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Abstract

Antitropicality is a distribution pattern where closely related taxa are separated

by an intertropical latitudinal gap. Two potential examples include Brachidontes

darwinianus (south eastern Brazil to Uruguay), considered by some authors as

a synonym of B. exustus (Gulf of Mexico and the Caribbean), and B. solisianus,

distributed along the Brazilian coast with dubious records north of the

intertropical zone. Using two nuclear (18S and 28S rDNA) and one mitochon-

drial gene (mtDNA COI), we aimed to elucidate the phylogeographic and

phylogenetic relationships among the scorched mussels present in the warm-

temperate region of the southwest Atlantic. We evaluated a divergence process

mediated by the tropical zone over alternative phylogeographic hypotheses.

Brachidontes solisianus was closely related to B. exustus I, a species with which it

exhibits an antitropical distribution. Their divergence time was approximately

2.6 Ma, consistent with the intensification of Amazon River flow. Brachidontes

darwinianus, an estuarine species is shown here not to be related to this B.

exustus complex. We suspect ancestral forms may have dispersed from the Car-

ibbean to the Atlantic coast via the Trans-Amazonian seaway (Miocene). The

third species, B rodriguezii is presumed to have a long history in the region

with related fossil forms going back to the Miocene. Although scorched mussels

are very similar in appearance, their evolutionary histories are very different,

involving major historical contingencies as the formation of the Amazon River,

the Panama Isthmus, and the last marine transgression.

Introduction

A major goal in biogeography has long been to under-

stand the relative roles of historical contingencies vs. con-

temporary ecological processes in determining the

presence/absence of a species in a given geographic region

or, more generally, to understand the processes responsi-

ble for the geographic distribution of species. The bio-

geography of South American marine biota is known to

have been influenced by major historical contingencies,

starting with the separation from Africa (beginning in the

Cretaceous) and the opening of the Drake Passage during

the middle Eocene (Sanmartin and Ronquist 2004; Scher

and Martin 2006), following with the late Eocene opening

of the Tasman gateway (Nelson and Cooke 2001) and the

subsequent (Oligocene) establishment of a full circum-

Antarctic circulation (west wind drift, WWD). Superim-

posed on these global processes, there were also a number

of processes that affected biodiversity on a regional scale.

These include several Atlantic marine transgressions

(Malumi�an and N�a~nez 2011), the start of the Amazon

River outflow toward the Atlantic Ocean beginning dur-

ing the middle to late Miocene (Figueiredo et al. 2009),

the formation of the Panama Isthmus in the Pliocene

(Lessios 2008), as well as the glaciations of the Plio-Pleis-

tocene (Fraser et al. 2012).

All these processes left a significant imprint on the bio-

geography of the marine biota of South America. The
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break-up of Gondwanaland helps explain the transoceanic

disjunct distributions of many Southern Hemisphere taxa

by vicariant isolation of ancestral lineages (Croizat et al.

1974). On the other hand, the presence of the same spe-

cies or of closely related taxa throughout a number of

subantarctic islands and including the southern tips of

continental masses of Australia and New Zealand, South

America, and South Africa can best be explained by dis-

persion along the WWD (Waters 2007; Fraser et al.

2012). For instance, both processes, dispersion prior to

vicariance (Heads 2005), have been implicated in the dis-

tribution of galaxiid fishes throughout the Southern

Hemisphere (Burridge et al. 2012).

Several marine transgressions from the Atlantic have

flooded South America to varying degrees and at various

times beginning in the Maastrichtian–Danian (66–
61 Ma). The last one, recorded for the Middle Miocene

(Mart�ınez and del R�ıo 2005; Malumi�an and N�a~nez 2011),

involves a controversial internal marine connection

between the Caribbean Sea and the southern Atlantic

Ocean (Rasanen et al. 1995; Webb 1995), inference that is

supported by biological and paleontological evidence

(P�erez et al. 2011; Stampar et al. 2012; but see Wesselingh

and Salo 2006; Cooke et al. 2012). Lastly, the glacial

cycles of the Plio-Pleistocene are also known to have

affected the biogeography of the marine biota of South

America. The glaciations changed the continental margins

of the region (Rostami et al. 2000; Hulton et al. 2002)

and hence, the dispersal ability of subtidal and intertidal

marine biota with the consequent impact on their distri-

butions and genetic structures (Fraser et al. 2012).

The emergence of the Central American Isthmus

affected current flow, salinity, temperature, and primary

productivity of the Pacific and the Atlantic Oceans and

launched marine organisms of the two oceans into inde-

pendent evolutionary trajectories (Lessios 2008). For some

species, these trajectories ended in extinction while for

others they led to the formation of geminate species (Jor-

dan 1908) on both sides of the Isthmus. While these pairs

are generally well documented (Lessios 2008), members of

potential northwestern and southwestern Atlantic (NW–
SW) species pairs are likely underestimated. For example,

Vermeij (1991; his Fig. 1), in his global biotic exchange

synthesis indicates no trans-tropical marine exchange in

this region. The apparent reason is that compilations of

geographic distributions along the shores of the western

Atlantic often ignore the intertropical hiatus. Members of

such closely related northwestern and southwestern Atlan-

tic pairs are often classified as subspecies or even placed

under the same specific name despite being separated by

an intertropical latitudinal gap (e.g., Joyeux 2001). This

pattern of distribution was named antitropicality (Hubss

1952) and can be divided into three general categories:

(1) Strictly bipolar distribution, where related organisms

are distributed in cold-temperate and cold regions of both

hemispheres (Ekman 1953). This pattern is well repre-

sented among cnidarians (Stepanjants et al. 2006), marine

bacteria (Zeng et al. 2010), bryozoans (Kuklinski and Bar-

nes 2010), and protozoa (Darling et al. 2000; Di Giuseppe

et al. 2013). (2) Bitemperate distribution (Hubss 1952),

where related organisms are distributed in the warm-tem-

perate regions of both hemispheres. This pattern is well

represented among bivalves (Jozefowicz and O0 Foighil

1998; Hilbish et al. 2000; Shilts et al. 2007), fishes (Grant

and Leslie 2001), bryozoans (Schwaninger 2008), and

starfishes (Nakamura et al. 2011). (3) Distribution inter-

rupted only in the equatorial region, with closely related

species present in the intertropical belt. Randall (1982)

introduced the term “antiequatorial” to describe this pat-

tern, which is well represented among western Atlantic

species or species pairs distributed northwest and south-

east of the combined plume of the Orinoco and Amazon

rivers, including some reef fishes (Joyeux 2001; Luiz et al.

2013), lobsters (Rodr�ıguez Rey 2010), and crabs (Tour-

inho et al. 2012).

The suite of historical events described above defines

the scenarios in which the phylogenetic and phylogeo-

graphic relations of South American marine taxa can be

considered. The scorched mussels of the genus Brachidon-

tes s.s. (Brachidontinae, including Mytilaster, Huber 2010)

are a good model for studying this subject. These mussels

are ubiquitous in the intertidal zone of rocky shores along

both coasts of South America (Tanaka and Magalh~aes

2002; Bertness et al. 2006; Adami et al. 2013). Four spe-

cies of brachidontes occur along the Atlantic coast of

South America. Three of them (Brachidontes solisianus,

B. darwinianus, and B. rodriguezii) are found in warm-

temperate waters, and the fourth (Perumytilus purpuratus)

is found exclusively in the southern, cold-temperate

waters of southern South America. Brachidontes solisianus

is a marine species distributed from Rio de Janeiro (22°S)
south to Santa Catarina (27°S; Brazil). Brachidontes dar-

winianus, an estuarine species, is distributed from south-

ern Brazil, where it forms mixed beds with B. solisianus

in regions of low salinity, to the northern coast of the La

Plata River estuary (Uruguay). The third species, B. rodri-

guezii, a marine species, extends from Rio Grande do Sul

(Brazil) (~32°S; Scarabino et al. 2006; Trovant et al.

2013) south to the North Patagonian gulfs (~43°S Nuevo,

San Jos�e, San Mat�ıas) where it coexists with the fourth

species Perumytilus purpuratus (Scarabino 1977). Perumy-

tilus purpuratus in turn is distributed from 41°S on the

Atlantic, south through southern South America and con-

tinues on the Pacific side where it is found both in the

cold-temperate and in the warm-temperate waters of the

Magellanic and Chile-Per�u biogeographic provinces,
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respectively (Briggs and Bowen 2012; Fig. 1) up to Lat.

3°S.
The historical processes likely responsible for the pre-

sent distribution of these four scorched mussel species

vary across species. Perumytilus purpuratus, the southern-

most species is closely related to Austromytilus rostratus,

from Australia. The presence of Perumytilus purpuratus in

South America can thus best be explained by dispersal in

an early WWD scenario, following the breakdown of shelf

connections between southern Australia, Antarctica, and

southern South America during the Eocene (Trovant

et al. 2015). The processes that have influenced the distri-

bution for the other three brachidontes remain largely

unstudied and require a proper understanding of their

phylogenetic relationships. Antitropicality has for instance

been signaled as a potential pattern for at least two of the

species (Brachidontes darwinianus and B. solisianus). The

phenotype of Brachidontes darwinianus (Uruguay and

Brazil) is very similar to that of the B. exustus species

complex (Linnaeus) in the Gulf of Mexico, to the point

that some authors consider them synonymous (e.g., Rios

1994). This complex, although, has recently been shown

to comprise five cryptic species distributed in the Carib-

bean and Gulf of Mexico, plus two geminated species in

the Pacific (Lee and �O Foighil 2005). In the absence of

genetic studies on B. darwinianus, its relationship with

the B. exustus species complex has thus far remained

unresolved. Brachidontes solisianus, originally described by

d’Orbigny (1842, 1846) based on materials collected in

Uruguay (Maldonado) and Brazil (Rio de Janeiro), exhi-

bits numerous records along the Brazilian coast north of

Santa Catarina (28°S). This species has also been cited for

localities north of the intertropical zone (Rios 1994),

although these records require more scrutiny. If con-

firmed, this pattern would be another potential case of

antitropicality. It has also been argued that the third spe-

cies, B. rodriguezii, may actually be related to fossil forms

from the Miocene present in the same geographic region

where the species is found today (Trovant et al. 2013).

