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ARTICLE INFO ABSTRACT

Keywords: Colonization of the New World by marine taxa has been hypothesized to have occurred through the Tethys Sea or
Tetraodontidae ) by crossing the East Pacific Barrier. To better understand patterns and timing of diversification, geological events
sM;’llec“lzr phylogenetics can be coupled with time calibrated phylogenetic hypotheses to infer major drivers of diversification. Phylo-
PrOETOLCES genetic relationships among members of Sphoeroides, a genus of four toothed pufferfishes (Tetraodontiformes:
Ultra-conserved DNA elements . . . . o .

Biogeography Tetraodontidae) which are found nearly exclusively in the New World (eastern Pacific and western Atlantic),

were reconstructed using sequences from ultra-conserved DNA elements, nuclear markers with clear homology
among many vertebrate taxa. Hypotheses derived from concatenated maximum-likelihood and species tree
summary methods support a paraphyletic Sphoeroides, with Colomesus deeply nested within the genus. Analyses
also revealed S. pachygaster, a pelagic species with a cosmopolitan distribution, as the sister taxon to the
remainder of Sphoeroides and recovered distinct lineages within S. pachygaster, indicating that this cosmopolitan
species may represent a species complex. Ancestral range reconstruction may suggest the genus colonized the
New World through the eastern Pacific before diversifying in the western Atlantic, though date estimates for
these events are uncertain due to the lack of reliable fossil record for the genus.

1. Introduction

There has been a considerable amount of research surrounding the
colonialization of the New World by marine taxa, either through the
Tethys Sea or the eastern Pacific before the closing of the Isthmus of
Panama (e.g., Barber and Bellwood, 2005; Lin & Hastings, 2013; Floeter
etal., 2008; Veron, 1995). The Tethys Sea began closing around 18 mya,
with the final closuring occurring around 12 mya (Adams et al., 1999),
and implications of the event can be seen in biogeographic patterns of
both marine and freshwater taxa (Bellwood and Wainwright, 2002;
George, 2005; Hrbek and Meyer, 2003; Nikulina et al., 2007). Floeter
et al. (2008) analyzed data collected from 25 areas of the Atlantic to
investigate how and when colonization of the Atlantic by reef fishes took
place. They inferred that for some genera, geographic areas with
heightened levels of species richness also appear in positions near the
base of phylogenetic reconstructions, indicative of specific patterns of
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diversification. For example, the genera Diplodus, Parabelnnius, and
Scartella are more speciose in the eastern Atlantic and available phylo-
genetic hypotheses indicate an eastern Atlantic origin with dispersal into
the western Atlantic for each (Floeter et al., 2008; Summerer et al.,
2001). A recent biogeographic study of the Syngnatharia (Teleostei) also
concluded that the genus Dactylopterus colonized the western Atlantic
from the eastern Atlantic, prior to the closure of the Tethys Sea, while
goatfishes in the genera Pseudupeneus and Mulloidichthys likely colonized
the western Atlantic from the eastern Pacific (Santaquiteria et al., 2021).
Movement from the eastern Atlantic to the western Atlantic requires
long-distance dispersal events which, while rare, can still be observed on
contemporary timescales: for example, the surgeon fish Acanthurus
monroviae is primarily distributed along the west coast of Africa but is
occasionally found along the coast of Brazil (Luiz-Jtnior et al., 2004).
The hypothesized alternative mode for colonization of the New
World by reef fishes is via the eastern Pacific, with dispersal occurring
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across the East Pacific Barrier and into the Caribbean prior to the closing
of the Isthmus of Panama (Barber and Bellwood, 2005). In this scenario,
the secession of geneflow caused by the closure (final closure ~ 3 mya;
Bacon et al., 2015; O’Dea et al., 2016) would have then been followed by
diversification on either side of the Isthmus and in the New World
Tropics (Barber and Bellwood, 2005). This dynamic is supported by the
observation of sister species distributed on either side of Isthmus across
marine taxa, including invertebrates and fishes (Floeter et al., 2008;
Gomon, 1997; Lessios et al., 2001; Santaquiteria et al., 2021). Because
the closure was a gradual process, events leading to diversification likely
occurred at different points in time, both before and after the closure
(Thacker, 2017). Time-calibrated phylogenetic reconstructions lend
insight into the most likely colonization and diversification scenarios in
the New World, especially where they can then be compared to historic
geologic processes. Lineages which are relics of dispersal from the
Tethys Sea would be hypothesized to be older than 15 million years,
while those from the eastern Pacific could be at least 3 million years old,
often with geminate pairs found on either side of the Isthmus (Barber
and Bellwood, 2005).

One marine group with high species diversity in the New World and
that is appropriate for testing these hypotheses is pufferfishes in the
genus Sphoeroides (Tetraodontidae). However, there is limited literature
on the biogeography of tetraodontiform fishes, with previous work
focusing mainly on Ostraciidae and Triacanthidae (Klassen, 1995; San-
tini and Tyler, 2002), and comparatively little study of the Tetrao-
dontidae (Araujo et al. 2023). Pufferfishes (Actinopterygii:
Tetraodontiformes: Tetraodontidae) are a charismatic group of fishes
found circumglobally in tropical and subtropical waters, most notable
for their ability to inflate their bodies when threatened, by pumping
water into an expandable stomach (Brainerd, 1994, Wainwright and
Turingan 1997). There are currently 192 described species of Tetrao-
dontidae in 28 genera, with the majority of the species inhabiting ma-
rine environments and 12 species that are known to inhabit brackish
and/or freshwater environments (Matsuura, 2015; Nelson et al., 2016;
Frick et al. 2023a). Characteristics that unite the family include: fusion
of the teeth into four tooth plates, lack of fusion between the premaxillae
and dentaries at the midline, absence of ribs and intermuscular bones,
scaleless bodies with the exception of small lappets or prickles, and an
ability to inflate the body (Matsuura, 2015; Matsuura and Tyler, 1997;
Fraser et al., 2012; Thiery et al., 2017). The family first appears in the
fossil record in the Eocene (~50 mya) but seems to have begun to
diversify during the Oligocene (Bannikov and Tyler, 2008; Benton,
1993; Santini and Tyler, 2002). Early systematic work on the Tetrao-
dontidae in the 18th and 19th centuries resulted in a complex nomen-
clatural history driven by the lack of suitable specimens and failure to
recognize important anatomical characters, as well as poor species de-
scriptions (Shipp, 1974). Currently, extant species of tetraodontids are
classified into two subfamilies, Tetraodontinae and Canthigastrinae,
with the former comprising 154 species in 27 genera and the latter
containing 39 species in one genus (Fricke et al., 2023a). The subfamily
Tetraodontinae is united by a conspicuous lateral line (usually), a round
body in cross section, one or two conspicuous nostrils on each side of the
head, and a gill opening usually proceeding below the midpoint of the
pectoral fin (Tyler, 1980). While some genera in the subfamily have
been given significant attention due to their economic importance and
suitability of their small, simple genomes to biomedical study (e.g.,
Takifugu; Aparicio et al., 2002; Gao et al., 2014; Liu et al., 2021; Song
et al.,, 2001; Yamanoue et al., 2009), other genera, such as Sphoeroides,
are not well-studied.

