European loliginids: 20.06 mya (19.06–
20.99 mya); D = Doryteuthis opalenscens: 2.44 mya (1.40–3.46 mya). The star correspond to the splitting time between Doryteuthis plei from North/Central and South America
15.86 mya (9.85–22.25 mya).

water species (see Ibáñez et al., 2011, 2012; Strugnell et al., 2012).
Higher haplotype diversity (H = 0.96–1.00) in the northern compared to southern (H = 0.71–0.98) population may reflect larger
and historically more stable population sizes in the northern population, the latter being supported by the BSP plots, although it
may also reflect sampling effects from the smaller sample sizes
from the northern region. Different population responses in squid
to climate-induced environmental changes (such as during Pleistocene glacial cycles) have been observed in other species with
wide latitudinal distributions (Ibáñez et al., 2012), and large habitat variation across the range may also influence maintenance of
standing genetic variation (see Section 4.2).
4.2. Divergence time and oceanographic barriers
The originally described distribution for Doryteuthis plei is for
continental shelf habitats from Cape Hatteras (36°N) to northern
Argentina (35°S), including the Gulf of Mexico, Caribbean Sea, Caribbean island chain and Bermuda (Jereb et al., 2010). There is significant variation in a number of environmental variables along

this range including in both temperature and salinity, the latter
of which is particularly influenced by outflow of major rivers such
as the Amazon plume (Oltman, 1968; Muller-Karger et al., 1988)
that may act as a barrier to dispersal of both adults (that reproduce
in more saline environments) as well as paralarvae that show high
mortality in low salinity environments (O’Dor and Webber, 1986;
Vecchione, 1991; Hanlon and Messenger, 1996; Hanlon, 1998;
Boyle and Rodhouse, 2005). The Amazon discharges approximately
6300 km3 year1 (Milliman and Meade, 1983), with a freshwater
plume extending about 200 km from the Amazon River mouth,
and reaching the 30 m isobath along the medium portion of the
continental shelf (Curtin and Legeckis, 1986; Nittrouer and
DeMaster, 1986; Masson and Delecluse, 2001). However, below
30 m (and sometimes less) more typical marine saline conditions
and currents prevail (Lumpkin and Garzoli, 2005; Salisbury et al.,
2011; Moura et al., 2016). The recent study of Moura et al.
(2016) also confirmed that at the Amazon River mouth area,
between depths of 30 and 100 m, the Amazon plume is rather thin
and more typical marine saline conditions prevail beneath the
plume, where even mesophotic reefs occur and would characterize
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Fig. 5. Geologic configuration and main events and features (blue lines) that result in the almost absence of shallow waters (e.g. continental shelf) between Bahamas and
South America. Red line represents the present coastline; Thick black line the general shelf break, and the green line the former sea level (modified from Pindell and Barrett,
1990, with additional information from Haq et al., 1988; MacMillan et al., 2004; James, 2005; Miall and Blakey, 2008; Figueiredo et al., 2009; Montes et al., 2012). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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a biodiversity corridor across the Amazon River mouth. Loliginid
squid are known to be capable of making considerable horizontal
and vertical migrations (Nesis, 1987; Boyle and Rodhouse, 2005;
Jereb et al., 2010) which would potentially reduce the effect of
the current outflow as a barrier. This is confirmed by the present
study, the southwestern Atlantic samples come from locations
both to the south (various locations) and north (Isla Margarita,
Venezuela - 11°000 3700 N, 63°580 4400 W and Amapá, Brazil 03°040 6100 N, 49°320 3200 W) of the current Amazon plume and are
all genetically similar.
With the sample coverage in this study it was possible to identify that the D. plei populations from the northwestern Atlantic and
southwestern Atlantic (suggested to be different species based by
the current work) are geographically separated either side of the
Caribbean, substantially to the north of the current outflow of
the Amazon, and that this division occurred approximately
16 Mya. Between the early and middle Miocene (20–10 Mya) the
orogeny of the western Andes mobilized the Caribbean blocks converting the previous transform fault between the Caribbean plate
and South American plate into a convergent fault, resulting in orogeny and intense volcanism that ended up forming the Lesser
Antilles volcanic island chain and adjacent subduction zone
(Pindell and Barrett, 1990; James, 2005). Between 11 and 10 Mya,
there were significant changes in global sea level, lowering 70 m
in relation to current sea level and more than 100 m in relation
to the previously existing sea level (Haq et al., 1988). This was
caused by the gradual migration of the Antarctic continent to its
current position at the South Pole, which resulted in formation of
the Antarctic polar ice sheet and consequent lowering of the sea
level (Haq et al., 1988).