The aim of the present study was to document patterns

of antitropical distribution in the western Atlantic region.

This general pattern, largely ignored due to perception

bias, is frequently observed in many warm-temperate spe-

cies in the southwest Atlantic. We examined whether the

distribution of two Brachidontes species in the southwest

Atlantic, B. solisianus and B. darwinianus, fits an antitrop-

ical pattern. This in turn requires the clarification of the

relationships within Brachidontes s.s. The hypothesis con-

sidered, implicit in the taxonomic literature, postulates

that B. darwinianus and B. solisianus are members of

antiequatorial pairs (distributed northwest and southeast

of the combined plume of the Orinoco and Amazon riv-

ers), with geminates belonging to the B. exustus species

complex and present in the Gulf of Mexico and the Car-

ibbean. This implies that (1) both Brachidontes darwini-

anus and B. solisianus belong to the B. “exustus” clade;

and (2) the approximate time of divergence of both spe-

cies from the B. exustus complex corresponds to the begin-

ning of the deposition of sediment and freshwater flow

from the Amazon River to the Atlantic at the end of the

uplift of the Andes in the Middle–Late Miocene, around

10 Mya.

Materials and Methods

Sample collection

Specimens of Brachidontes solisianus, B. darwinianus, and

B. rodriguezii were collected from nine localities dis-

tributed along the coast of Brazil and Uruguay from

(A) (B) (C)

Figure 1. Localities of the genetically analyzed (blue circle) and museum (light green cross) specimens of (A) Brachidontes solisianus, (B) B.

darwinianus, and (C) B. rodriguezii, distributed throughout Brazil, Uruguay, and Argentina. See Table 1 for details.
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Bah�ıa (~14°S) to Montevideo (~34°S, Fig. 1, Table 1).

Tissue samples were stored in 95% ethanol. Morphologi-

cal traits were measured in sampled specimens and in

Brachidontes material deposited in the “Museu Oceano-

grafico Eliezer Rios”, Rio Grande, Brazil, and “Museo

Nacional de Historia Natural”, Montevideo, Uruguay

(Fig. 1, Data S3). To support the assignment of individu-

als to species, high-quality images were obtained of the

type material of B. solisianus B. darwinianus, B. rodrigue-

zii, and B. adamsianus deposited in the British Museum

of Natural History. The phenotypes of the specimens

from the Gulf of Mexico, the Caribbean, and the eastern

tropical Pacific included in the study of Lee and �O Foighil

(2004, 2005), which had not been adequately described,

were properly characterized using material on loan of B.

“adamsianus I” (n = 35), B. “adamsianus II” (n = 3), and

B. “ exustus I” (n = 34), and both valves of each specimen

were photographed.

DNA sequences of related taxa were downloaded from

GenBank and are listed on Table 2, along with the

sequences obtained for this study. A nuclear sequence of

the 18S rDNA gene available in Genbank identified as B.

dominguensis Lamarck 1819 was included in the phy-

logeny taking into account that this species has been con-

sidered a junior synonym of B. exustus (Rios 2009).

DNA extraction, amplification, and
sequencing

DNA was isolated from the posterior adductor muscle

using the phenol–chloroform protocol (modified from

Sambrook et al. 1989). We used LCO1490/HCO2198

(Folmer et al. 1994), CO1aF/CO1aR (Trovant et al.

2013), and a new set of primers: COI-UY-79-F (50 ACA
AAT CAT AAA GAT ATT GGT ACH YTW TA) and

COI-UY-iv-733-R1 (AAC AAR TGT ATA AAT AAM

ACA GGA TC) (Lessa E. and Tomasco I., Universidad de

la Rep�ublica, Uruguay) to amplify the cytochrome oxidase

subunit I (COI), of 559 bp (aligned length) and D23F/

D6R (Park and O0 Foighil 2000) and 22F/ 1789R (Medlin

et al. 1988) to amplify two nuclear genes: the large ribo-

somal subunit (28S), of 813 bp (aligned length), and the

small subunit rDNA (18S), of 1627 bp (aligned length).

Additional primers, 18S-1F 18S-2F, 18S-3F; 18S-4F; 18S-

1R, 18S-2R, and 18S-3R (Goto et al. 2011), were used for

sequencing the 18S rDNA gene. When possible, we

sequenced ten specimens per locality for COI and two

specimens per locality for 28S and 18S. In total, we

obtained 129 sequences (82 for the COI, 26 for the 28S,

and 21 for the 18S). Fewer nuclear than mitochondrial

sequences were obtained because of the relatively low

variability found in the 28S and 18S nuclear genes. To

amplify the genes, we used Tsg polymerase (Bio Basic

Inc., Canada). The protocol included an initial denaturing

temperature of 95˚ C for 5 min, followed by 30 cycles of

95˚ C for 45 sec, an annealing temperature of 45°C for

1 min for the COI and 52°C for the 28S and 18S, 72°C
for 1 min, and a final extension at 72°C for 10 min. After

extraction and amplification, the DNA was visualized by

UV transillumination in 1% agarose gels stained with flu-

orescent green dye (BIOTIUM). Extractions and amplifi-

cations of DNA samples were performed in the

Laboratory of Molecular Biology (CENPAT, Argentina),

while the purification of PCR products and sequencing of

both strands of DNA were carried out in CENPAT labo-

ratory and Macrogen Inc. (Maryland, USA), using for the

Table 1. Sampling sites of Brachidontes s.s. species from the coast of

Brazil (BR) and Uruguay (UY). In the analysis were added, for compar-

ison, samples from Argentina and Uruguay analyzed in Trovant et al.

(2013) (Table 1) indicated by (*).

Species Locality Latitude/Longitude

Brachidontes

solisianus

Itapoa, Bah�ıa (BR) 12°580S, 38°220W
Cumuruxatiba, Bah�ıa (BR) 17°050S, 39°110W
Niteroi, Bah�ıa de

Guanabara, R�ıo de

Janeiro (BR)

22°520S, 43°060W

Paraty, R�ıo de Janeiro

(BR)

23°120S, 44°430W

Praia da Cima, Santa

Catarina (BR)

28°000S, 48°350W

Praia do Casino (Nav�ıo

Altair), R�ıo Grande do

Sul (BR)

32°110S, 52°090W

Brachidontes

darwinianus

Bah�ıa de Ilheus, Bah�ıa

(BR)

14°470S, 39°010W

Niteroi, Bah�ıa de

Guanabara, R�ıo de

Janeiro (BR)

22°520S, 43°060W

Paraty, R�ıo de Janeiro

(BR)

23°120S, 44°430W

Praia do Casino (Nav�ıo

Altair), R�ıo Grande do

Sul (BR)

32°110S, 52°090W

Punta Canario,

Montevideo (URY)*

34°510S, 56°090W

Brachidontes

rodriguezii

Praia do Casino (Nav�ıo

Altair), R�ıo Grande do

Sul (BR)

32°110S, 52°090W

Santa Clara del Mar,

Buenos Aires (AR)*

37°500S, 57°300W

Bah�ıa San Blas, Buenos

Aires (AR)*

40°320S, 62°150W

Bah�ıa Rosas, R�ıo Negro

(AR)*

41°010S, 64°060W

Puerto Madryn, Chubut

(AR)*

42°460S, 65°000W

Brachidontes

exustus

Laguna de Chacopata,

Sucre (VE)

11°70N, 64°280W
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COI and the 28S the same primers as in the amplifica-

tion. DNA sequence data were edited in CodonCode

Aligner v 2.0.4 and aligned using default parameters with

Clustal W (Thompson et al. 1994).

Some Mytilids have a form of mtDNA inheritance

known as “doubly uniparental inheritance” (DUI) (Fisher

and Skibinski 1990; Hoeh et al. 1991; Zouros et al. 1992;

Geller 1994; Skibinski et al. 1994a,b; Stewart et al. 1995;

Quesada et al. 1996). This phenomenon has been found

in some brachidontes (B. exustus species complex, Lee

and �O Foighil 2004; P. purpuratus Vargas et al. 2015), but

not in others (Terranova et al. 2007). Species exhibiting

DUI are characterized by two distinct mtDNAs: A mater-

nally inherited mitochondrial genome present in eggs and

somatic tissues of females and males and a different,

paternally inherited mitochondrial genome in the male

germ line (Rawson and Hilbish 1995). The paternal

mtDNA is preferentially replicated, particularly in the

gonad. Following Lee and �O Foighil (2004), we extracted

DNA from the posterior adductor muscle tissue because

this muscle is unlikely to be infiltrated by germ line tissue

irrespective of the sex of an individual mussel.

Phylogenetic analyses and divergence time
estimation

To assess the degree of saturation of mitochondrial

sequences, a test of substitution saturation (Xia and

Lemey 2009) was performed in DAMBE v5 (Xia 2013).

Subsequently, two phylogenies of Brachidontes s.s were

constructed, one based on a concatenated 28S and 18S

dataset and the other on COI sequences. Nuclear and

mitochondrial analyses were performed separately, due to

the large difference in the number of available sequences

of terminal taxa. The mytilids Mytilus galloprovincialis

and M. edulis (Mytilinae), Ischadium recurvum (as Mytili-

nae en Huber 2010), Geukensia spp. (Brachidontinae),

and one representative of each of the genera of the AMP

clade (sensu Trovant et al. 2015; Austromytilus, Mytilisepta

y Perumytilus) were selected as outgroups.