The distribution of Sphoeroides is interesting because most of the 22
described species are found in the western Atlantic (10) and eastern
Pacific oceans (10), with the exception of S. pachygaster, which is
distributed circumglobally in tropical and subtropical waters, and
S. marmoratus, which is found in the eastern Atlantic (Robertson and
Allen, 2015; Shipp, 1974; Walker and Bussing, 1996). Most species in
the genus inhabit shallow waters in bays, estuaries, and reef areas, with
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the exception of S. pachygaster, which may be found at depths as great as
~ 400 m (Shipp, 1974, 2002). Although the current distributions
highlight the richness of this genus in the New World, the means by
which Sphoeroides colonized and diversified in this area remains
unknown.

Interrelationships among species in the genus Sphoeroides have been
assessed but mostly in a limited capacity by inclusion of a small number
of species in molecular studies focused on family relationships within
the order Tetraodontiformes (e.g., Amaral et al., 2013; Holcroft, 2005;
Igarashi et al., 2013; Santini et al., 2013a, 2013b; Yamanoue et al.,
2008). These studies included one (Santini et al., 2013a) to ten (Santini
et al. 2013b) species of Sphoeroides and utilized one (Amaral et al, 2013)
to 22 gene regions (two mitochondrial and twenty nuclear; Santini et al.,
2013a) in phylogenetic reconstruction, and did not resolve comparable
relationships among members of the genus due to incomplete and non-
overlapping sampling. However, several notable similarities among
these studies include the recovery of a paraphyletic Sphoeroides based on
the placement of the Amazonian (exclusively freshwater) genus Colo-
mesus, the placement of S. pachygaster at the base of the Sphoeroides
clade, as well as a sister group relationship between S. annulatus (eastern
Pacific) and S. testudineus (western Atlantic; Amaral et al., 2013; Igarashi
et al., 2013; Santini et al. 2013b).

There are three studies in which relationships among the genus were
looked at in greater depth. The first is a phylogenetic examination of
Sphoeroides by Shipp (1974), where morphological and meristic char-
acters, diet, and distributional records, but not molecular data, were
assessed. This study included 13 of the 22 currently valid species of
Sphoeroides and stressed variation in characters within species that
occurred with geography. Notably, Shipp (1974) described population
level phenotypic differences between eastern and western Atlantic
populations of the cosmopolitan S. pachygaster, with differences in
coloration and pattern, pectoral ray counts, eye size, and width of the
interorbit, and inferred that there was uncertainty in species designation
that required further inquiry. In addition, a study conducted by Troyer
et al. (2022), examined paleoclimatic effects on body size of Tetrao-
dontiformes. Their study used 1,103 genomic markers as well as 210
morphological characters to resolve relationships within the tetrao-
dontids, including ten species of Sphoeroides. Five different analyses
were performed (a likelihood approach, a Bayesian approach, both with
and without the superfamily Plectocretacicoidea, and a time calibrated
approach) and the relationships recovered among Sphoeroides changed
with analysis type, as not all of the same taxa were included in each
analysis. However, it is important to note that some analyses did share
patterns with previous work, including the sister relationship between
S. annulatus and S. testudineus and S. pachygaster as the sister taxon to all
other Sphoeroides. Most recently, Araujo et al. (2023) assessed the
phylogenetic relationships of Sphoeroides using a single mitochondrial
gene (COI), proposing biogeographic hypotheses that explain how the
genus diversified in the New World. Most notably, their study described
a new species of Sphoeroides off the coast of Brazil (S. camila) and pre-
sented results that showed the genus Colomesus nested within Sphoer-
oides. Their biogeographic analysis suggested that Sphoeroides originated
in the Caribbean and then colonized the eastern Pacific and eastern
Atlantic, with an additional crossing from the eastern Atlantic to the
western Atlantic off the coast of Brazil.

To better understand the evolutionary history of this genus, the
phylogenetic relationships among species of Sphoeroides were investi-
gated using ultra-conserved DNA elements (UCE). Compared to tradi-
tional phylogenetic approaches that use Sanger sequencing to
characterize a few genes, UCEs provide greater information content for
phylogenetic reconstruction due to the large number of loci that can be
analyzed simultaneously (Faircloth et al., 2013; Gilbert et al., 2015).
Another advantage of using UCEs is that these loci are conserved across
evolutionarily distant taxa (Bejerano, 2004), allowing for resolution of
phylogenetic relationships across different phylogenetic timescales
(Faircloth et al., 2012; Gilbert et al., 2015). Both Colomesus and a broad
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geographic sampling of S. pachygaster (western Atlantic, eastern Atlantic
and Pacific) were included in this study to address potential problems
with systematics and nomenclature noted by previous studies (Amaral
et al., 2013; Igarashi et al., 2013; Santini et al. 2013b; Shipp, 1974;
Araujo et al. 2023). Finally, ancestral range construction was used to
understand patterns of colonization and diversification, adding to the
growing body of literature on marine fish diversification in the New
World.

2. Methods
2.1. Sampling

Tissues for this study were obtained from 45 individuals that rep-
resented 13 of the 22 species of Sphoeroides and are associated with
museum-vouchered specimens. Additionally, tissues from species in two
other genera, Colomesus asellus, Lagocephalus laevigatus, and Balistes
vetula, were included. All specimens used in this study and their voucher
information can be found in Table 1. To account for variation within
S. pachygaster due to its circumglobal distribution, specimens from

Table 1

Available museum voucher numbers for samples used in the study. Sequence
data can be found at NCBI, BioProject ID PRINA821242. Museum collection
abbreviations follow Sabaj (2020).