These two factors together would have drastically reduced the
continental shelf area around the Lesser Antilles (Haq et al.,
1988; Pindell and Barrett, 1990; James, 2005). Besides, the late
Miocene Caribbean evolution resulted in the establishment of the
Anegada Passage, in association with the Muertos Trench, forming
a deep water natural barrier for shallow water organisms as D. plei.
Furthermore, at this time, oceanic currents were different and the
Amazon River did not drain into the Atlantic at its current location
as the establishment of the Amazon as a transcontinental river
occurred about 10 Mya (Figueiredo et al., 2009). Fig. 5 summarizes
the main aforementioned geologic events and features that built
up a natural barrier, based on different sources of information
(Haq et al., 1988; Pindell and Barrett, 1990; MacMillan et al.,
2004; James, 2005; Miall and Blakey, 2008; Figueiredo et al.,
2009; Montes et al., 2012).
Oceanic currents are reported to have generally flown westwards across northern South America through the Isthmus of
Panama region until the closure of this path 2.6 Mya (Nesbitt and
Young, 1997). The onset of the Nicaragua rise establishing the
Caribbean-Loop current system to the north (15–12 Mya) and
strengthening of the Gulf Stream (Droxler et al., 1998) may have
allowed for expansion/colonization between North and South during the earliest phases of the formation of the Caribbean. Subsequent changes in currents between 12 Mya and 2.6 Mya related
to sea-level changes and connectivity between the Atlantic and
Pacific may then have kept populations on the South American
and North American continents isolated, allowing genetic
divergence.
Between the early and late Miocene the drainage patterns in
northern South America also changed significantly. Originally
much of northwest Amazonia drained northward along the
paleo–Orinoco river system to a delta near the present day Lake
Maracaibo. In the late middle Miocene uplift of the Eastern Cordillera resulted in development of the Amazon, but drainage fed and
increased outflow of the paleo–Orinoco river system toward the
Caribbean. Finally, only in the late Miocene the substantial Andean

uplift caused the Orinoco and the Amazon to change their courses
to the Atlantic where they are now (Hoorn et al., 1995; Figueiredo
et al., 2009). It is still unclear how much freshwater would have
made it into the Caribbean and how this may or may not have
influenced salinity, particularly along a much reduced continental
shelf resulting from a drop in sea level. However, the possibility of
reduced salinity influencing the fauna of the region cannot be completely ignored.
The distributions of cephalopod species are determined by
salinity, ocean currents and the presence of substrates for egg
deposition (Hanlon and Messenger, 1996; Norris, 2000; Rocha
et al., 2001; Boyle and Rodhouse, 2005; Rodrigues and Gasalla,
2008). As such, any one of the factors listed above or, more likely,
a combination of them in this region may have reduced gene flow
between populations of D. plei from the northwestern Atlantic and
southwestern Atlantic around the period at which they are estimated to have diverged. Species of Doryteuthis are limited to
depths of up to 370 m, occupying deeper waters during the day
and performing vertical migrations to feed and reproduce at night.
The presence of relatively firm substrates is extremely important
for these species as deposition sites where egg masses are laid to
develop before hatching into paralarvae (Hanlon and Messenger,
1996; Shaw and Boyle, 1997; Buresch et al., 2006; Moreira et al.,
2011).