Two methods were utilized for phylogenetic reconstruc-

tion: maximum likelihood (ML) and Bayesian inference

(BI). The Akaike Information Criterion (AIC), imple-

mented in jModelTest v 2.1.5 (Darriba et al. 2012), was

applied to find the models of evolution that best fit the

data (see Supporting information, Data S1). The selected

models were used in ML analyses of nuclear and mito-

chondrial datasets, conducted with RAxML 7.4.2 (Sta-

matakis 2006), and implemented in raxmlGUI 1.3

(Silvestro and Michalak 2012) with 1000 replicates. Phylo-

genies reconstructed with BI were estimated with different

substitution (HKY+G+I, Hasegawa et al. 1985; and

GTR+G+I, Tavar�e 1985) and tree (Yule and birth–death

processes) models. The marginal-likelihood scores of the

posterior distributions were compared using Bayes Factors

(BFs, Kass and Raftery 1995) with two different methods:

harmonic mean estimation (HME, Newton and Raftery

1994) and a posterior simulation-based analog of the

Akaike information criterion through Markov chain

Monte Carlo analysis (AICM, Raftery et al. 2007) imple-

mented in Tracer v1.6 (Rambaut et al. 2014) (see Sup-

porting information, Tables S1.1 and S1.2). Bayesian

reconstructions were conducted using BEAST v. 1.8.0

(Drummond et al. 2012) with a Markov chain Monte

Carlo (MCMC) simulation for 100 million generations

for the nuclear phylogenies and mitochondrial dataset,

sampling trees every 1000 generations with a burn-in of

25%. Convergence diagnostics were conducted in Tracer,

and reliable ESS values (>200) were ensured. Then, the

maximum credibility tree was generated from the com-

bined trees in TreeAnnotator v 1.6.1 (Drummond et al.

2012). Finally, the edition of the trees was carried out in

FigTree v 1.4 (Morariu et al. 2008).

The substitution rate and divergence times among

Brachidontes solisianus and B. exustus I (Western Atlantic

Clade) were estimated from the COI dataset with the

equation l = (1/2 9 d)/t, where l is the substitution

rate, d is the distance, and t is the genetic divergence

time, using the separation time among B. “exustus I “ and

B. “adamsianus I” sensu Lee and �O Foighil (2005), which

was estimated from the formation of the Isthmus of

Panama (3.3 � 0.2 Ma, Lessios 2008).

Genetic diversity and population structure

The estimates of evolutionary divergence over sequence

pairs within and between B. solisianus, B. “exustus I”, and

B. “adamsianus I”, were calculated using “p-distance”

(Kimura 1980) in MEGA v5 (Tamura et al. 2011). Most

sampling sites are separated by hundreds of kilometers

and were thus considered to represent distinct popula-

tions. One exception comprised two sampling sites

located in Rio de Janeiro (Niteroi 22°S and Paraty 23°S)
that were considered a single locality. Standard diversity

indices such as the number of polymorphic sites (S),

number of haplotypes (k), haplotype diversity (Hd),

nucleotide diversity (p), and mean number of pairwise

differences (П) were estimated for each population using

Arlequin 3.5 (Excoffier and Lischer 2010). In addition,

pairwise FST estimates were obtained for mtDNA COI

based on 10,000 permutations with Arlequin. The signifi-

cance of pairwise comparisons between populations was

tested applying Holm–Bonferroni sequential correction

(Holm 1979). To represent the spatial distribution of

haplotypes, we constructed a maximum-parsimony COI

haplotype network using the median joining algorithm
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(Bandelt et al. 1999) with default parameters using Net-

work v 4.6.13 (Polzin and Daneschmand 2003). Following

the construction of the network, a “MP calculation” was

performed to reduce the number of links and unnecessary

vectors.

Demographic history

The hypothesis of neutrality, where a constant population

size is assumed, was examined with two different

approaches. Fu’s Fs (Fu 1997) and Tajima’s D (Tajima

1989) tests were calculated on COI sequences using

DnaSP v 5.10 (Librado and Rozas 2009). In addition,

mismatch distribution analysis (Rogers and Harpending

1992) was used to visualize the signature of the expan-

sion, and the Harpending’s raggedness index (r)

(Harpending et al. 1993) was calculated to quantify the

smoothness of the observed distribution. In a population

that has been stationary for a long time, these distribu-

tions from nonrecombinant DNA sequences become

ragged and erratic, whereas a population that has been

growing generates mismatch distributions that are smooth

and unimodal (Harpending 1994). In expanding popula-

tions, the raggedness value is low and nonsignificant,

while it is usually high and significant in stationary popu-

lations.

Results

Phylogeny Brachidontes s.s. and divergence
time estimation

The phylogenies were inferred from mitochondrial and

nuclear data under the selected substitution model

GTR+G+I (for details see Supporting information) and

recovered three clades: (1) Brachidontes s.l., (2) Geukensia

+ Ischadium, and (3) Austromytilus + Mytilisepta + Peru-

mytilus (Figs 2–4). Within the Brachidontes clade, both

the nuclear and mitochondrial phylogenies distinguish the

three focal species Brachidontes solisianus, B. darwinianus,

and B. rodriguezi with high support. While the relation-

ships among the members of the Brachidontes clade,

including B. darwinianus and B. rodriguezi, differ between

the mitochondrial and nuclear phylogenies (Figs 2–4),

Figure 2. Phylogenetic Bayesian reconstruction of Brachidontinae from the 18S rDNA gene. Numbers on branches represent the values of

Bayesian posterior probabilities/bootstraps of maximum likelihood (only >60) as support for nodes. The species sequenced in this study are

indicated in bold and numbers in parentheses following the name of the species indicate the number of sequences.
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neither the nuclear nor the mitochondrial genomes place

B. darwinianus or B. rodriguezii in a close relationship

with the B. exustus species complex. Lastly, whereas both

phylogenies group Brachidontes solisianus (Brazil) together

with B. “exustus I” (Western Caribbean) and its geminate

pair B. “adamsianus I” (Eastern Pacific), the nuclear phy-

logeny does not distinguish among these three species.

Assuming a divergence time between B. “exustus I” and B.

“adamsianus I” of 3.3 � 0.2 Mya following the formation

of the Panama Isthmus and a genetic distance 20.2% (see

Table 3), we estimated a substitution rate of 0.03 substi-

tutions/site/Myr. Using this substitution rate, we then

estimated the divergence time between B. “exustus I” and

B. solisianus to be 2.6 � 0.6 Mya.

Genetic diversity, population structure, and
demographic history

Observed saturation indices were significantly lower than

expected (Isso: 0.22 to 0.23 < Isse: 0.35 to 0.75;

P < 0.05), suggesting little saturation for mitochondrial

sequences; we thus performed all analyses with the full

COI dataset. No indels or stop codons were detected in

these sequences.

Interspecific genetic distances between B. solisianus, B.

“exustus I”, and B. “adamsianus I” ranged between 16%

and 20.2%, while intraspecific genetic distances varied

between 0.02% and 0.03% (N = 89, Table 3).

Genetic diversity indices were similar between species.

Only one species, B. solisianus, showed evidence of

population expansion and/or positive selection, with sig-

nificant and negative values of Fs and Tajimaʼs D

(Table 4).

The paired ΦST values indicated no significant differen-

tiation among B. solisianus populations (Table 5A). In

contrast, significant differentiations were found between

B. darwinianus populations (Table 5B) as well as between

some of the B. rodriguezii populations (Table 5C).

Brachidontes solisianus exhibited a star-like haplotype

network, a unimodal distribution, and a low and no signif-

icant Harpending index value (Figs 5A and 6A), while B.

darwinianus and B. rodriguezii, both exhibited nonstar-like

Figure 3. Phylogenetic Bayesian reconstruction of Brachidontinae from the 28S rDNA gene. Numbers on branches represent the values of

Bayesian posterior probabilities/bootstraps of maximum likelihood (only >60) as support for nodes. The species sequenced in this study are

indicated in bold and numbers in parentheses following the name of the species indicate the number of sequences.
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or expanded networks, multimodal distributions, and a

higher and significant Harpending index value (Figs. 5B,C

and 6B,C). In the haplotype network of B. solisianus, the

haplotype 1 has the highest frequency, a wide geographic

distribution and numerous connections with rare haplo-

types (Fig. 5A). For B. darwinianus, the haplotype 1 and 4

are the most frequent (Fig. 5B), while for B. rodriguezii

(Fig. 5C) haplotype 4 is the most common and has a broad

geographic distribution.

Review of the museum material

Brachidontes solisianus museum samples were distributed

from Cear�a (Brazil, 3.7°S) to the east dock of Rio Grande

do Sul (32.1°S), those of B. darwinianus samples were dis-

tributed from Bahia (Brazil, 13°S) to Punta del Este

(Uruguay, 34.9°S), and those of B. rodriguezii were dis-

tributed from Garopaba (Brazil, 28.9°S) to Puerto

Madryn (Argentina, 42°S) (Fig. 1; Data S2–3).
We re-examined and characterized the phenotypes of

the material identified by Lee and �O Foighil (2004, 2005)

as B. adamsianus I, B. adamsianus II, and B. exustus I.

Based on our photographic comparisons with their type

material, we found that specimens they identified as B.