Specimen Voucher Latitude Longitude
B. vetula NA NA NA

C. asellus 1 AUM 3232 4.66765 —58.67883
C. asellus 2 AUM 3230 3.89000 —59.29370
L. laevigatus TCWC 17524.01 28.43150 —93.44410
S. annulatus 1 SIO 004-85 25.80000 —111.33333
S. annulatus 2 SIO 007-91 23.38333 —110.20000
S. dorsalis 1 TCWC 17377.01 30.13110 —86.57610
S. dorsalis 2 TCWC 17378.02 A 29.50830 —87.11450
S. dorsalis 3 TCWC 17378.02C 29.50830 —87.11450
S. greeleyi 1 TCWC 17584.01 10.69950 —61.66476
S. greeleyi 2 TCWC 17587.01 10.69950 —61.66476
S. greeleyi 3 TCWC 17588.01 10.69950 —61.66476
S. greeleyi 4 TCWC 17580.01 10.69950 —61.66476
S. lispus 1 SIO 09-355 24.48333 —110.39500
S. lobatus 1 SIO 007-57 23.15000 —109.41667
S. lobatus 2 SIO 007-17 23.15000 —109.41667
S. lobatus 3 SIO 007-98 22.86667 —109.88333
S. maculatus 1 KU 1136 34.96670 —75.36670
S. maculatus 2 KU 1225 35.61670 —75.46670
S. maculatus 3 KU 1226 35.61670 —75.46670
S. marmoratus 1 USNM 093 15.75330 —23.09080
S. marmoratus 2 USNM 094 15.75330 —23.09080
S. nephelus 1 KU 5432 30.25886 —88.11328
S. pachygaster BE1 TCWC 19329.01 17.24376 —87.97325
S. pachygaster BE2 TCWC 19330.01 18.16466 —87.81406

S. pachygaster BE3 NA NA NA

S. pachygaster CV1 USNM 405,072 15.44330 -23.13250
S. pachygaster CV2 USNM 405,073 15.44330 -23.13250
S. pachygaster CV3 USNM 405,238 16.75580 —24.95830
S. pachygaster CV4 USNM 405,237 16.75580 —24.95830
S. pachygaster JP1 NA 39.68603 142.04998
S. pachygaster JP2 NA 39.68603 142.04998
S. pachygaster JP3 NA 39.68603 142.04998
S. pachygaster US MCZ 171,869 35.78859 —74.92785
S. parvus 1 TCWC 17325.01 A 28.54340 —91.55910
S. parvus 2 TCWC 17307.02 A 28.38840 —94.41650
S. parvus 3 TCWC 17458.03 A 28.38330 —90.51670
S. parvus 4 TCWC 17458.03B 28.38330 —90.51670
S. parvus 5 TCWC 17458.03C 28.38330 —90.51670
S. spengleri 1 TCWC 17340.01B 29.12500 —84.08680
S. spengleri 2 TCWC 17340.01C 29.12500 —84.08680
S. testudineus 1 TCWC 17573.01 10.45536 —61.54018
S. testudineus 2 TCWC 17574.01 10.45536 —61.54018
S. testudineus 3 TCWC 17575.01 10.45536 —61.54018
S. trichocephalus 1 CIRUV 690 3.63330 —77.20000
S. trichocephalus 2 CIRUV 691 3.63330 —77.20000
S. trichocephalus 3 CIRUV 692 3.63330 —77.20000
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multiple ocean basins were included. Fin clips or muscle tissue from
each specimen were stored in 95% non-denatured EtOH or DMSO-
EDTA-NaCl buffer (Seutin et al., 1991) at room temperature until time
of extraction.

2.2. Library preparation

Samples were processed using a modified in-solution hybrid
enrichment protocol targeting 500 UCE loci (Faircloth et al., 2012).
Briefly, total genomic DNA was extracted using Mag-Bind® Blood &
Tissue DNA kits (Omega Bio-Tek) or phenol-chloroform extraction
(Sambrook et al., 1989) and then quantitated using the AccuBlue High
Sensitivity dsDNA Quantitation kit (Biotium) on a fluorometer. DNA was
standardized to 8 ng/pl in 130 pl of 1X TE buffer before being randomly
sheared to a length of ~ 800 bp (+/- 200 bp) using a M220 Focused-
ultrasonicator (Covaris). After sonication, samples were purified using
Ampure XP (Agencourt) in a 0.6X concentration to eliminate DNA
fragments less than ~ 400 bp in length and electrophoresed on a 2%
agarose gel to visually confirm the size distribution of DNA fragments.
Samples were subsequently end repaired and blunt-end ligated to uni-
versal double-stranded oligonucleotide adapters using the NEB Ultra II
DNA Library Prep Kit for Illumina (New England Biolabs, NEB). Samples
were amplified using polymerase chain reaction (PCR) and ‘Adapter-
ama’ iTru5 and iTru7 indexed PCR primers (Glenn et al., 2016). The 50
ul PCR reactions contained water, 15 uL ligated DNA, NEBNext Ultra II
Q5 Master Mix, and 50 pmol of both iTru5 and iTru7 indexed primers.
PCR cycle conditions were as follows: initial denaturation at 98 °C for
45 s, followed by 18 cycles of 98 °C for 15 s, 60 °C for 30 s, and 72 °C for
75 s, followed by a final extension at 72 °C for 5 min. PCR reactions were
subsequently cleaned, quantified and pooled for target enrichment of
UCEs using a set of 2,001 baits designed to capture 500 UCE loci in
actinopterygian fishes. Enrichment followed manufacturers protocols
(MYbaits_Actinopts-UCE-0.5Kv1, Daicel Arbor Biosciences) and was
followed by post-hybridization amplification using PCR. The 50 pl, post-
enrichment PCR reactions contained 1X Phusion High Fidelity Buffer,
1.5 mM MgCly, 0.25 mM of each dNTP, 25 pmol of both P5 and P7
primers, 2.0 U/uL of NEB Phusion Taq, and 15 uL DNA. PCR cycle
conditions were as follows: initial denaturation at 95 °C for 5 min, then
30 s at 98 °C, followed by 16 cycles of 98 °C for 15 s, 65 °C for 30 s, and
72 °C for 90 s, followed by a final extension at 72 °C for 5 min. To ensure
that UCE enrichment was successful, pooled samples underwent quan-
titative PCR (qPCR) using GoTaq qPCR master mix (Promega) and a
StepOnePlus Real-Time PCR System (Applied Biosystems, inc.). The 25
ul gPCR reactions contained water, GoTaq qPCR Master Mix, 25 pmol of
qPCR primer, and 2 uL. of DNA standardized to 1 ng/uL. qPCR conditions
were as follows: initial denaturation at 95 °C for 5 min, followed by 40
cycles of 95 °C for 10 s, 60 °C for 20 s, and 72 °C for 30 s, followed by a
final a cooling step at 40 °C for 10 s. Enrichment was considered suc-
cessful when there was at least a 50X enrichment of target product as
compared to pre-enriched pooled samples (Faircloth et al., 2012). When
the 50X enrichment threshold was not met, samples were re-enriched
following the aforementioned protocol. As a first step, 22 individuals
across species were quantified, standardized, and pooled for paired-end
(2 x 300 bp) sequencing on an Illumina MiSeq (Illumina, San Diego,
CA). The resulting MiSeq reads were used to create a reference of UCE
loci. Subsequent libraries were sequenced on an Illumina HiSeq 4000
(Illumina, San Diego, CA) and reads were mapped to the UCE reference.