Continued orogeny of the Antilles and frequent changes in sea
level associated with glaciations in the Pleistocene may have
helped maintain the separation of these populations allowing the
fixation of genetic differences for what are now suggested to be
distinct species. The role of currents may be important for these
species, as well as other cephalopods (Shaw et al., 1999; Leite
et al., 2008; Staaf et al., 2010; Sales et al., 2013b), as indicated by
the presence of subpopulation structuring when comparing D. plei
from Campeche with other locations from the northwestern Atlantic and Gulf of Mexico. The Yucatán current flows north from the
Caribbean into the Gulf of Mexico via the Yucatán Canal and then
flows westwards causing a series of eddies in the western Gulf of
Mexico (Martínez and Pares, 1998; Juárez et al., 2010). Larval dispersal can therefore be limited to specific areas and result in divergence between populations, impeding larval transport from the
Gulf of Mexico southwards, and tending to reduce connectivity
between populations in Campeche from populations in the northern Gulf of Mexico.
The present study provides evidence that Doryteuthis plei from
the northwestern Atlantic and Gulf of Mexico represents a genetically distinct species from D. plei in the southwestern Atlantic,
where oceanographic phenomena and tectonic changes associated
with the formation of the Caribbean Sea are likely to have influenced the speciation process approximately 16 Mya. The type
locality for Doryteuthis plei is the island of Martinique in the Lesser
Antilles, close to our sampling locality (Isla Margarita, Venezuela).
Therefore, as in the case of Lolliguncula brevis (Sales et al., 2014) the
new species that requires official description is that from the
northern part of the range. As well as a new example of cryptic species in cephalopods, this study also provides evidence of previously
undocumented sub-population structuring in the Gulf of Mexico.

Acknowledgements
Funding for this research was provided by CNPq (Grants
306233/2 009-6 to IS, 306233/2009-6 to HS, 309845/2015-7 to
NEA), FAPESPA (Grants PET0035/20 10 and APP064/20 11 to IS)
and FAPESPA (PRONEX 2007 to HS). We would like to thank Rosália
Souza, Edmário Cruz, and the fishermen from Bragança for supplying specimens. Also, Dr. Scott Herke for valuable suggestions made
on a previous version of the manuscript.

J.B.de L. Sales et al. / Molecular Phylogenetics and Evolution 106 (2017) 44–54

Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ympev.2016.09.
014.
References
Adcock, G.J., Shaw, P.W., Rodhouse, P.G., Carvalho, G.R., 1999. Microsatellite analysis
of genetic diversity in the squid Illex argentinus during a period of intensive
fishing. Mar. Ecol. Prog. Ser. 187, 171–178.
Aldous, D., 2001. Stochastic models and descriptive statistics for phylogenetic trees,
from yule to today. Statistical Science 16, 23–34.
Anderson, F.E., Pilsits, A., Clutts, S., Laptikhovsky, V., Bello, G., Balguerías, E., Lipinski,
M., Nigmatulin, C., Pereira, J.M.F., Piatkowski, U., Robin, J.-P., Salman, A.,
Tasende, M.G., 2008. Systematics of Alloteuthis (Cephalopoda: Loliginidae)
based on molecular and morphometric data. J. Exp. Mar. Biol. Ecol. 364, 99–109.
Anderson, F.E., Engelke, R., Jarrett, K., Valinassab, T., Mohamed, K.S., Aokan, P.K.,
Zacharia, P.U., Nootmorn, P., Chotiyaputta, C., Dunning, M., 2011. Phylogeny of
the Sepia pharaonis species complex (Cephalopoda: Sepiida) based on analyses
of mitochondrial and nuclear DNA sequence data. J. Mollus. Stud. 77, 65–75.
Avise, J.C., 1994. Molecular Markers, Natural History, and Evolution. Chapman &
Hall, New York, p. 511.
Boyle, P.R., Rodhouse, P.G., 2005. Cephalopods: Ecology and Fisheries. Blackwell
Science Ltd., Oxford, p. 438.
Buresch, K.C., Gerlach, G., Hanlon, R.T., 2006. Multiple genetic stock of longfin squid
Loligo pealeii in the NW Atlantic: stocks segregate inshore in summer, but
aggregate offshore in winter. Mar. Ecol. Prog. Ser. 310, 263–270.
Cheng, S.H., Anderson, F.E., Bergman, A., Mahardika, G.N., Muchilsin, Z.A., Dang, B.T.,
Calumpong, H.P., Mohamed, K.S., Sasikumar, G., Venkatesan, V., Barber, P.H.,
2014. Molecular evidence for co-occurring cryptic lineages within the
Sepioteuthis cf. lessoniana species complex in the Indian and Indo-West Pacific
Oceans. Hydrobiologia 725, 165–188.