“adamsianus II” phenotypically match the original

description of B. adamsianus (Fig. 7A), while the material

they identified as B. “adamsianus I “(Fig. 7C) is pheno-

typically similar to the type material of B. solisianus

d’Orbigny (Fig. 7E), the B. solisianus specimens we col-

lected (Fig 7F) and B. “ exustus I “(Fig. 7D).

Figure 4. Phylogenetic Bayesian reconstruction of Brachidontinae from mitochondrial COI gene. Numbers on branches represent the values of

Bayesian posterior probabilities/bootstraps of maximum likelihood (only >60) as support for nodes. (Numbers in parentheses) Collapsed nodes, the

sequences of all sampled locations are included; see details on Tables 1 and 2. The species sequenced in this study are indicated in bold and

numbers in parentheses following the name of the species indicate the number of sequences.
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Discussion

Phylogenetic relationships and
phylogeographic patterns

Despite the relatively small sample sizes and loci analyzed,

we observed a highly supported general pattern. Phyloge-

netic reconstructions based on nuclear and mitochondrial

data suggest that B. solisianus, B. darwinianus, and B.

rodriguezii are species belonging to different lineages

within the Brachidontes s.s. clade. Brachidontes solisianus

is closely related to B. exustus I, a species with which it

exhibits an antitropical distribution, and to this species’

geminate pair from the Pacific Ocean, B. adamsianus I.

Brachidontes darwinianus, an estuarine species previously

considered on the basis of phenotype to be related to the

B. exustus complex, is shown here not to be related to this

complex. We suspect ancestral forms may have dispersed

from the Caribbean to the Atlantic coast via the Trans-

Amazonian seaway (Miocene). The third species, B rodri-

guezii, is presumed to have a long history in the region

with related fossil forms going back to the Miocene.

Below, we describe the species’ distribution patterns and

the processes potentially responsible for these distribu-

tions in detail.

Brachidontes solisianus and antitropicality

The mitochondrial phylogeny groups Brachidontes solisia-

nus, a species distributed along the coast of Brazil, with

B. “exustus I” from the Gulf of Mexico and Caribbean

and with B. “adamsianus I” from the Tropical Eastern

Pacific. Thus, while all three species group within the B.

exustus complex sensu Lee and �O Foighil (2005), their dis-

tributions are disjunct. One disjunction, caused by the

appearance of Isthmus of Panama, separates B. “exustus

I” from B. “adamsianus I” (discussed by Lee and �O

Foighil 2005). The second disjunction corresponds to an

equatorial gap between B. “exustus I” and B. solisianus.

Table 3. Genetic distances calculated with the “P-distance” method

on the COI dataset between and within Brachidontes solisianus,

B. “exustus I” and B. “adamsianus I”, based on mitochondrial

sequence data. The estimates of the standard error (SE) were

obtained by bootstrap (1000 replicates).

Mean genetic

distance (%) SE

Between groups

B. solisianus- B. “exustus I” 16.0 0.015

B. solisianus- B. “adamsianus I” 17.5 0.014

B. “exustus I”- B. “adamsianus I” 20.2 0.014

Within groups

B. solisianus 0.002 0.001

B. “exustus I” 0.074 0.007

B. “adamsianus I” 0.032 0.005

Table 4. Genetic diversity indexes and neutrality tests by locality and species based on mtDNA sequences (COI) of Brachidontes species. N: num-

ber of samples; S: number of polymorphic sites; k: number of haplotypes; Hd: haplotype diversity; p: nucleotide diversity; П: average number of

nucleotide differences; and SD: standard deviation. (*) Statistically significant differences. Fs is considered significant when P < 0.02, while

Tajima’s D is considered significant when P < 0.05.

Locality N S k Hd p П Fs Tajima’s D

B. solisianus

Cumuruxativa 11 7 5 0.80 0.002 1.48 �0.66 (P = 0.25) �1.03 (P = 0.17)

Niteroi + Paraty 9 8 5 0.83 0.003 2.00 �0.78 (P = 0.27) �1.46 (P = 0.09)

Itapoa 6 6 4 0.90 0.003 2.00 �0.56 (P = 0.22) �0.66 (P = 0.37)

Praia da Cima 10 9 7 0.86 0.003 1.95 �3.34* (P = 0.01) �1.68* (P = 0.03)

Praia do Casino 8 3 2 0.58 0.001 1.11 1.84 (P = 0.78) �1.51 (P = 0.05)

Total 44 22 19 0.68 0.002 1.34 �19.41* (P = 0.001) �2.41* (P < 0.01)

B. darwinianus

Bah�ıa de Ilheus 9 1 2 0.22 0.0003 0.22 0.67 (P = 0.43) �1.36 (P = 0.09)

Niteroi + Paraty 9 3 3 0.41 0.0013 0.66 �0.38 (P = 0.17) �1.51 (P = 0.05)

Praia do Casino 2 – 1 – – – – –

Punta Canario 8 3 4 0.64 0.0015 0.75 �1.83* (P = 0.01) �1.45 (P = 0.07)

Total 26 9 9 0.81 0.005 2.21 �0.38 (P > 0.10) �1.08 (P = 0.30)

B. rodriguezii

Praia do Casino 6 6 3 0.73 0.009 2.80 1.67 (P = 0.80) 0.38 (P = 0.65)

Santa Clara del Mar 6 7 3 0.60 0.006 3.33 2.03 (P = 0.87) 0.51 (P = 0.67)

Bah�ıa San Blas 8 10 5 0.86 0.007 4.04 0.33 (P = 0.53) 0.22 (P = 0.63)

Bah�ıa Rosas 9 2 3 0.41 0.0008 0.42 �1.08 (P = 0.05) �1.36 (P = 0.09)

Puerto Madryn 8 1 2 0.25 0.0004 0.25 �0.18 (P = 0.20) �1.05 (P = 0.22)

Total 37 10 7 0.58 0.006 1.92 1.16 (P > 0.10) 0.37 (P = 0.83)
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This disjunction is an example of antitropicality known as

“antiequatorial distribution” (Randall 1982), with B.

“exustus I” and B. solisianus, respectively, distributed

northwest and southeast of the Orinoco and Amazon

combined pens.

The antiequatorial patterns observed in the western

Atlantic have sometimes been attributed to the flow his-

tory of the Amazon. While temperature has been hypoth-

esized to explain the origin of bipolar and bitemperate

distributions during the cooling events of the Plio-Pleisto-

cene (Berg 1933; Grant and Leslie 2001; Burridge 2002),

it is unlikely to have been a relevant factor in the distri-

bution of B. solisianus and B. “exustus I” as both species

are present in the warm waters of the intertropical region.

Instead, salinity and habitat are the likely factors responsi-

ble for the disjunction exhibited by these marine rocky

shore species. Geological records indicate the deposition

of sediment and freshwater flow from the Amazon River

to the Atlantic began at the end of the uplift of the Andes

in the Middle-Late Miocene, around 10 Mya (Hoorn

1993, 1996). Currently, the Amazon River discharges a

large volume of freshwater into the Atlantic (Curtin

1986a,b) altering salinity and causing sediment discharge

up to 500 km from the coast (Rocha 2003). This barrier

is considered to be selective as it affects different species

to varying degrees. For instance, while some populations

or species of reef fish exhibit low genetic differentiation

across the barrier (Joyeux 2001), the spiny lobster (Pan-

ulirus argus) exhibits high genetic differentiation among

populations from the Caribbean and Brazil with an esti-

mated time of divergence of 16 Mya (5–23 Mya; Tour-

inho et al. 2012), a time consistent with the start of the

Amazon flow to the Atlantic. The genetic distance found

in the lobster is comparable to that found between

Brachidontes solisianus and B. “exustus I” in this study.

The divergence time for the pair B. solisianus–B.
“exustus I” was estimated at 2.6 Mya (2.45–2.77 Mya),

centered at the beginning of the Quaternary. This dis-

junction would be more recent than the divergence

between B. “exustus I” and B. “adamsianus I”, attributed

to the formation of the Isthmus of Panama, and esti-

mated at 3.3 Mya (3.1–3.5 Mya). The lower genetic dis-

tance between B. “exustus I” and B. solisianus than

between B. “exustus I” and B. “adamsianus I” likely

reflects the “permeability” of the Amazon barrier com-

pared to the Isthmus of Panama during the Quaternary

rather than the relative age of the geologic event that

created the disjunction.

The most plausible hypothesis to explain the evolu-

tionary history of B. solisianus and B. “exustus I” is

vicariance through parapatric speciation (separation

with casual contact) (Fig. 8). Prior to the origin of the

Amazon (ca. 10 Ma) and the formation of the Isthmus

of Panama, the common ancestor of B. solisianus, B.

“exustus I”, and B. “adamsianus I” would have been

distributed in the eastern tropical Pacific, Caribbean,

Table 5. ΦST paired comparisons (below the diagonal) and approximate distance in km (above the diagonal) between populations of (A) B. solisia-

nus, (B) B. darwinianus, and (C) B. rodriguezii. The uncorrected P-values are shown to the left of the bar and the P-values after Bonferroni–Holm

correction to the right of the bar. (*): Statistically significant differences (P-value below its corrected value). In B. darwinianus, P-values were all

equal to 0.0000001 so the Bonferroni–Holm correction could not be calculated.