2.3 Reference assembly and UCE identification

Demultiplexed reads from the MiSeq were trimmed for quality and
adapter contamination using Trimmomatic (Bolger et al., 2014) and
contigs assembled using Trinity (Grabherr et al., 2011). Assembled
contigs were then matched to UCE loci using a modified pipeline that
included utilities from PHYLUCE (Faircloth, 2016). Consensus se-
quences of contigs were clustered at an 80% similarity threshold using
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CD-hit to reduce redundancy (Li and Godzik, 2006), then re-introduced
to PHYLUCE for identification by probe similarity. A database was
created that contained records of UCE loci present across individuals.
FASTA sequences for each locus were extracted using the PHYLUCE
probe.matches.sqlite database. For each locus, a multiple sequence
alignment across individuals was created using MAFFT (Katoh and
Standley, 2013), alignments were checked by eye, and a consensus
sequence of the alignment created using EMBOSS with a strict consensus
(Rice et al., 2000). The final consensus sequences for each locus were
concatenated into a single reference for subsequent read mapping using
Bowrtie2 (Langmead and Salzberg, 2012).

Standard UCE bioinformatic processing involves de novo assembly of
reads using the PHYLUCE pipeline (Faircloth, 2016), after assembling
reads using a transcriptome assembler (e.g., Trinity). When employing
this approach, the resulting assemblies were smaller than anticipated,
with most of the fragments concentrated on the less variable UCE core
region. This led to a reduction of the number of recovered UCE loci
within individuals as well as a poor reconstruction of the more variable
UCE flanking regions. An alternative strategy was, therefore, employed
because it was found to recover target loci more consistently, across a
greater number of species, with the recovery of longer sequences con-
taining the flanking regions than the standard approach. Briefly,
demultiplexed HiSeq reads were mapped directly to the MiSeq reference
to assemble UCE sequences for each individual using Bowtie2 (Lang-
mead and Salzberg, 2012). The resulting BAM file contained multiple
reads at a given locus for an individual. Consensus sequences of mapped
reads at each locus per individual were generated using SAMtools while
applying filters for both minimum mapping quality and minimum base
quality to ensure high quality reads and bases were retained (Danecek
et al., 2021).

After loci were subsequently identified in each individual using
similar steps as above, multiple sequence alignments for each locus were
generated using the L-INS-i algorithm of MAFFT. Alignments for each
locus were trimmed using the program TriMAL with a 30% gap threshold
to eliminate poor-quality and information-deficient bases at the ends of
alignments (Capella-Gutierrez et al., 2009). Final datasets were filtered
for different thresholds of missing data using the phyluce_align ge-
t only_loci with min_taxa script in PHYLUCE, resulting in five different
datasets: “complete” (only including loci shared among all 45 in-
dividuals), <10% missing data allowed, < 25% missing data allowed, <
50% missing data allowed, and the “incomplete” dataset, which
included any locus present across three or more individuals.

2.4. Phylogenetic analysis

Maximum-likelihood (ML) analysis was conducted on individual
gene trees, using only those taxa present for each locus, as well as a
single, concatenated sequence for each individual in each dataset
(complete, < 10% missing, < 25% missing, < 50% missing and
incomplete), using RAXML v8.02 (Stamatakis, 2014), allowing for an
assessment of the effects of missing data on the topology and node
support. Trees were generated using the generalized time reversible
(GTR) + Gamma substitution model in RAXML. To determine support for
nodes, bootstopping in RAXML was employed. This method computes
bootstrap thresholds at the time of analysis and determines that enough
bootstrap replicates have been generated for sufficient support when the
difference in branch support is smaller than 3% for at least 99% of the
permutations (Pattengale et al., 2010; Stamatakis, 2014). Concatenated
analyses were run independently five separate times using a different
random starting seed, to avoid issues resulting from analysis getting
stuck in a local optimum. The best trees (as determined in RAXML;
Langmead and Salzberg, 2012) for each run were compared to one
another to look for consensus in topologies and support values.

Estimating species trees solely based on concatenation of many loci
can lead to over inflated support values for incorrect relationships
within the tree (Kubatko and Degnan, 2007). To circumvent this,
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individual gene trees for each dataset were estimated using RAXML
v.8.02 and each was analyzed in a “summary coalescent” framework
using ASTRAL-III (Zhang et al., 2017). Simultaneous computation of
gene trees and species tree is computationally demanding for high
numbers of loci, so summary methods, such as that implemented in
ASTRAL-III, are statistically consistent and appropriate for the type of
phylogenomic data generated in this study (Mirarab et al., 2014; Nute
et al., 2018; Sayyari and Mirarab, 2016). Support at each node was
determined by the local posterior probablity (LPP) in ASTRAL-IIIL Local
posterior probabitly is calculated for unrooted genetrees in a Bayesian
posterior probabitly framework. The LPP is derived from gene tree
quartet frequencies and quartet support values for the differening to-
pologies around the quartet (Sayyari and Mirarab, 2016). This method
has been shown to be accurate and consistent with the multispecies
coalescent (Sayyari and Mirarab, 2016).