Clarke, M.R., Fitch, J.E., 1979. Statoliths of Cenozoic teuthoid cephalopods from
North America. Paleontology 22, 479–511.
Clarke, M.R., Maddock, L., 1988. Statoliths of the fossil coleoid cephalopods. In:
Clarke, M.R., Trueman, E.R. (Eds.), The Mollusca. Peleontology and Neotology of
Cephalopods, vol. 12. Academic Press, San Diego, CA.
Curtin, T.B., Legeckis, R.V., 1986. Physical observations in the plume region of the
Amazon River during peak discharge – I. Surface variability. Cont. Shelf Res. 6,
31–51.
Darriba, D., Taboada, G.L., Doallo, R., Posada, D., 2012. JModelTest 2: more models,
new heuristics and parallel computing. Nat. Methods 9, 772.
Droxler, A.W., Burke, K., Cunningham, A.D., Hine, A.C., Rosencrantz, E., Duncan, D.S.,
Hallock, P., Robinson, E., 1998. Caribbean constraints on circulation between
Atlantic and Pacific oceans over the past 40 million years. In: Crowley, T., Burke,
K. (Eds.), Tectonic Boundary Conditions for Climate Reconstruction. Oxford
Monograph on Geology and Geophysics, pp. 160–191.
Drummond, A.J., Rambaut, A., 2007. BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evol. Biol. 7, 214.
Excoffier, L., Smouse, P.E., Quattro, M., 1992. Analysis of molecular variance inferred
from metric distances among DNA haplotypes: Application to human
mitochondrial DNA restriction data. Genetics 131, 479–491.
Excoffier, L., Laval, G., Schneider, F., 2005. Arlequin, v. 3.11. An integrated software
package for population genetic data analysis. Evol. Bioinf. Online 1, 47–50.
Figueiredo, J., Hoorn, C., van der Vem, P., Soares, E., 2009. Late Miocene onset of the
Amazon River and the Amazon deep-sea fan: evidence from the Foz do
Amazonas Basin. Geology 37 (7), 619–622.
Fischer, J.C., Riou, B., 2002. Vampyromassa rhodanica nov. gen. Nov sp.,
vampyromorphe (Cephalopoda, Coleioidea) du Callovieninférieur de la
Voulte-sur-Rhône (Ardéche, France). Ann. Paléontol. (Paris) 88, 1–17.
Fu, Y.X., 1997. Statistical tests of neutrality of mutations against population growth,
hitchhiking and background selection. Genetics 147, 915–925.
Gerlach, G.J., Atema, M., Kingsfold, K., Black, K.P., Miller-Sims, V., 2006. Smelling
home can prevent dispersal of reef fish larvae. Proc. Natl. Acad. Sci. 104 (3),
858–863.
Gernhard, T., 2008. The conditioned reconstructed process. J. Theor. Biol. 253, 769–
778.
Guillot, G., Mortier, F., Estoup, A., 2005. Geneland: a program for landscape genetics.
Mol. Ecol. Notes 5, 712–715.
Haimovici, M., Perez, J.A.A., Rios, E., 1994. Class Cephalopoda Cuvier, 1797. In: Rios,
E.C. (Ed.), Seashell’s of Brazil, 2° edição. Editora FURG, Rio Grande, Brazil, pp.
311–320 + plates.
Hall, T.A., 1999. BioEdit: a user-friendly biological sequence alignment edit and
analysis program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95–98.
Hanlon, R.T., 1998. Mating systems and sexual selection in the squid Loligo: how
might commercial fishing on spawning squids affect them? Calif. Coop. Ocean.
Fish. Investig. Rep. 39, 92–100.
Hanlon, R.T., Messenger, J.B., 1996. Cephalopod Behaviour. Cambridge University
Press, New York.
Haq, B.H., Hardenbol, J., Vail, P.R., 1988. Mesozoic and Cenozoic chronostratigraphy
and cycles of sea-level change. In: Wilgus, C. et al. (Eds.), Sea-Level Changes: An
Integrated Approach: Society of Economic Paleontologists and Mineralogists
Special Publication 42, pp. 71–108.