Brachidontes solisianus 1 2 3 4 5

1. Cumuruxativa – 980 1950 2230 2960

2. Niteroi + Paraty 0.008 (0.50/0.010) – 970 1200 1900

3. Itapoa 0.001 (0.37/0.008) 0.004 (0.35/0.007) – 290 1000

4. Praia da Cima 0.030 (0.77/0.05) 0.029 (0.73/0.025) 0.028 (0.70/0.017) – 730

5. Praia do Casino 0.047 (0.14/0.006) 0.006 (0.58/0.013) 0.145 (0.08/0.005) 0.045 (0.11/0.006) –

Brachidontes darwinianus 1 2 3 4

1. Bah�ıa de Ilheus – 1270 3200 3570

2. Niteroi + Paraty 0.84* – 1900 2380

3. Praia do Casino 0.93* 0.29 – 400

4. Punta Canario 0.85* 0.68* 0.71* –

Brachidontes rodriguezii 1 2 3 4 5

1. Praia do Casino – 1100 1700 1800 2100

2. Santa Clara del Mar 0.16 (0.99/0.025) – 500 600 1100

3. Bah�ıa San Blas 0.30* (0.004/0.006) 0.34* (0.003/0.006) – 100 400

4. Bah�ıa Rosas 0.61 (0.10/0.02) 0.64* (0.003/0.005) 0.257 (0.01/0.008) 300

5. Puerto Madryn 0.59 (0.014/0.01) 0.62* (0.006/0.007) 0.236 (0.08/0.013) 0.000 (0.99/0.05) –
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and the coast of Brazil. The beginning of the Amazon

River flow started to develop a barrier that separated

the Brazilian and Caribbean populations, which began

to differentiate. The divergence between B. solisianus

and B. “exustus I” may have been associated with the

intensification of river flow caused by the uplift and

erosion of the Andes during the Pliocene

(5.3 � 1.6 Mya, Hoorn 1994), becoming more effective

during the Pleistocene. The separation of B. “adam-

sianus I” from B. “exustus I” was instead, the result of

the formation of the Isthmus of Panama, usually esti-

mated at 3.3 Mya.

The age of closure of the isthmus and its biogeographic

implications has been subject of recent debate (Stone

2013). The hypothesis with more evidence is its complete

closure during the Pliocene (3.1–3.5 Mya, e.g., Jackson and

O’Dea 2013) while alternate hypotheses support a much

earlier closure (~15 Ma, Montes et al. 2012; Bacon et al.

2015). However, the shallow interoceanic connections

appear to have continued during the Pliocene, not affecting

the connectivity between populations of species such as

small mussels distributed in shallow waters. After the final

closure of the isthmus (~3.3 Ma), the populations of the

eastern tropical Pacific and the Caribbean were completely

Figure 5. Haplotype networks based on COI of: (A) B. solisianus, (B) B. darwinianus y, (C) B. rodriguezii.
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isolated, without possibility of gene flow. Thus, while

the most probable hypothesis for the speciation of

B. “adamsianus I” (tropical Pacific) is vicariance by allopa-

try with the formation of the Isthmus of Panama 3.3 Mya,

the most probable hypothesis for the speciation of B. soli-

sianus is parapatric vicariance, a slow process that may have

begun in the Late Miocene with the origin of the Amazon

River flow and would have culminated during the Quater-

nary with the intensification of the current.

Brachidontes darwinianus and the trans-
Amazonian seaway

The hypothesis of an antitropical distribution and a close

relationship between B. darwinianus and the B. exustus

complex (based on phenotypic resemblance, Rios 1994) is

clearly refuted by our results. The nuclear phylogeny

indicates that B. darwinianus is not a part of the B. exustus

species complex. The origin of B. darwinianus, an estuarine

species, is intriguing. One plausible scenario involves a

shallow sea with variable conditions of salinity, from nor-

mal to low (P�erez et al. 2011), known as the “Paranaense”

or “Entrerriense” Sea, that covered a wide area of Argen-

tina, Uruguay, and southern Brazil during the Middle Mio-

cene (Mart�ınez and del R�ıo 2002), giving the conditions for

their speciation. However, there are no related fossil forms

in the deposits left by the Paranaense Sea. The only fossil

material is associated with B. rodriguezii (del R�ıo 1991).

This fact leads us to think about the possible role of the

connection between the Atlantic and the Caribbean Sea

during the Caribbean and Paranaense marine transgres-

sions of the Miocene, as has been suggested for other inver-

tebrate groups (e.g., tube anemones, Stampar et al. 2012),

although the existence of such connection has been ques-

tioned (Hern�andez et al. 2005; Wesselingh and Salo 2006;

Cooke et al. 2012). Assuming that there was a connection,

this seaway could have allowed the ancestral species,

adapted to tolerate very low salinities and shallow estuarine

environments, to enter to the southwestern Atlantic. We

speculate that, following the closure of the trans-Amazo-

nian seaway, the population limited to the Caribbean Sea

likely became extinct while the other population became

restricted to the southwestern Atlantic. The origin of B.

darwinianus remains a puzzle that is beyond the scope of

the present study.

Finally, as indicated by Trovant et al. (2013), B. rodri-

guezii is a distinct species that diverged very early in the

history of the genus. The presence of related fossil forms

in the Late Miocene of the Paranaense province moti-

vated the hypothesis of a long evolutionary history of this

species in this region.

Genetic diversity, population structure, and
demographic history

The three species distributed in the warm-temperate

region of the southwestern Atlantic, B. solisianus, B. dar-

winianus, and B. rodriguezii, differed in their population

structure and genetic diversity as well as in their demo-

graphic history. Brachidontes solisianus exhibited signs of

a recent population expansion and, despite its wide distri-

bution along the Brazilian coast, showed no genetic dif-

ferentiation among populations. Brachidontes darwinianus

and B. rodriguezii showed instead significant genetic dif-

ferentiation among populations, without evidence of

recent changes in population size. The population struc-

ture observed among B. darwinianus populations may be

explained by the fact that this species is typical of estuar-

Figure 6. Distribution mismatch of: (A) B. solisianus, (B) B.

darwinianus y, (C) B. rodriguezii.
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ine environments, which are often discontinuous and sep-

arated by extensive marine shoreline potentially acting as

barriers to dispersal. Brachidontes rodriguezii also exhib-

ited differences among some of the populations. The pop-

ulation from Santa Clara del Mar in Argentina (Fig. 1),

for instance, differed from populations in more southern

locations, a result that can be explained by the hundreds

of kilometers of coastline with sandy beaches and muddy

tidal flats (SEGEMAR 2000) that separate these locations,

habitats which are unsuitable for small mussels.

To synthesize, four species of intertidal scorched mus-

sels exist along the Atlantic coast of South America. Their

similar physiognomy belies their vastly divergent origin.

Perumytilus purpuratus, the southernmost species and the

only scorched mussel that is found in the cold-temperate

waters of southern South America (i.e., southward of

41°S), is also found in the Pacific Ocean along the coast

of Chile. This species is closely related to Austromytilus

rostratus from Australia and has thus a Gondwanan origin

with its presence in South America linked to vicariance

and dispersal (Trovant et al. 2015). Northward of the

North Patagonian gulfs from approximately 43oS (Chu-

but, Argentina), the second species Brachidontes rodrigue-

zii first coexists and then replaces P. purpuratus and is

found up to Garopaba (28.9°S, Brazil). This is the only

species thought on the basis of its phenotypic resem-

blance with local fossils to have regional ancestry dating

back to the Miocene (del R�ıo 1991). The third species,

Brachidontes darwinianus, an estuarine species, is found

from Punta del Este (Uruguay) to Bahia (Brazil). This

species appears to be unrelated to any of the species we

examined (Figs. 2–4). One plausible hypothesis is that an

ancestor of B. darwinianus may have reached the estuaries

of the southwestern Atlantic via the Trans-Amazonian

seaway that existed during the last marine transgression.

The fourth species, Brachidontes solisianus is distributed

along the coast of Brazil from Cear�a to Rio Grande do

Sul and its closest relative is B. exustus I sensu Lee and �O

(B) (C) (D) (E) (F)(A)

Figure 7. (A) Syntype of Mytilus adamsianus Dunker from Panama (ID: 18565317_04, image courtesy of Harry Taylor, Natural History Museum);

(B) B. “adamsianus II” from Jicaron Island, Panama (Lee and �O Foighil 2005, ID: 9067); (C) B. “adamsianus I” from Puerto Vallarta, Mexico (Lee

and �O Foighil 2005, ID: 9077); (D) B. “exustus I” from Veracruz, Mexico (Lee and �O Foighil 2005); (E) Syntype of B. solisianus dˈOrbigny; (F) B.

solisianus from Cumuruxativa, Brazil.

Figure 8. Hypothetical events leading to speciation in Brachidontes. (A) Early Late Miocene: the reverse of the flow of the Amazon River to the

Atlantic Ocean with the end of the uplift of the Andes generates a permeable barrier to the population of Brachidontes sp. with a wide

distribution; (B) Pliocene–Pleistocene: After intensifying the flow of the Amazon River (~5 Ma), the differentiation of Brachidontes solisianus

continued. The formation of the Isthmus of Panam�a led to the initiation of the differentiation of B. adamsianus I and B. exustus I. (C) Actual

distribution of the species of Brachidontes.
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Foighil (2005) found in the Caribbean northwest of the

plume formed by the Amazon and Orinoco rivers,

believed to have been the barriers responsible for its

diversification. It is thus safe to conclude that despite the

very similar phenotypic appearance of the mussel beds of

the southwestern Atlantic, the presence and distribution

of the four species in this region are the result of a com-

plex suite, a collage, of diverse historical and ecological

processes acting at different times.

