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Figure 2. Genetic divergence matrix based on the nucleotide substitution model TN93 of Sphoeroides species. The colours represent the mean
percentage of genetic dissimilarity between species.

Figure 3. (A) Sphoeroides camila holotype (MZUSP 126947), 92.2 mm SL, collected by A. Carvalho-Filho at Arraial do Cabo, Rio de Janeiro,
Brazil. (B) Paratype and oldest known specimen of S. camila (USNM 83162), 104 mm SL, collected by C. Wilkes between 1838 and 1842.
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Sphoeroides camila

Formerly
Colomesus
Sphoeroides psittacus comb. nov.

Sphoeroides angusticeps

Sphoeroides annulatus

Sphoeroides kendalli

Sphoeroides pachygaster

Figure 7. Diversity of the genus Sphoeroides. On the left, yellow line represents Sphoeroides species from the Western Atlantic (WA); green
line represents the only species from Eastern Atlantic (EA), S. marmoratus. On the right, pink line represents species of the former Colomesus
genus; blue line represents species of the Eastern Pacific. Lower centre, S. pachygaster.
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(Berggren and Hollister 1974, Burton et al. 1997), two cur-
rents that carry water from the Western to the Eastern Atlantic.
Furthermore, during the beginning of the Pleistocene, about 2.4
Mya, there was a substantial increase in the sedimentation rates
of the Amazon River and a higher frequency of sea-level fluctu-
ations, which together reduced the permeability of the Amazon-
Orinoco Barrier (Rocha 2003, Robertson et al. 2006, Araujo et
al. 2022). We hypothesize that these enhanced eastward cur-
rents were the possible migration route of the common ancestor
of S. marmoratus and S. camila to colonize the Eastern Atlantic;
simultaneously, the less permeable Amazon-Orinoco barrier
isolated the North and South Atlantic lineages. Later, the South
Equatorial Current may have brought larvae and/or rafting indi-
viduals from the Eastern Atlantic to Brazil. The eventual inter-
ruption of gene flow caused by the Mid-Atlantic Barrier would
have resulted in S. marmoratus and S. camila isolated on each side
of the Atlantic. These cladogenetic events were estimated at 4.7
and 2.2 Mya (Fig. 1), respectively, and are consistent with our
proposed hypothesis. It should be noted that a haplotype of S.
camila was sampled at Isla Mujeres, Quintana Roo, Mexico (Fig.
1). Due to the deep genetic distance between S. spengleri and S.
camila, the presence of a haplotype of the latter species in the
Caribbean may be a case of secondary contact after range expan-
sion to the Southern Caribbean. Several species originally from
Brazil have managed to cross the Amazon-Orinoco Barrier, being
carried to the Caribbean by the North Brazil Current, using the
Great Amazon Reef System below the Amazon-Orinoco plume
as a faunistic corridor (Peterson and Stramma 1991, Rocha
2003, Francini-Filho ef al. 2018, Araujo et al. 2022). Indeed,
specimens of S. camila were sampled (with molecular confirm-
ation) near the mouth of the Amazon River (3°30°N, 49°46"W)
at 73 m depth, below the plume. Another possibility is the exist-
ence of a real population of Sphoeroides camila in the Caribbean,
less abundant than S. spengleri. Sampling efforts in the South
Caribbean may shed light on this puzzle.