53

Hauser, L., Carvalho, G., 2008. Paradigm shifts in marine fisheries genetics: ugly
hypothesis slain by beautiful facts. Fish Fish. 9, 333–362.
Haye, P.A., Segovina, N.I., Muñiz-Herrera, N.C., Gálvez, F.E., Martínez, A., Meynard,
A., Pardo-Gandarillas, M.C., Poulin, E., Faugeron, S., 2014. Phylogeographic
structure in benthic marine invertebrates of southeast Pacific Coast of Chile
with differing dispersal potential. PLoS ONE 9, e88613.
Hendrix, J.P., Hulet, W.H., Greenberg, M.J., 1981. Salinity tolerance and the
responses to hypoosmostic stress of the bay squid Lolliguncula brevis, a
euryhaline cephalopod mollusk. Comp. Biochem. Physiol. 69, 641–648.
Herke, S.W., Foltz, D.W., 2002. Phylogeography of two squid (Loligo pealei and L. plei)
in the Gulf of Mexico and northwestern Atlantic Ocean. Mar. Biol. 140, 103–115.
Hoffman, J.I., Clarke, A., Clark, M.S., Peck, L.S., 2013. Hierarchical population genetic
structure in a direct developing Antarctic marine invertebrate. PLoS ONE 8,
e63954.
Hoorn, C., Guerrero, J., Sarmiento, G.A., Lorente, M.A., 1995. Andean tectonics as a
cause for changing drainage patterns in Miocenenorthern South America.
Geology 23 (3), 237–240.
Ibáñez, C.M., Cubillos, L.A., Tafur, R., Arguelles, J., Yamashiro, C., Poulin, E., 2011.
Genetic diversity and demographic history of Dosidicus gigas (Cephalopoda:
Ommastrephidae) in the Humboldt Current System. Mar. Ecol. Prog. Ser. 431,
163–171.
Ibáñez, C.M., Arguelles, J., Yamashiro, C., Adasme, L., Céspedes, R., Poulin, E., 2012.
Spatial genetic structure and demographic inference of the patagonian squid
Doryteuthis gahi in the south-eastern Pacific Ocean. J. Mar. Biol. Assoc. UK 92 (1),
197–203.
Izuka, T., Segawa, S., Okutani, T., 1996. Biochemical study of the population
heterogeneity and distribution of the oval squid Sepioteuthis lessoniana complex
in southwestern Japan. Am. Malacol. Bull. 12 (1–2), 129–135.
James, K.H., 2005. A simple synthesis of Caribbean geology. Carib. J. Earth Sci. 39,
69–82.
Jereb, P., Vecchione, M., Roper, C.E.F., 2010. Family Loliginidae. In: Jereb, P., Roper, C.
F.E. (Eds.), Cephalopods of the World. An Annotated and Illustrated Catalogue of
Cephalopod Species Know to Date. No. 4 Myopsid and Oegopsid Squid. FAO
Species Catalogue for Fisheries Purposes, vol. 2. FAO, Rome, pp. 38–117.
Juárez, O.E., Rosas, C., Arena, L., 2010. Heterologous microsatellites reveal moderate
genetic structure in the Octopus maya population. Fish. Res. 106, 209–213.
Kendal, D.G., 1948. On the generalized ‘‘birth-and-death” process. Ann. Math. Stat.
19, 1–15.
Kimura, M., 1980. A simple method for estimating evolutionary rate of base
substitutions through comparative studies of nucleotide sequences. J. Mol. Evol.
16, 111–120.
Leite, T.S., Haimovici, M., Molina, W., Warnke, K., 2008. Morphological and genetic
description of Octopus insularis, a new cryptic species in the Octopus vulgaris
complex (Cephalopoda: Octopodidae) from the tropical southwestern Atlantic.
J. Mollus. Stud. 74, 63–74.
Lumpkin, R., Garzoli, S.L., 2005. Near-surface circulation in the Tropical Atlantic
Ocean. Deep Sea Res. I52, 495–518.