Acknowledgments

We dedicate this article to our coauthor and friend Jose

Maria (Lobo) Orensanz (JMO) who passed away in January

2015. We are grateful to Ana Parma, Andrea Gavio, Luci-

ana Lotto, Claudia del Rio, Cristina Pinteiro, Leonir Andr�e

Colling, and Fabrizio Scarabino for kindly assisting with

the provision of samples, to Taehwan Lee and Diarmaid �O

Foighil for lending us their Brachidontes material. To Paula

Spotorno and F. Scarabino for access to the collections of

the Museo Oceanogr�afico Eliezer R�ıos (MOFURG, Brasil)

and Museo de Historia Natural de Montevideo (MHNM,

Uruguay) and to Ms. Andreia Salvador and Harry Taylor

(British Natural History Museum) for excellent photo-

graphic and archival information on the type series of

Brachidontes species. We also thank Ivanna Tomasco and

Nicol�as Boullosa (Universidad de la Rep�ublica, Uruguay)

and Maria Cristina da Silva Cortinhas, (MOFURG, Brasil)

for assistance in the laboratory. This study was funded by

Project PICT/ Raices 57, FONCYT, Argentina. This contri-

bution is part of the doctoral thesis of BT.

Conflict of Interest

None declared.

Data Accessibility

DNA sequences: Genbank accessions number for 18S

sequences are KT192105-KT192084, for 28S sequences are

KT192106-192130 and for COI sequences are KT318184-

KT318264.

References

Adami, M. L., G. Pastorino, and J. M. Orensanz. 2013.

Phenotypic differentiation of ecologically-significant

Brachidontes species co-occurring in intertidal mussel beds

from the southwestern Atlantic. Malacolog�ıa 56:59–67.
Bacon, C. D., D. Silvestro, C. Jaramillo, B. T. Smith, P.

Chakrabarty, and A. Antonelli, 2015. Biological evidence

supports an early and complex emergence of the Isthmus of

Panama. Proc. Natl Acad. Sci. USA 112:6110–6115.

Bandelt, H.-J., P. I. Forster, and A. R€ohl. 1999. Median-joining

networks for inferring intraspecific phylogenies. Mol. Biol.

Evol. 16:37–48.
Berg, L. S. 1933. Die bipolare Verbreitung der Organismen

und die Eiszeit. Zoogeographica 1:444–484.
Bertness, M. D., C. M. Crain, B. R. Silliman, et al. 2006. The

communities structure of western Atlantic Patagonian Rocky

Shores. Ecol. Monogr. 76:439–460.
Briggs, J. C., and B. W. Bowen. 2012. A realignment of marine

biogeographic provinces with particular reference to fish

distributions. J. Biogeogr. 39:12–30.

Burridge, C. P. 2002. Antitropicality of pacific fishes:

molecular insights. Environ. Biol. Fishes 65:151–164.

Burridge, C. P., R. M. McDowall, D. Craw, M. V. H. Wilson,

and J. M. Waters. 2012. Marine dispersal as a pre-requisite

for Gondwanan vicariance among elements of the galaxiid

fish fauna. J. Biogeogr. 39:306–321.

Campbell, D. C. 2000. Molecular evidence on the evolution of

the Bivalvia. Pp. 31–46 in E. M. Harper, J. D. Taylor and J.

A. Crame, eds. The evolutionary biology of the Bivalvia.

Geological Society of London, Special Publications, London.

Cooke, G. M., N. L. Chao, and L. B. Beheregaray. 2012.

Marine incursions, cryptic species and ecological

diversification in Amazonia: the biogeographic history of the

croaker genus Plagioscion (Sciaenidae). J. Biogeogr. 39:724–

738.

Croizat, L., G. Nelson, and D. E. Rosen. 1974. Centers of

origin and related concepts. Syst. Zool. 23:265–287.
Curtin, T. B. 1986a. Physical observations in the plume region

of the Amazon River during peak discharge. 2. Water

masses. Cont. Shelf Res. 6:53–71.

Curtin, T. B. 1986b. Physical observations in the plume region

of the Amazon River during peak discharge. 3. Currents.

Cont. Shelf Res. 6:73–86.
Darling, K. F., C. M. Wade, I. A. Steward, et al. 2000.

Molecular evidence for genetic mixing of Arctic and

Antarctic subpolar populations of planktonic foraminifers.

Nature 405:43–47.
Darriba, D., G. L. Taboada, R. Doallo, and D. Posada. 2012.

jModelTest 2: more models, new heuristics and parallel

computing. Nat. Methods 9:772.

Di Giuseppe, G., M. Barbieri, A. Vallesi, P. Luporini, and

F. Dini. 2013. Phylogeographical pattern of Euplotes nobilii,

a protist ciliate with a bipolar biogeographical distribution.

Mol. Ecol. 22:4029–4037.
Distel, D. 2000. Phylogenetic relationships among Mytilidae

(Bivalvia): 18S rRNA Data suggest convergence in Mytilid

body plans. Mol. Phylogenet. Evol. 15:25–33.

Drummond, A. J., M. A. Suchard, D. Xie, and A. Rambaut.

2012. Bayesian phylogenetics with BEAUti and the BEAST

1.7. Mol. Biol. Evol. 29:1969–1973. doi:10.1093/molbev/

mss075.

Ekman, S. 1953. Zoogeography of the sea. Sidgwick & Jackson,

London.

1794 ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Phylogeographic Diversity of Scorched Mussels B. Trovant et al.

http://www.ncbi.nlm.nih.gov/nuccore/KT192105
http://www.ncbi.nlm.nih.gov/nuccore/KT192084
http://www.ncbi.nlm.nih.gov/nuccore/KT192106
http://www.ncbi.nlm.nih.gov/nuccore/KT318184
http://www.ncbi.nlm.nih.gov/nuccore/KT318264
info:doi/10.1093/molbev/mss075
info:doi/10.1093/molbev/mss075


Excoffier, L., and H. E. L. Lischer. 2010. Arlequin suite ver 3.5:

a new series of programs to perform population genetics

analyses under Linux and Windows. Mol. Ecol. Resour.

10:564–567.

Figueiredo, J., C. Hoorn, P. van der Ven, and E. Soares. 2009.

Late Miocene onset of the Amazon River and the Amazon

deep-sea fan: evidence from the Foz do Amazonas Basin.

Geology 37:619–622.
Fisher, C., and D. O. F. Skibinski. 1990. Sex-biased

mitochondrial DNA heteroplasmy in the marine mussel

Mytilus. Proc. R. Soc. London Ser. B. Biol. Sci. 242:149–

156.

Folmer, O., M. Black, W. Hoeh, R. Lutz, and R. Vrijenhoek.

1994. DNA primers for amplification of mitochondrial

cytochrome c oxidase subunit I from diverse metazoan

invertebrates. Mol. Mar. Biol. Biotech. 3:294–299.
Fraser, C. I., R. Nikula, D. E. Ruzzante, and J. M.

Waters. 2012. Poleward bound: biological impacts of

Southern Hemisphere glaciation. Trends Ecol. Evol.

27:462–471.
Fu, Y. 1997. Statistical tests of neutrality of mutations against

population growth, hitchhiking and background selection.

Genetics 147:915–925.

Geller, J. B. 1994. Sex-specific mitochondrial DNA haplotypes

and heteroplasmy in Mytilus trossulus and Mytilus

galloprovincialis populations. Mol. Mar. Biol. Biotech. 3:334–
337.

Goto, T. V., H. B. Tamate, and N. Hanzawa. 2011.

Phylogenetic characterization of three morphs of mussels

(Bivalvia, Mytilidae) inhabiting isolated marine

environments in Palau Islands. Zoolog. Sci. 28:568–579.

Grant, W. S., and R. W. Leslie. 2001. Inter-ocean dispersal is

an important mechanism in the zoogeography of hakes

(Pisces: Merluccius spp.). J. Biogeogr. 28:699–721.
Hammer, S. E. 2001. Mollekullare Phyllogenie der

pteriomorphen Bivallvia (Mollusca). Vienna University,

Vienna.

Harpending, H. C. 1994. Signature of ancient population

growth INA low-resolution mitochondrial DNA mismatch

distribution. Hum. Biol. 66:591–600.

Harpending, H. C., S. T. Sherry, A. R. Rogers, and M.

Stoneking. 1993. The genetic structure of ancient human

populations. Curr. Anthropol. 34:483–496.
Hasegawa, M., H. Kishino, and T. Yano. 1985. Dating of the

human-ape splitting by a molecular clock of mitochondrial

DNA. J. Mol. Evol. 22:160–174.

Heads, M. 2005. Towards a panbiogeography of the seas. Biol.

J. Linn. Soc. 84:675–723.

Hern�andez, R. M., T. E. Jordan, A. Dalenz Farjat, et al. 2005.

Age, distribution, tectonics, and eustatic controls of the

Paranaense and Caribbean marine transgressions in southern

Bolivia and Argentina. J. S. Am. Earth Sci. 19:495–512.

Hilbish, T. J., A. Mullinax, S. I. Dolven, et al. 2000. Origin of

the antitropical distribution pattern in marine mussels

(Mytilus spp.): routes and timing of transequatorial

migration. Mar. Biol. 136:69–77.

Hoeh, W. R., et al. 1991. Heteroplasmy suggests limited

biparental inheritance of Mytilus mitochondrial DNA.

Science 251:1488–1490.
Hoeh, W. R., M. B. Black, R. Gustafson, et al. 1998. Testing

alternative hypotheses of Neotrigonia (Bivalvia: Trigonioida)

phylogenetic relationships using cytochrome c oxidase

subunit I DNA sequences. Malacolog�ıa 40:267–278.

Hoffmann, R. J., J. L. Boore, and W. M. Brown. 1992. A novel

mitochondrial genome organization for the Blue Mussel,

Mytilus edulis. Genetics 131:397–412.
Holm, S. 1979. A simple sequentially rejective multiple test

procedure. Scand. J. Stat. 6:65–70.
Hoorn, C. 1993. Marine incursions and the influence of

Andean tectonics on the depositional history of

Northwestern Amazonia - results of a palynostratigraphic

study. Palaeogeogr. Palaeoclimatol. Palaeoecol. 105:267–309.
Hoorn, C. 1994. An environmental reconstruction of the

palaeo-Amazon river system (Middle–Late Miocene, NW

Amazonia). Palaeogeogr. Palaeoclimatol. Palaeoecol.