2.5. Ancestral range estimation

The resulting ASTRAL-III phylogeny from the complete dataset was
selected for use in ancestral range estimation in BioGEoBEARS (Matzke,
2013a). This biogeographic analysis assumes the input tree is ultra-
metric, but the ability to time calibrate the inferred topology was con-
strained by the lack of reliable fossil data for the genus, whereas the use
of geological calibrations would be circular with the objective of
assessing alternate biogeographic hypotheses. As such, the R package
APE was used to adjust the scaling of the tree so that all of the tips were
the same height above the root node (Paradis et al., 2004) and the root
age was arbitrarily set to one million years ago.

To perform the biogeographic analysis each taxon was assigned to
one of five geographic regions: western Atlantic, eastern Atlantic,
eastern Pacific, western Pacific, or the Amazon River. Species distribu-
tion area was determined using Fishbase (Froese and Pauly, 2022) and
Shipp (2002). Several models were evaluated including DEC, DIVALIKE,
and BavyAreaLike analysis with and without the J parameter (Matzke,
2013a). In BioGeoBEARS each of these analyses are likelihood in-
terpretations of previous biogeography reconstruction programs such as
dispersal-extinction cladogenesis (DEC; LAGRANGE; Ree and Smith,
2008), parsimony dispersal-vicariance analysis (DIVA; Ronquist, 1997),
and Bayesian estimates of ancestral ranges (BAvArea; Landis et al.,
2013). The DEC has two free parameters d (dispersal or range expan-
sion) and e (extinction or range contraction), while also containing one
fixed parameter c (cladogenesis; Matzke, 2013a). The DIVA model varies
slightly from the DEC model by allowing for a variety of vicariance
scenarios without allowing sympatric speciation (Matzke, 2013a).
Finally, BavArealike uses a Bayesian approach to sample historic
geographic ranges along phylogenetic branches without any specific
range evolutionary process at cladogenesis (Matzke, 2013a). However,
none of these models are able to account for founder-events leading to
speciation. The inclusion of the J parameter in BloGEoBEARS allows for a
daughter lineage to make a jump outside of the ancestral range,
imitating a founder-speciation event (Matzke, 2013b). A more in-depth
explanation of all the models and parameters included in BioGEoBEARS
can be found in Matzke (2013a; 2013b).

3. Results
3.1. UCE datasets

A total of ~ 528 million demultiplexed HiSeq reads were generated
with an average of ~ 5.5 million reads per sample. Demultiplexed
sequence reads can be accessed through NCBI BioProject ID
PRJNAS821242. After trimming, an average of 52% of reads mapped to
the UCE reference with a mean coverage across all loci of 862X (min =
16X, max = 2,717X). The frequency of variable sites across taxa fol-
lowed the expected distribution for UCEs: with the core region of the
UCE showing lower variability among taxa as compared to the flanking
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regions, where more variable sites are expected to be found (Supple-
mental Fig.1; Faircloth et al. 2012). After pipeline filtering and UCE
identification, 247, 429, 433, 436, and 437 loci were recovered for the
complete, 10% missing data, 25% missing data, 50% missing data, and
incomplete data sets, respectively. This resulted in concatenated data-
sets with lengths of 234,719 bp, 379,782 bp, 381,326 bp, 382,164 bp,
and 382,425 bp for the complete, 10% missing data, 25% missing data,
50% missing data, and incomplete data sets, respectively. Final align-
ment information for the concatenated dataset for each missing data
threshold including number of loci, alignment length, parsimony unin-
formative sites (PUI), and number of parsimony informative sites (PI) for
each dataset are reported in Table 2.

3.2. Phylogenetic reconstruction

Resulting phylogenies for each dataset and analysis type contained
47 individuals representing 13 species of Sphoeroides, Colomesus asellus
(n = 2), Lagocephalus laevigatus (n = 1), and Balistes vetula (n = 1). To-
pologies were congruent across all phylogenetic hypotheses generated
using ML analysis of concatenated loci across all missing data thresh-
olds, resolving six notable monophyletic groups. Nodal support varied
across missing data thresholds, with most nodes well supported (ML
bootstrap > 85%), although several terminal nodes had moderate to low
support (Fig. 1A, Supplemental Figs. 2-5).

Within Sphoeroides, S. pachygaster formed a well-supported mono-
phyletic group (A) in a sister relationship with all remaining species.
Within this group, samples collected from the western Atlantic (off the
coast of Virginia and Belize) grouped together and were sister to samples
collected from the eastern Atlantic (off the coast of Cape Verde) and the
western Pacific (Japan). Colomesus asellus and S. greeleyi also formed a
well-supported monophyletic group (B) that was sister to the remaining
species of Sphoeroides. Group C contained three species: S. lispus,
S. annulatus, and S. testudineus. Group D contained three species:
S. dorsalis, S. spengleri, and S. marmoratus. Group E solely contained
S. trichocephalus and Group F contained S. lobatus, S. maculatus,
S. nephelus, and S. parvus. Within this group, S. nephelus was resolved as
sister to S. maculatus. Most of these groups received 100 % bootstrap
support across analyses with varying levels of missing data, with the
exception of Group F, which had at least 98 % support in each analysis.

The species tree analyses using ASTRAL yielded the same topologies
as the concatenated ML analysis, with most of the nodes in the trees
being fully supported (Fig. 1B, Supplemental Figures 6-9). Notably, the
only instance of a node not being fully supported was in the analysis of
the complete dataset (zero missing data; Fig. 1B), wherein the local
posterior probability support dropped to 0.87 for a sister relationship
between S. maculatus and S. nephelus, while all other species trees
exhibited complete support for this relationship. Similarly, bootstrap
support values for this node in the concatenated analyses were higher for
data sets that allowed missing data (Supplemental Figs. 2-5). This sug-
gests that despite increasing the overall amount of missing data, the
additional gene trees (or bp of data for concatenated analyses) contained
important coalescent information that facilitated greater resolution for
this relationship.