MacMillan, I., Gans, P.B., Alvarado, G., 2004. Middle Miocene to present plate
tectonic history of the southern Central American Volcanic Arc. Tectonophysics
392 (1–4), 325–348.
Martínez, B., Pares, A., 1998. Circulación del Golfo de México inducida por mareas,
viento y la Corriente de Yucatán. Cienc. Mar. 24 (1), 473–486.
Masson, S., Delecluse, P., 2001. Influence of the Amazon River run off on the tropical
Atlantic. Phys. Chem. Earth B 26, 137–142.
Miall, A.D., Blakey, R.C., 2008. The Phanerozoic tectonic and sedimentary evolution
of North America. In: Miall, A.D. (Ed.), Sedimentary Basins of United States and
Canada. Elsevier, Amsterdam, pp. 1–29.
Milliman, J.D., Meade, R.H., 1983. World-wide delivery of river sediment to the
oceans. J. Geol. 91, 1–21.
Montes, C., Bayona, G., Cardona, A., Buchs, D.M., Silva, C.A., Morón, S., Hoyos, N.,
Ramírez, D.A., Jaramillo, C.A., Valencia, V., 2012. Arc-continent collision and
orocline formation: closing of the Central American seaway. J. Geophys. Res.
117, B04105.
Moreira, A.A., Tomás, A.R.G., Hilsdorf, A.W.S., 2011. Evidence for genetic
differentiation of Octopus vulgaris (Mollusca, Cephalopoda) fishery
populations from southern coast of Brazil as revealed by microsatellites. J.
Exp. Mar. Biol. Ecol. 407, 34–40.
Moura, R.L., Amado-Filho, G.M., Moraes, F.C., Brasileiro, P.S., Salomon, P.S.,
Mahiques, M.M., et al., 2016. An extensive reef system at the Amazon River
mouth. Sci. Adv. 2, e1501252.
Muller-Karger, F.E., McClain, C.R., Richardson, P., 1988. The dispersal of Amazon’s
water. Nature 333, 56–59.
Murphy, J.M., Balguerías, E., Key, L.N., Boyle, P.R., 2002. Microsatellite DNA markers
discriminate between two Octopus vulgaris (Cephalopoda: Octopoda) fisheries
along the Northwest African Coast. Bull. Mar. Sci. 71, 545–553.
Nei, M., 1987. Molecular Evolutionary Genetics. Columbia University Press, New
York.
Nesbitt, H.W., Young, G.A., 1997. Sedimentation in the Venezuelan Basin, circulation
in the Caribbean Sea, and onset of northern hemisphere glaciation. J. Geol. 105,
531–544.
Nesis, K.N., 1987. Cephalopods of the World. T.F.H. Publications Inc., New Jersey.
351 p.
Nittrouer, C.A., DeMaster, D.J., 1986. Sedimentary processes on the Amazon
continental shelf: past, present and future research. Cont. Shelf Res. 6, 5–30.
Norris, R.D., 2000. Pelagic species diversity, biogeography, and evolution.
Paleobiology 26 (Suppl.), 236–258.

54

J.B.de L. Sales et al. / Molecular Phylogenetics and Evolution 106 (2017) 44–54

O’Dor, R.K., Webber, D.M., 1986. The constraints on cephalopods: why squid aren’t
fish. Can. J. Zool. 64, 1591–1605.
Oltman, R.E., 1968. Reconnaissance Investigations of the Discharge and Water
Quality of Amazon River. Geological Survey, Washington, DC. 16 p.
Palumbi, S.R., 1994. Genetic divergence, reproductive isolation and speciation in the
sea. Annu. Rev. Ecol. Syst. 25, 547–572.
Pampoulie, C., Gysels, E.S., Maes, G.E., Hellemans, B., Leentjes, V., Jones, A.G.,
Volckaert, F.A.M., 2004. Evidence for fine-scale genetic structure and estuarine
colonisation in a potential high gene flow marine goby (Pomatoschistus
minutus). Heredity 92, 434–445.
Pérez-Losada, M., Guerra, A., Carvalho, G.R., Sanjuan, A., Shaw, P.W., 2002. Extensive
population subdivision of the cuttlefish Sepia officinalis (Mollusca:
Cephalopoda) around the Iberian Peninsula indicated by microsatellite DNA
variation. Heredity 89, 417–424.