112:187–238.
Hoorn, C. 1996. Miocene deposits in the Amazonian foreland

basin. Science 273:122–123.
Hosoi, M., S. Hosoi-Tanabe, H. Sawada, et al. 2004. Sequence

and polymerase chain reaction-restriction fragment length

polymorphism analysis of the large subunit rRNA gene of

bivalve: simple and widely applicable technique for multiple

species identification of bivalve larva. Fish. Sci. 70:629–637.

Huber, M. 2010. Compendium of bivalves. A full-color guide to

3,300 of the world’s marine bivalves. A status on Bivalvia after

250 years of research ConchBooks, Hackenheim.

Hubss, C. L. 1952. Antitropical distribution of fishes and other

organisms. In Symposium on problems of bipolarity and

pan-temperate faunas. Proceedings of the Seventh Pacific

Science Congress, 3, 324–329.
Hulton, N. R. J., R. S. Purves, R. D. McCulloch, D. E. Sugden,

and M. J. Bentley. 2002. The last glacial maximum and

deglaciation in southern South America. Quat. Sci. Rev.

21:233–241.

Jackson, J. B. C., and A. O’Dea. 2013. Timing of the

oceanographic and biological isolation of the Caribbean Sea

from the Tropical Eastern Pacific. Bull. Mar. Sci. 89:779–
800.

Jordan, D. S. 1908. The law of the geminate species. Am. Nat.

42:73–80.

Joyeux, J. C. 2001. Biogeography of tropical reef fishes: the

South Atlantic puzzle. J. Biogeogr. 28:831–841.

Jozefowicz, C. J., and D. O0 Foighil. 1998. Phylogenetic
analysis of southern hemisphere flat oysters based on partial

mitochondrial 16S rDNA gene sequences. Mol. Phylogenet.

Evol. 10:426–435.

Kass, R. E., and A. E. Raftery. 1995. Bayes factors. J. Am.

Statist. Assoc. 90:773–795.

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 1795

B. Trovant et al. Phylogeographic Diversity of Scorched Mussels



Kenchington, E. L. R., D. Landry, and C. J. Bird. 1995.

Comparison of taxa of the mussel Mytilus (Bivalvia) by

analysis of the nuclear small-subunit rRNA gene sequence.

Can. J. Fish Aquat. Sci. 52:2613–2620.

Kimura, M. 1980. A simple method for estimating

evolutionary rate of base substitutions through comparative

studies of nucleotide sequences. Mol. Evol. 16:111–120.

Kuklinski, P., and D. K. A. Barnes. 2010. First bipolar benthic

brooder. Mar. Ecol. Prog. Ser. 401:15–20.

Layton, K. K., A. L. Martel, and P. D. Hebert. 2014. Patterns

of DNA barcode variation in Canadian marine molluscs.

PLoS ONE 9:E95003.

Lee, T., and D. �O Foighil. 2004. Hidden Floridian biodiversity:

mitochondrial and nuclear gene trees reveal four cryptic

species within the scorched mussel, Brachidontes exustus,

species complex. Mol. Ecol. 13:3527–3542.
Lee, T., and D. �O Foighil. 2005. Placing the floridian marine

genetic disjunction into regional evolutionary context using

the scorched mussel, Brachidontes exustus, species complex.

Evolution 59:2139–2158.
Lessios, H. A. 2008. The great American schism: divergence of

marine organisms after the rise of the central American

isthmus. Annu. Rev. Ecol. Evol. Syst. 39:63–91.

Librado, P., and J. Rozas. 2009. DnaSP v5: a Software for

comprehensive analysis of DNA polymorphism data.

Bioinformatics 25:1451–1452.
Littlewood, D. T. J. 1994. Molecular phylogenetics of cupped

oysters based on partial 28S rRNA gene sequences. Mol.

Phylogen. Evol. 3:221–229.

Luiz, O. J., S. R. Floeter, L. A. Rocha, and C. E. L. Ferreira.

2013. Perspectives for the lionfish invasion in the South

Atlantic: are Brazilian reefs protected by the currents? Mar.

Ecol. Prog. Ser. 485:1–7.

Malumi�an, N., and C. N�a~nez. 2011. The late cretaceous-

cenozoic transgressions in patagonia and the Fuegian Andes:

foraminifera, palaeoecology, and palaeogeography. Biol. J.

Linn. Soc. 103:269–288.

Mart�ınez, S., and C. J. del R�ıo. 2002. Late Miocene Molluscs

from the southwestern Atlantic ocean (Argentina and

Uruguay): a palaeobiogeographic analysis. Palaeogeogr.

Palaeoclimatol. Palaeoecol. 188:167–187.
Mart�ınez, S., and C. del R�ıo. 2005. Las Ingresiones marinas del

Ne�ogeno en el sur de Entre R�ıos (Argentina) y Litoral Oeste de

Uruguay y su contenido malacol�ogico. Miscel�anea 14:13–26.

Matsumoto, M. 2003. Phylogenetic analysis of the subclass

Pteriomorphia (Bivalvia) from mtDNA COI sequences. Mol.

Phylogenet. Evol. 27:429–440.
Medlin, L., H. J. Elwood, S. Stickel, and M. L. Sogin. 1988.

The characterization of enzymatically amplified eukaryotic

16S-like rRNA-coding regions. Genetics 71:491–499.

Montes, C., A. Cardona, R. McFadden, et al. 2012. Evidence

for middle Eocene and younger land emergence in central

Panama: implications for Isthmus closure. Geol. Soc. Am.

Bull. 124:780–799.

Morariu, V. I., B. V. Srinivasan, V. C. Raykar, R. Duraiswami,

and L. S. Davis. 2008. Automatic online tuning for fast

Gaussian summation.

Nakamura, K., D. Tetsuo, G. Kokubugata, et al. 2011.

Molecular phylogeography reveals an antitropical

distribution and local diversification of Solenogyne

(Asteraceae) in the Ryukyu Archipelago of Japan and

Australia. Biol. J. Linn. Soc. 105:197–217.
Nelson, C. S., and P. J. Cooke. 2001. History of oceanic front

development in the New Zealand sector of the Southern

Ocean during the Cenozoic- a synthesis. NZ J. Geol.

Geophys. 44:535–553.
Newton, M. A., and A. E. Raftery. 1994. Approximate Bayesian

inference by the weighted likelihood bootstrap. J. R. Stat.

Soc. Series B 56:3–48.

d’Orbigny, A. 1842. Mollusques. Voyage dans l’Am�erique

M�eridionale P. Bertrand, Paris.

d’Orbigny, A. 1846. Mollusques. Voyage dans l’Am�erique

M�eridionale P. Bertrand, Paris.

Owada, M. 2007. Functional morphology and phylogeny of

the rock-boring bivalves Leiosolenus and Lithophaga

(Bivalvia: Mytilidae): a third functional clade. Mar. Biol.

150:853–860.

Park, J., and D. O0 Foighil. 2000. Sphaeriid and corbiculid

clams represent separate heterodont bivalve radiations into

freshwater environments. Mol. Phylogenet. Evol. 14:75–88.
P�erez, L. M., M. Griffin, and S. F. Gente Iturrer�ıa. 2011.

Pect�ınidos de la Formaci�on Paran�a (Mioceno) Entre R�ıos,

Argentina. Serie Correlaci�on Geol�ogica 27:66–75.

Polzin, T., and S. V. Daneschmand. 2003. On Steiner trees and

minimum spanning trees in hypergraphs. Oper. Res. Lett.

31:12–20.
Quesada, H., et al. 1996. “Sex-biased heteroplasmy and

mitochondrial DNA inheritance in the mussel Mytilus

galloprovincialis” Lmk. Curr. Genet. 29:423–426.

Raftery, A. E., M. A. Newton, J. M. Satagopan, P. N.

Krivitsky. 2007. Estimating the integrated likelihood via

posterior simulation using the harmonic mean identity.

Pp. 1–45 in J. M. Bernardo, M. J. Bayarri, J. O. Berger,

et al., eds. Bayesian statistics. Oxford Univ. Press,

Oxford.

Rambaut, A., M. A. Suchard, D. Xie, and A. J. Drummond.

2014. Tracer v1.6. Available from http://beast.bio.ed.ac.uk/

Tracer.

Randall, J. E. 1982. Examples of antitropical and antiequatorial

distribution of Indo-West-Pacific fishes. Pac. Sci. 35:197–

209.

Rasanen, M. E., A. M. Linna, M. J. Santos, and F. R. Negri.

1995. Late Miocene deposita in the Amazonian foreland.

Science 269:386–390.

Rawson, P. D., and T. J. Hilbish. 1995. Evolutionary

relationships among the male and female mitochondrial

DNA lineages in the Mytilus edulis species complex. Mol.

Biol. Evol. 12:893–901.

1796 ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Phylogeographic Diversity of Scorched Mussels B. Trovant et al.

http://beast.bio.ed.ac.uk/Tracer
http://beast.bio.ed.ac.uk/Tracer


del R�ıo, C. J. 1991. Revisi�on sistem�atica de los Bivalvos de la

Formaci�on Paran�a (Mioceno Medio), Provincia de Entre

R�ıos - Argentina. Acad. Nac. de Ciencias Exactas 7:11–93.
Rios, E. C. 1994. Seashells of Brazil, 2nd edn. Museu

Oceanogr�afico da FURG, Rio Grande do Sul.

Rios, E. C. 2009. Compendium of Brazilian sea shells.