3.3. Ancestral range estimation

DEC, DIVALIKE, and BAYAREALIKE models with and without the
jump parameter (J) were tested using BioGEoBEARS to estimate ances-
tral ranges for the species of Sphoeroides. Comparison of the six models
using AIC indicated the DIVALIKE + J to be the best fit model for the
data (AIC = 50.45; Table 3). The DEC + J and BAYAREALIKE + J models
had only marginally worse (higher) AIC values than the chosen model
and cannot be completely ruled out, but their resulting ancestral range
reconstructions were identical to those of the selected model. Results of
the DIVELIKE + J model can be found in Fig. 2. Biogeographic recon-
struction supported an eastern Pacific origin of the S. annulatus-S. lobatus
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group with diversification advancing eastward into the western and
eastern Atlantic. However, three of the deepest nodes in the tree,
including one at the base of Group A (S. pachygaster), did not show
majority support for any one geographic range. Additionally, the
reconstruction at the node shared by S. greeleyi and S. asellus was
ambiguous but slightly favored an Amazon River origin.

4. Discussion

The current study focused on understanding the relationships within
the genus Sphoeroides by generating data for 13 of the 22 species using
UCEs and represents the most comprehensive molecular dataset pro-
duced for this taxon to date. Phylogenetic hypotheses generated herein
recovered the same topologies in all analyses irrespective of analysis
type or missing data allowance. Individuals of Colomesus were nested
within Sphoeroides with high support values, deeming Sphoeroides par-
aphyletic as currently recognized. The cosmopolitan species
S. pachygaster was resolved as a monophyletic group and sister to the
remainder of Sphoeroides (including Colomesus). Within that group,
western Atlantic S. pachygaster were resolved as divergent from eastern
Atlantic and western Pacific S. pachygaster, which may be indicative of a
species complex. While taxon sampling in this study was incomplete,
which may change interpretation of relationships among species,
divergence times of specific taxa, and biogeographic inferences, the
current study encompasses taxa included in previous works, and many
of the results obtained were consistent with previous work.

The current study, which involved a larger nuclear dataset, resolved
Colomesus nested deeply within Sphoeroides, consistent with previous
research that used few molecular markers (Amaral et al., 2013; Igarashi
et al., 2013, Araujo et al. 2023) strengthening the argument that Colo-
mesus should be subsumed into Sphoeroides. Colomesus currently con-
tains three species, two of which (C. asellus and C. tocantinensis) inhabit
freshwater and represent the only species of the Tetraodontidae found in
the freshwaters of South America (Amaral et al., 2013; Reis et al., 2003).
Colomesus asellus, the first species of Colomesus to be recognized, was
originally described as a member of Tetraodon (Bloch and Schneider
1801) but was subsequently transferred to a separate genus (Gill 1884).
Shipp (1974) noted that Colomesus was morphologically more similar to
Sphoeroides and Lagocephalus than to Tetraodon, consistent with recent
molecular findings. Colomesus likely arose from a marine Sphoeroides
“like” ancestor as hypothesized by Fraser-Brunner (1943) and subse-
quently invaded the Amazon River. There have been multiple invasions
into the Amazon River by marine lineages, including stingrays, flat-
fishes, and anchovies, resulting in diversification in freshwater (Bloom
and Lovejoy, 2011, 2017; Lovejoy et al., 1998), occurring across
geological time from the Eocene to the Pliocene (Bloom and Lovejoy,
2011, 2017; Lovejoy et al., 1998). Bloom and Lovejoy (2017) hypoth-
esized that Colomesus invaded freshwater ~ 9.4-16.4 mya, but in that
analysis assumed that Colomesus was sister to Sphoeroides. In the results
of the analysis presented herein, there was a slightly higher probability
that the ancestor of C. asellus and S. greeleyi inhabited the Amazon River
than a marine coastal area, but this may be an artifact of analysis. Bio-
GeoBEARS determines ancestral ranges based on user input species
distribution and results are influenced by the defined distributions. For
example, when species of Sphoeroides were assigned to either “marine”
or “freshwater” the results indicate that C. asellus is derived from a
marine ancestor (Supplemental figure 14). Given these trends there is no
reason to expect that Colomesus is an exception to the currently known
patterns of freshwater invasions by marine fishes into the Amazon basin.
However, based on phylogenetic hypotheses presented here as well as
others (i.e., Amaral et al., 2013; Igarashi et al., 2013, Araujo et al. 2023),
it is clear that Colomesus should be considered a junior synonym of
Sphoeroides.

Similar to previous studies, S. pachygaster was resolved as sister to
the remaining species of Sphoeroides (Amaral et al., 2013; Igarashi et al.,
2013; Santini et al., 2013b; Troyer et al., 2022; Yamanoue et al., 2008;
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Fig. 1. A) RAXML v.8.02 maximum-likelihood analysis of the concatenated complete UCE dataset of 247 genes. Values at nodes represent bootstrap support. Support
values of 100 are denoted with a (*) and those less than 70 were removed. B) ASTRAL-III species tree analysis of the complete UCE dataset of 247 genes. Values at
nodes represent local posterior probability. Support values of 1.0 are denoted with a (*) and those less than 0.70 were removed. Location abbreviations for
S. pachygaster: BE, Belize; CV, Cape Verde; JP, Japan; US, United States Atlantic Coast.
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Table 2
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Alignment information for each concatenated UCE dataset. Each dataset was filtered for varying percentages of missing data, resulting in five different datasets:
complete (only including loci shared among all individuals), <10% missing data allowed, <25% missing data allowed, <50% missing data allowed, and incomplete.
The incomplete dataset includes any locus present across three or more individuals. Abbreviations: n, number of loci; Length, total concatenated length in base-pairs;
Min, minimum length of loci; Max, maximum length; Med, median length; PIS, parsimony informative sites; PUIS, parsimony uninformative sites; Mean PISITES/

Locus, average number of parsimony informative sites per locus.