Pérez-Losada, M., NolteM, J., Crandall, K.A., Shaw, P.W., 2007. Testing hypotheses of
population structuring in the Northeast Atlantic Ocean and Mediterranean Sea
Using the common cuttlefish Sepia officinalis. Mol. Ecol. 16, 2667–2679.
Pindell, J.L., Barrett, S.F., 1990. Geological evolution of the Caribbean region: a platetectonic perspective. In: Dengo, G., Case, J.E. (Eds.), The Caribbean Region. The
Geology of North America, vol. H. Geological Society of America, pp. 405–432.
Rambaut, A., Drummond, A.J., 2009a. Tracer v.1.5. <http://beast.bio.ed.ac.uk/
LogCombiner> (accessed in 09 July 2015).
Rambaut, A., Drummond, A.J., 2009b. LogCombiner v1.7.4. <http://beast.bio.ed.ac.
uk/LogCombiner> (accessed in 15 July 2015).
Rannala, B., Yang, Z., 1996. Probability distribution of molecular evolutionary trees:
a new method of phylogenetic inference. J. Mol. Evol. 43, 304–311.
Reichow, D., Smith, M.J., 1999. Highly variable microsatellites in the California
market squid Loligo opalescens. Mar. Biotechnol. 1, 403–406.
Rocha, F., Guerra, A., González, A.F., 2001. A review of reproductive strategies in
cephalopods. Biol. Rev. 76, 291–304.
Rodrigues, A.R., Gasalla, M.A., 2008. Spatial and temporal patterns in size and
maturation of Loligo plei and Loligo sanpaulensis (Cephalopoda: Loliginidae) in
southeastern Brazilian waters, between 23°S and 27°S. Sci. Mar. 72 (4), 631–
643.
Roper, C.F.E., Sweeney, M.J., Nauen, C.E., 1984. Cephalopods of the world. An
annotated and illustrated catalogue of species of interest to fisheries. FAO Fish.
Synopsis 125, 3–277.
Sales, J.B.L., Shaw, P.W., Markaida, U., Haimovici, M., Cunha, D.B., Ready, J.S.,
Figueiredo-Ready, W.M.B., Schneider, H., Sampaio, I., 2013a. New genetic
approach about the Loliginidae family with emphasis in the genus Doryteuthis
Neaf, 1912: Mitochondrial and Nuclear data suggest the presence of cryptic
species in Southern Atlantic Ocean. Mol. Phylogenet. Evol. 68, 293–299.
Sales, J.B.L., Rego, P.S., Hilsdorf, A.W.S., Moreira, A.A., Haimovici, M., Tomás, A.R.,
Batista, B.B., Marinho, R.A., Markaida, U., Schneider, H., Sampaio, I., 2013b.
Phylogeographical features of Octopus vulgaris and Octopus insularis in the
southeastern Atlantic based on the analysis of mitochondrial markers. J.
Shellfish Res. 32 (2), 325–339.
Sales, J.B.L., Markaida, U., Shaw, P.W., Haimovici, M., Ready, J.S., Figueiredo-Ready,
W.M.B., Angioletti, F., Carneiro, M.A., Schneider, H., Sampaio, I., 2014. Molecular
phylogeny of the genus Lolliguncula Steenstrup, 1881 based on nuclear and
mitochondrial DNA sequences indicates genetic isolation of populations from
North and South Atlantic, and the possible presence of further cryptic species.
PLoS ONE 9 (2), e88693.
Salisbury, J., Vandemark, D., Campbell, J., Hunt, C., Wisser, D., Reul, N., Chapron, B.,
2011. Spatial and temporal coherence between Amazon River discharge,

salinity, and light absorption by colored organic carbon in western tropical
Atlantic surface waters. J. Geophys. Res.: Oceans (1978–2012) 116 (C7).
Salzburger, W., Ewing, G.B., von Haesler, A., 2011. The performance of phylogenetic
algorithms in estimating haplotype genealogies with migration. Mol. Ecol. 20,
1952–1963.