The Eastern Pacific species included in the analyses were
accommodated in very different places on the tree (Fig. 1).
Sphoeroides annulatus + S. lispus are sisters of S. testudineus in
clade B (estimated divergence date = 3.4 Mya), and S. lobatus
is sister of S. nephelus + S. maculatus and S. tyleri in clade E (es-
timated divergence date = 9.7 Mya). The results of the phylo-
genetic and historical biogeographic analysis evidence two
independent split events between the Western Atlantic and
Eastern Pacific lineages, with an approximate difference of 6.3
Myr (Fig. 1). Ecological differences between lineages associ-
ated with a long and complex process of closing the Isthmus of
Panama may explain this scenario. The lifting of the Panama land
bridge begins with the underwater collision of the Panama Arc
with South America at around 24 Mya. It was a gradual process
that allowed extensive interoceanic water exchange until about
9.2 Mya, when the deep-water passages were closed. However,
the inter-ocean exchange continued in shallow waters through
straits, canals, and mangroves, until the complete closure of the
Isthmus, about 3.2 Mya (Lessios 2008, O'Dea et al. 2016). In
clade E, S. dorsalis, which was recovered as a sister group of the
other species, preferentially inhabits deep waters (Shipp 1974).
Additionally, S. tyleri and S. lobatus can be found at depths of
up to 80 m and 107 m, respectively (Figueiredo and Menezes
2000, Nielsen et al. 2010a). Therefore, the preference for deeper

water habitats may have been the ancestral condition of clade E,
inducing an early split promoted by the closure of deep-water
interoceanic communication. This hypothesis is supported by
the temporal coincidence between the closure of deep-water
seaways (9.2 Mya) and the estimated separation of species from
the Western Atlantic and Eastern Pacific (9.7 Mya). In contrast,
the estimated separation in clade B (3.4 Mya) indicates that gene
flow through the isthmus was only interrupted at its very final
closure. Before then, the genetic connection was probably main-
tained through narrow mangrove-like remnant channels (Lessios
2008). Therefore, the use of shallow water and mangrove-like
habitats should be essential to maintain population connectivity
between the Western Atlantic and Eastern Pacific until the full
emergence of the Isthmus of Panama. These attributes are found
in species of clade B: S. lispus and S. testudineus, separated by 3.4
Mya, inhabit shallow waters up to 20 m (Nielsen et al. 2010Db,
Shao et al. 2014). This latter species is also one of the most eury-
haline of the genus (excluding Colomesus, see above), tolerating
very low salinity levels (Shipp 2003). This seems to explain the
late split between the Western Atlantic and Eastern Pacific in
clade B.

The internal relationships of clade D (S. greeleyi + Colomesus)
unequivocally indicate a gradual tolerance to freshwater in the
evolutionary history of the clade. Sphoeroides greeleyi is a known
inhabitant of the lower reaches of estuaries and mangrove-
estuary-reef ecotones (Contente et al. 2011, Xavier ef al. 2012).
Colomesus psittacus, which occurs in brackish and coastal waters
in northern South America, was recovered as a sister group of
exclusively freshwater species, C. asellus and C. tocantinensis, sug-
gesting a transition from brackish to freshwater in the diversifi-
cation of the clade, and not a secondary marine invasion by C.
psittacus, as proposed by Santini et al. (2013).

There is a vast body of evidence that indicates marine incur-
sions from the Caribbean into the Western Amazon during the
Miocene (20.4-10 Mya, Hoorn 1993). At that time there was
a large wetland system in the Upper Amazon, Lake Pebas, con-
nected to the Caribbean and containing a series of salinity gra-
dients (Lundberg ef al. 1998, Bayona et al. 2007). Some authors
suggest more recent incursions (Nores 1999, Hubert and Renno
2006, Hubert et al. 2007); however, there is no geological evi-
dence of a marine influence in Amazonia after 7 Mya (Hovikoski
et al. 2010, Bloom and Lovejoy 2011, Wesselingh and Hoorn
2011). The divergence between C. psittacus and its strictly fresh-
water relatives was estimated at 7.2 Mya (5.0-9.6 Mya, HPD),
consistent with the previous estimate of Santini et al. (2013)
(2.5-6.5 Mya) and Yamanoue et al. (2011) (4.1-17.8 Mya).
Despite the chronological amplitude of the estimates, possibly
due to the different calibration strategies (Santini et al. 2013)
and the molecular markers used, it is conceivable that Colomesus
entered the Amazon Basin through these marine incursions
(Fig. 1). When these corridors closed, gene flow stopped and
Colomesus radiated into the Amazon Basin. Tetraodontidae fos-
sils from the Miocene in the north-west Amazon Basin and the
phylogeographic evidence of a west-to-east diversification dir-
ection of C. asellus in the Amazon Basin are consistent with the
hypotheses of initial colonization from marine corridors in the
Western Amazon (Monsch 1998, Cooke et al. 2012).