Dataset n Loci Length (bp) Min (bp) Max (bp) Med(bp) PISITES PUISITES Mean PISITES/Locus
Complete 247 234,719 290 1369 1026 22,431 212,288 91

10missing 429 379,782 189 1369 938 36,493 343,289 85

25missing 433 381,326 189 1369 934 36,651 344,675 85

50missing 436 382,164 189 1369 932 36,695 345,469 84

Incomplete 437 382,425 189 1369 932 36,701 345,724 101
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Fig. 2. Results of the DIVALIKE + J ancestral range reconstruction in BioGEoBEARS. Solid filled nodes indicate nodes where percentages were undiscernible. Ab-
breviations for S. pachygaster: BE, Belize; CV, Cape Verde; JP, Japan; US, United States Atlantic Coast.

Araujo et al. 2023). The species is distributed globally in temperate and
tropical waters and has been described multiple times independently by
different authors based on material from different ocean basins (see
Fricke et al. 2023b). The current study included S. pachygaster from lo-
calities in both the eastern and western Atlantic, as well as the western
Pacific and the results support that the species may harbor cryptic di-
versity (i.e., multiple similar-looking species currently recognized under
a single name). Shipp (1974) noted morphological and meristic differ-
ences in S. pachygaster collected from populations on either side of the
Atlantic Ocean but did not address whether they were different species.
In this study, the eastern Atlantic samples were more closely related to
those of the western Pacific than to the western Atlantic. This result is
consistent with the findings of Amaral et al. (2013) who used COI to
analyze samples of S. pachygaster across the species range including
samples from the eastern and western Atlantic and Indian Ocean.
Additionally, Araujo et al. (2023) resolved S. pachygaster samples from
the southwest Atlantic as a distinct lineage from those sampled in the
northwest Atlantic and Indo-Pacific, but they refrain from commenting
on the evolutionary history of S. pachygaster due to sampling constraints.
The biogeographic analysis presented here suggests that colonization of
the western Atlantic by S.pachygaster may have proceeded from the
eastern Pacific prior to the closing of the Isthmus of Panama, while the

eastern Atlantic was colonized from the Indo-Pacific around the tip of
Africa. This biogeographic pattern has been noted for other marine
vertebrates, such as trumpetfishes (Aulostomus; Bowen et al., 2001) and
ridley sea turtles (Lepidochelys; Bowen et al., 1998). To fully understand
the potential for cryptic diversity in this species, multiple samples per
region from the entirety of its global range would need to be collected
and analyzed in both a morphological and a molecular context. If a more
in-depth study confirmed species level differences between the genetic
lineages of S. pachygaster, the name S. pachygaster would need to be
applied to the lineage in the western Atlantic (the type locality of
S. pachygaster is Barbados, West Indies). Several names are available
from the synonymy of S. pachygaster (see Fricke et al. 2023b) and could
be reinstated for lineages of S. pachygaster in other areas.

Across analyses the eastern Pacific species S. lobatus, S. lispus, and
S. trichocephalus occupied basal positions with respect to western
Atlantic species within the recovered clades, consistent with a pattern of
west to east movement. Similarly, S. dorsalis occupied a more basal
position in group D with represent to the eastern Atlantic species
S. marmoratus. Furthermore, biogeographic ancestral range reconstruc-
tion, while lacking a proper time scale due to limited fossil information
for the genus, statistically supported a westward directionality of
divergence over multiple timescales. The most parsimonious
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Table 3

Results of Akaike information criterion (AIC) model testing using the R package
BioGEoBEARS. Table header abbreviations are as follows: LnL, log likelihood; n,
number of parameters; d, dispersal parameter; e, extinction parameter; j, jump
parameter; AIC, AIC value, AIC w: AIC weight (calculated following Burnham
and Anderson, 2002). Each taxon was coded as one of five geographical areas: a)
western Atlantic, b) eastern Atlantic, ¢) eastern Pacific, d) western Pacific, or the
e) Amazon River.

Model LnL n d e ] AIC AICw
DEC -33.9723 2 0.17 0.00 0.00 71.94  0.00
DEC +J -23.0625 3 0.00 0.00 0.15 52.12  0.28
DIVALIKE -30.6198 2 0.23 0.00 0.00 65.24  0.00
DIVALIKE + J -22.2228 3 0.00 0.00 0.13 50.45 0.64
BAYAREALIKE —485339 2 0.03 076 0.00 101.07 0.00
BAYAREALIKE +J  -24.3120 3 0.00 0.00 0.14 54.62  0.08

explanation given these results would be that a cosmopolitan ancestor,
perhaps not unlike S. pachygaster, colonized the New World by crossing
the Eastern Pacific Barrier prior to the closing of the Isthmus. This
interpretation contrasts with Araujo et al. (2023), which suggested that
Sphoeroides spread from the Caribbean. The differences in biogeographic
inference between the studies are attributable to differences in the to-
pology of the phylogenetic reconstructions, which are the result of taxon
sampling and markers deployed. While increased taxon sampling is
desirable for improving the ability to resolve phylogenetic relationships,

marker number and type as well as model fit, can be more important
(Reddy et al., 2017). Conserved regions of mtDNA, like COI, can have
benefits for phylogenetic reconstruction (Rubinoff and Holland, 2005),
but single gene trees do not always correctly represent species trees
(Degnan and Rosenberg, 2006) and topologies based on mtDNA only
may suffer from bias (Ballard and Rand, 2005; Shaw, 2002; Talavera and
Vila, 2011). Ultimately, to address the conflicting topologies, a more
complete taxon sampling coupled with increased numbers of markers
and appropriate model testing would be required.