Sandoval-Castellanos, E., Uribe-Alcocer, M., Diaz-Jaime, P., 2010. Population genetic
structure of the Humboldt squid (Dosidicus gigas D’Orbigny, 1835) inferred by
mitochondrial DNA analysis. J. Exp. Mar. Biol. Ecol. 385, 73–78.
Shaw, P.W., Boyle, P.R., 1997. Multiple paternity within the brood of a single
females of Loligo forbesi (Cephalopoda: Loliginidae), demonstrated with
microsatellite DNA markers. Mar. Ecol. Prog. Ser. 160, 279–282.
Shaw, P.W., Pierce, G., Boyle, P.R., 1999. Subtle population structuring within a
highly vagile marine invertebrate, the veined squid Loligo forbesi (Cephalopoda:
Loliginidae) uncovered using microsatellite DNA markers. Mol. Ecol. 8, 407–
417.
Shaw, P.W., Arkhipkin, A.I., Adcock, G.J., Burnett, W.J., Carvalho, G.R., Scherbich, J.N.,
Villegas, P.A., 2004. DNA markers indicate that distinct spawning cohorts and
aggregations of Patagonian squid, Loligo gahi, do not represent genetically
discrete subpopulation. Mar. Biol. 144, 961–970.
Staaf, D.J., Ruiz-Cooley, R.I., Elliger, C., Lebaric, Z., Campos, B., Markaida, U., Gilly, W.
F., 2010. Ommastrephid squids Sthenoteuthis oualaniensis and Dosidicus gigas in
the eastern Pacific show convergent biogeographic breaks but contrasting
population structures. Mar. Ecol. Prog. Ser. 418, 165–178.
Strugnell, J., Jackson, J., Drummond, A.J., Cooper, A., 2006. Divergence time estimates
for major cephalopod groups: evidence from multiple genes. Cladistics 22, 89–
96.
Strugnell, J.M., Watts, P.C., Smith, P.J., Allcock, A.L., 2012. Persistent genetic
signatures of historic climatic events in an Antartic octopus. Mol. Ecol. 21,
2775–2787.
Suchard, M.A., Weiss, R.E., Sinsheimer, J.S., 2001. Bayesian selection of continuoustime Markov chain evolutionary models. Mol. Biol. Evol. 18, 1001–1013.
Tajima, F., 1989. Statistical method for testing the neutral mutation hypothesis by
DNA Polymorphism. Genetics 123, 585–595.
Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–2729.
Teske, P.R., Oosthuizen, A., Papadopoulos, I., Barker, N.P., 2007. Phylogeographic
structure of Octopus vulgaris in South Africa revised: identification of a second
lineage near Durban Harbour. Mar. Biol. 151, 2119–2122.
Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G., 1997. The
CLUSTAL X windows interface: flexible strategies for multiple sequence
alignment aided by quality analysis tool. Nucleic Acids Res. 24, 4876–4882.
Vecchione, M., 1991. Observation on the paralarval ecology of a euryhaline squid,
Lolliguncula brevis (Cephalopoda: Loliginidae). Fish. Bull. 89, 515–521.
Vecchione, M., Brakoniecki, T.F., Natsukari, Y., Hanlon, R.T., 1998. A Provisional
Generic Classification of the Family Loliginidae. Smithsonian Institution Press,
Washington, DC, ETATS-UNIS. 8 p.
Villamor, A., Constantini, F., Abbiati, M., 2014. Genetic structuring across marine
biogeographic boundaries in rocky shore invertebrates. PLoS ONE 9, e101135.
Weersing, K., Toonen, R.J., 2009. Population genetics, larval dispersal, and
connectivity in marine systems. Mar. Ecol. Prog. Ser. 393, 1–12.
Yeatman, J., Benzie, J.A.H., 1993. Cryptic speciation in Loligo from Northern
Australia. In: Okutani, T. et al. (Eds.), Recent Advances in Cephalopod
Fisheries Biology. Tokyo University Press, pp. 641–652.
Yule, G.U., 1924. A mathematical theory of evolution, based on the conclusions of
Dr. J. C. Wills, F. R. S. Philos. Trans. Roy. Soc. Lond. Biol. 213, 21–87.