Colomesus is one of approximately 30 Tetraodontidae lineages
that have successfully colonized freshwater, including species
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that spend their entire life cycles in freshwater (Dekkers 1975,
Ebert 2001, Nelson 2006, Santini et al. 2013). Although the
Colomesus position nested within Sphoeroides has been observed
in previous studies (Amaral et al. 2013, Santini et al. 2013), none
of them dealt with the evolutionary history or consequences of
the generic classification due to this relationship. Here, we dem-
onstrate that Colomesus is a lineage of Sphoeroides that occurs
in brackish/freshwater. The persistence in the use of Colomesus
is not phylogenetically justified and renders Sphoeroides para-
phyletic. To overcome this problem and based on our findings,
herein we transfer the genus Colomesus to the genus Sphoeroides
as follows: Sphoeroides psittacus Bloch and Schneider, 1801,
comb. nov.; Sphoeroides asellus Miiller & Troschel, 1849, comb.
nov. (Fig. 6); Sphoeroides tocantinensis Amaral et al. 2013, comb.
nov.

The detection oftwo lineages of S. pachygaster, one in the South-
western Atlantic and the other in the Eastern Atlantic/Indo-
Pacific, validates the previous proposition of the existence of two
discrete populations of S. pachygaster on each side of the Atlantic
(Shipp 1974). However, due to the sample gap in the Caribbean,
the Mid-Atlantic Ridge islands and the coast of East Africa, we
prefer not to propose evolutionary scenarios for the S. pachygaster
lineages. Another intriguing subject is the genetic homogeneity
found between the North-eastern Atlantic/Mediterranean and
the Indo-Pacific sequences. Sphoeroides pachygaster is considered
an invasive species in the Mediterranean, first reported in 1979
(Oliver 1981), but there is still no consensus on the origin of the
population introduced in the Mediterranean, whether it is ori-
ginally from the Atlantic and entered via the Strait of Gibraltar
(Golani et al. 2002)—due to the process of tropicalization of
the oceans that made the waters of the Mediterranean warmer
(Quero et al. 1998)—or whether it is another case of Lessepsian
migration, via the Suez Canal (Por 2010, Azzurro et al. 2014).
This conundrum cannot be solved without knowledge of the
genetic profile of the Eastern Atlantic population. Samples of S.
pachygaster from additional areas of the Atlantic, especially the
Caribbean, the Mid-Atlantic Islands and the Eastern Atlantic, are
needed to test evolutionary scenarios and elucidate the origin of
the Mediterranean population.

Conclusion

Our study suggests that the evolutionary history of Sphoeroides is
product of an intricate diversification process that developed in the
wake of the emergence and unfolding of the main biogeographic
barriers of the Atlantic Ocean. It is remarkable to simultaneously
find the signature of soft (Amazon-Orinoco and Mid-Atlantic)
and hard (Panama Isthmus) barriers, and the plurality of responses
to these barriers, as well as freshwater occupation, in a group of
only 25 species (Fig. 7). In addition to the new species described
here, we also provide evidence of cryptic diversity in the genus,
including in the freshwater lineage (formerly Colomesus). Finally,
we highlight the need for detailed studies on S. pachygaster, which

can help with broad issues such as systematics and bioinvasions.

SUPPLEMENTARY DATA

Supplementary data is available at Zoological Journal of the
Linnean Society online.
Figure S1. Collection sites of samples analysed morphologically.
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List S1. Comparative material.

Table S1. Species name, locality, and accession number of the
sequences generated in the present work and obtained from the
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