Once Sphoeroides entered the eastern Pacific and western Atlantic,
incipient species may have been able to exploit new habitats that formed
in association with the gradual rise of the Isthmus. Divergence of eastern
Pacific and western Atlantic species of Sphoeroides likely began prior to
the closing of the Isthmus of Panama, a common trend seen among
marine organisms in the New World (e.g., Hodge and Bellwood, 2016;
Lima et al., 2020; Thacker, 2017). There have been conflicting hy-
potheses on when the rising of the Isthmus would have spurred vicariant
events, but the estimates range from ~ 20 mya and ~ 3.5 mya (Bacon
et al., 2015; Lessios, 2008). To try to obtain a rough estimate for the
timing of speciation in Sphoeroides, divergence dating was done post-hoc
using the package Ape in R (Fig. 3), as generating a reliable time estimate
for the genus is difficult due to a lack of reliable fossils assigned to the
genus (Santini et al., 2013b). Time constraints on the node shared by
Lagocephalus and Sphoeroides (38.5-26.4 mya) and the node shared by
C. asellus and S. greeleyi (16.4-9.4 mya) were chosen based on
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divergence dates provided by Santini et al. (2013b). With these rough
estimates S. pachygaster may have diverged from the rest of Sphoeroides
~ 25-20 mya, prior to the closing of the Tethys Sea, and all eastern
Pacific and Atlantic sister species may have diverged between ~ 12-4
mya, prior to the final closing of the Isthmus of Panama. By contrast, the
split between sister species S. nephelus (found from northern Florida in
the Atlantic, USA through the Gulf of Mexico and Caribbean) and
S. maculatus (found from northern Florida, USA in the Atlantic to waters
of Newfoundland, Canada; Supplemental Figure 10) was estimated <
2.5 mya, after the closing of the Isthmus, and divergence between these
species may have resulted from changing currents and geomorphology
of the Gulf of Mexico (Gold et al., 2011). One possibility is that the split
coincides with the closing of Suwannee Straights, a powerful current
that ran across peninsular Florida, connecting the northern Gulf of
Mexico with the Atlantic as recently as 1.74 mya (Bert, 1986; Portnoy
and Gold, 2012). Finally, the divergence between S. spengleri (western
Atlantic) and S. marmoratus (eastern Atlantic) may have occurred < 4
mya and may be due to colonization of the eastern Atlantic via dispersal
facilitated by changing currents of the Atlantic and the Gulf Stream
driven by the rising of the Isthmus (Haug and Tiedemann, 1998), a
phenomena noted in the seahorse species complex Hippocampus (Boehm
et al., 2013). It is important to note that the divergence times presented
here are rough approximations based on a previously published study
(Santini et al., 2013b) and the timing of divergence events in Sphoeroides
could be better estimated once more appropriate fossil evidence for the
genus is available.

Ancestral range reconstruction favored models that included the J
parameter as compared to the identical model without it, indicating that
accounting for founder speciation events may be important. The inclu-
sion of the J parameter has been shown to be important for other marine
species such as butterflyfishes and syngnathids (DiBattista et al., 2018;
Stiller et al., 2022). While most founder-speciation events usually elicit
thoughts of island colonization, the scenario would also make sense for
Sphoeroides. Current distributions of species of Sphoeroides in the New
World may have likely begun with a founder event in the eastern Pacific
by a wide-ranging species of Sphoeroides, allowing for diversification
along the eastern Pacific. Following that, multiple founder events into
the western Atlantic prior to the closure of the Isthmus of Panama may
have occurred at varying times leading to speciation of western Atlantic
sister taxa. The idea of a founder speciation dynamic is also consistent
with the distribution of S. marmoratus, which is the only Sphoeroides
found in the eastern Atlantic. Alternatively, it has been noted that in-
clusion of the J parameter is favored in situations where tip species
occupy single ranges or in studies that cover large geographic ranges but
have relatively few widespread species, potentially making the result
artifactual (Matzke, 2013b). Considering these models do not take into
account ranges for extinct species, and that there are also gaps in our
taxon sampling, these results could change with the addition of new
data.

In addition to biogeographic patterns observed in the data, there are
interesting examples of ecomorphological differences between co-
distributed species with recent common ancestry. For example, the
eastern Pacific species S. lobatus and S. trichocephalus have overlapping
distributions along Central America (Supplemental Figures 11 and 12)
but occupy different niches. Sphoeroides lobatus has a larger body size
than S. trichocephalus and occupies bays and estuaries, particularly
sandy and weedy areas, while S. trichocephalus is found in turbid bays
which contain soft and silty bottoms (Bussing, 1995; Robertson and
Allen, 2015). Similarly, S. dorsalis and S. spengleri also have overlapping
distributions (in the western Atlantic) that seem to be partitioned by
habitat type (Supplemental Figure 11). Sphoeroides dorsalis is known to
be found over soft, silty bottoms while S. spengleri can be found in reef
and sea grass areas (Robins and Ray, 1986). This may be indicative of
niche partitioning which is common in other organisms such as birds
(Richman and Price, 1992), mammals (Di Bitetti et al., 2010), and other
fishes (Brandl et al., 2020; Ross, 1986). Understanding the importance of
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niche partitioning in explaining patterns of diversity and the current
distribution of Sphoeroides pufferfishes will require thorough taxon
sampling paired with more in-depth data on the ecology of these species.

5. Conclusion

The current study provides the most comprehensive phylogenetic
hypothesis, in term of molecular markers deployed, of the genus
Sphoeroides to date, using ultra-conserved DNA elements. It also pro-
vides an alternative hypothesis on how this genus may have colonized
the New World, adding to our understanding of colonization patterns in
marine fishes and the potential biogeographic processes which may be
responsible for their current distributions. For most marine taxa, colo-
nization of the New World has been hypothesized to have proceeded
from the Tethys Sea to the western Atlantic and then to the eastern
Pacific (Barber and Bellwood, 2005; Bellwood, 1994). Contrary to the
Tethys hypothesis, the results here support colonization of the New
World proceeding from the eastern Pacific into the western Atlantic,
with diversification occurring after or during the closure of the Isthmus
of Panama consistent with hypotheses for some other marine organisms
(Lessios et al., 1999; Santaquiteria et al., 2021).

While taxonomic revision of Sphoeroides is outside the scope of this
study, this work also highlights issues that need further examination. For
example, the cosmopolitan species currently known as S. pachygaster
appears to harbor cryptic diversity. Due to advancements of molecular
techniques, there has been an increase in the rate of species discovery in
marine taxa (Leray and Knowlton, 2016; Randhawa et al., 2015) and the
presence of undescribed diversity in S. pachygaster highlights the
importance of these molecular techniques. However, further taxonomic
research will be needed to fully understand the patterns of diversity in
this group.

While thorough divergence dating was not the main focus of this
study, due to the lack of usable fossils for the genus, rough dates paired
with biogeographic processes are consistent with hypothesis about
modes of diversifications. Further research is warranted to better un-
derstand the timing of diversification events within Sphoeroides, as
better fossil data becomes available with more complete taxon sampling.
In addition, the observation of niche differences between species may
represent important areas of future research for this group.
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