Universidade Federal do Rio Grande, Rio Grande.

Rocha, L. A. 2003. Patterns of distribution and processes of

speciation in Brazilian reef fishes. J. Biogeogr. 30:1161–

1171.

Rodr�ıguez Rey, G. T. 2010. Estrutura populacional e

filogeografia da lagosta Scyllarides brasiliensis Rathbun,

1906. Universidad Federal de Rio de Janeiro, Rio de Janeiro.

Rogers, A., and H. C. Harpending. 1992. Population growth

makes waves in the distribution of pairwise differences. Mol.

Biol. Evol. 9:552–569.
Rostami, K., W. R. Peltier, and A. Mangini. 2000. Quaternary

marine terraces, sea-level changes and uplift history of

Patagonia, Argentina: comparisons with predictions of the

ICE-4G (VM2) model of the global process of glacial

isostatic adjustment. Quat. Sci. Rev. 19:1495–1525.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular

cloning. a laboratory manual, 2nd edn. Cold Spring Harbor

Laboratory Press, New York, NY.

Sanmartin, I., and F. Ronquist. 2004. Southern Hemisphere

biogeography inferred by event-based models: plant animal

patterns. Syst. Biol. 53:216–243.

Scarabino, V. 1977. Moluscos del Golfo San Mat�ıas (Prov. De

R�ıo Negro, Rep. Argentina). Comunicaciones de la Sociedad

Malacol�ogica del Uruguay (Montevideo) 4:177–286.
Scarabino, F., J. C. Zaffaroni, C. Clavijo, A. Carranza, and

M. Nin. 2006. Bivalvos marinos y estuarinos de la costa

uruguaya: faun�ıstica, distribuci�on, taxonom�ıa y

conservaci�on. Pp. 157–170 in R. Menafra, L. Rodr�ıguez-

Gallego, F. Scarabino and D. Conde, eds. Bases para la

Conservaci�on y el Manejo de la Costa Uruguaya. Vida

Silvestre Publicaciones, Montevideo.

Scher, H. D., and E. E. Martin. 2006. Timing and climatic

consequences of the opening of Drake Passage. Science

312:428–430.

Schwaninger, H. 2008. Global mitochondrial DNA

phylogeography and biogeographic history of the

antitropically and longitudinally disjunct marine bryozoan

Membranipora membranacea L. (Cheilostomata): another

cryptic marine sibling species complex? Mol. Phylogenet.

Evol. 49:893–908.

SEGEMAR. 2000. Mapa geol�ogico de la Rep�ublica Argentina,

escala 1:2.500.000. Instituto de Geolog�ıa y Recursos

Naturales, Buenos Aires, Argentina.

Shilts, M. H., M. S. Pascual, and D. O0 Foighil. 2007.
Systematic, taxonomic and biogeographic relationships of

Argentine flat oysters. Mol. Phylogenet. Evol. 44:467–473.

Silvestro, D., and I. Michalak. 2012. RaxMLGUI: a graphical

front-end for RAxML. Org. Divers. Evol. 12:335–337.

Skibinski, D. F., C. Gallagher, and C. M. Beynon. 1994a. Sex-

limited mitochondrial DNA transmission in the Marine

Mussel Mytilus edulis. Genetics 138:801–809.
Skibinski, D. O. F., C. Gallagher, and C. M. Beynon. 1994b.

Mitochondrial DNA inheritance. Nature 368:817–818.
Stamatakis, A. 2006. RAxML-VI-HPC: maximum likelihood-

based phylogenetic analyses with thousands of taxa and

mixed models. Bioinformatics 22:2688–2690.
Stampar, S. N., M. M. Maronna, M. J. Vermeij, F. L. Silveira,

and A. C. Morandini. 2012. Evolutionary diversification of

banded tube-dwelling anemones (Cnidaria; Ceriantharia;

Isarachnanthus) in the Atlantic Ocean. PLoS ONE 7(7):

e41091. doi:10.1371/journal.pone.0041091.

Steiner, G., and S. Hammer. 2000. Molecular phylogeny of the

Bivalvia inferred from 18S rDNA sequences, with particular

reference to the Pteriomorpha. Pp. 11–29 in E. M. Harper,

J. D. Taylor and J. A. Crame, eds. The evolutionary biology

of the Bivalvia. Geological Society, London.

Stepanjants, S. D., G. Cortese, S. B. Kruglikova, and K. R.

Bjørklund. 2006. A review of bipolarity concepts: history

and examples from Radiolaria and Medusozoa (Cnidaria).

Mar. Biol. Res. 2:200–241.
Stewart, D. T., et al. 1995. Male and female mitochondrial

DNA lineages in the blue mussel (Mytilus edulis) species

group. Mol. Biol. Evol. 12:735–747.

Stone, R. 2013. Battle of the Americas. Science 341:230–233.
Tajima, F. 1989. Statistical methods to test for nucleotide

mutation hypothesis by DNA polymorphism. Genetics

123:585–595.

Tamura, K., D. Peterson, N. Peterson, et al. 2011. MEGA5:

molecular evolutionary genetics analysis using maximum

likelihood, evolutionary distance, and maximum parsimony

methods. Mol. Biol. Evol. 28:2731–2739.

Tanaka, M. O., and C. A. Magalh~aes. 2002. Edge effects and

succession dynamics in Brachidontes mussel beds. Mar. Ecol.

Prog. Ser. 237:151–158.
Tavar�e, S. 1985. Some Probabilistic and Statistical Problems in

the Analysis of DNA Sequences. Lect. Math. Life Sci. 17:57–
86.

Terranova, M. S., S. Lo Brutto, M. Arculeo, and J. B. Mitton.

2007. A mitochondrial phylogeography of Brachidontes

variabilis (Bivalvia: Mytilidae) reveals three cryptic species. J.

Zoolog. Syst. Evol. Res. 45:289–298.
Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994.

CLUSTAL W: improving the sensitivity of progressive

multiple sequence alignment through sequence weighting,

position-specific gap penalties and weight matrix choice.

Nucleic Acids Res. 22:4673–4680.

Tourinho, J. L., A. M. Sol�e-Cava, and C. Lazoski. 2012.

Cryptic species within the commercially most important

lobster in the tropical Atlantic, the spiny lobster Panulirus

argus. Mar. Biol. 159:1897–1906.

Trovant, B., D. E. Ruzzante, N. G. Basso, and J. M. Orensanz.

2013. Distinctness, phylogenetic relations and biogeography

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 1797

B. Trovant et al. Phylogeographic Diversity of Scorched Mussels

info:doi/10.1371/journal.pone.0041091


of intertidal mussels (Brachidontes, Mytilidae) from the

south-western Atlantic. J. Mar. Biol. Assoc. U.K. 93:1843–

1855.

Trovant, B., J. M. Orensanz, D. E. Ruzzante, W. Stotz, and N.

G. Basso. 2015. Scorched mussels (BIVALVIA: MYTILIDAE:

BRACHIDONTINAE) from the temperate coasts of South

America: Phylogenetic relationships, trans-Pacific

connections and the footprints of Quaternary glaciations.

Mol. Phylogenet. Evol., 82, Part A:60–74.

Vargas, J., M. P�erez, J. Toro, and M. P. Astorga. 2015.

Presence of two mitochondrial genomes in the mytilid

Perumytilus purpuratus: phylogenetic evidence for doubly

uniparental inheritance. Genet. Mol. Biol. 38:173–181.

Vermeij, G. J. 1991. When biotas meet: understanding biotic

interchange. Science 253:1099–1104.

Waters, J. M. 2007. Driven by the West Wind Drift? A

synthesis of southern temperate marine biogeography, with

new directions for dispersalism. J. Biogeogr. 35:417–427.
Webb, D. S. 1995. Biological implications of the Middle

Miocene Amazon Seaway. Science 269:361–362.
Wesselingh, F. P., and J. A. Salo. 2006. Miocene perspective on

the evolution of the Amazonian Biota. Scripta Geol.

133:439–458.

Xia, X. 2013. DAMBE5: a comprehensive software package for

data analysis in molecular biology and evolution. Mol. Biol.

Evol. 30:1720–1728.
Xia, X., and P. Lemey. 2009. Assessing substitution saturation

with DAMBE. Pp. 615–630 in P. Lemey, M. Salemi and A.-

M. Vandamme, eds. The phylogenetic handbook: a practical

approach to DNA and protein phylogeny. Cambridge Univ.

Press, New York, ny.

Zeng, Y., T. Zheng, Y. Yu, B. Chen, and J. He. 2010.

Relationships between Arctic and Antarctic Shewanella

strains evaluated by a polyphasic taxonomic approach. Polar

Biol. 33:531–541.

Zouros, E., K. R. Freeman, A. O. Ball, and G. H. Pogson.

1992. Direct evidence for extensive paternal mitochondrial

DNA in- heritance in the marine mussel Mytilus. Nature

359:412–414.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Data S1. Model Selection.

Table S1.1 Bayes Factor (BF) calculations based on HME

for the different combinations of models, and for the

three genes (COI and 18S-28S).

Table S1.2 Comparison of substitution and tree models,

following the AICM approach; mitochondrial and nuclear

datasets.

Data S2. Geographic and ecologic distribution of Brachi-

dontes spp.

Data S3. Revised museum material.

Table S3.1 Collection sites of the Brachidontes samples

deposited in the “Museo Oceanogr�afico Eliezer R�ıos”

(MOFURG) and the “Museo de Historia Natural de

Montevideo” (MHNM).

Data S4. Phenotypic (shell) characters examined in spe-

cies considered in this study.

Table S4.1 Phenotypic characters of Brachidontes spp.

1798 ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Phylogeographic Diversity of Scorched Mussels B. Trovant et al.


