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Tarumania walkerae is a rare fossorial freshwater fish species from the
lower Rio Negro, Central Amazonia, composing the monotypic and recently
described family Tarumaniidae. The family has been proposed as the sister
group of Erythrinidae by both morphological and molecular studies despite
distinct arrangements of the superfamily Erythrinoidea within Characiformes.
Recent phylogenomic studies and time-calibrated analyses of characoid
fishes have not included specimens of Tarumania in their analyses. We
obtained genomic data for T. walkerae and constructed a phylogeny based on
1795 nuclear loci with 488,434 characters of ultraconserved elements (UCEs)
for 108 terminals including specimens of all 22 characiform families. The
phylogeny confirms the placement of Tarumaniidae as sister to Erythrinidae
but differs from the morphological hypothesis in the placement of the two
latter families as sister to the clade with Hemiodontidae, Cynodontidae,
Serrasalmidae, Parodontidae, Anostomidae, Prochilodontidae, Chilodontidae,
and Curimatidae. The phylogeny calibrated with five characoid fossils
indicates that Erythrinoidea diverged from their relatives during the Late
Cretaceous circa 90 Ma (108-72 Ma), and that Tarumania diverged from the
most recent common ancestor of Erythrinidae during the Paleogene circa
48 Ma (66—32 Ma). The occurrence of the erythrinoid-like T Tiupampichthys in
the Late Cretaceous—Paleogene formations of the El Molino Basin of Bolivia
supports our hypothesis for the emergence of the modern Erythrinidae and
Tarumaniidae during the Paleogene.

Characiformes, Erythrinidae, Erythrinoidea, fossil calibration, Neotropics,
phylogenomics, Ostariophysi, ultraconserved elements
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Introduction

The ostariophysan order Characiformes constitutes an
extremely diverse assemblage with approximately 2,200 species
and 22 families of freshwater characins, piranhas, tetras, and
related fishes living in tropical ecosystems of Africa and the
Neotropics (Nelson, 2006; Fricke et al., 2021). Phylogenetic
relationships within the Characiformes have been assessed
by morphological, multilocus, and phylogenomic approaches
with often-conflicting arrangements among and within families
(Oliveira et al.,, 2011; de Pinna et al., 2018; Betancur-R et al.,
2019; Melo et al,, 2022). One major point of incongruence
is the placement of Citharinidae and Distichodontidae, also
recognized as Cithariniformes (Mirande, 2017; Dornburg and
Near, 2021) inside or outside Characiformes (Arcila et al., 2017;
Chakrabarty et al., 2017; Betancur-R et al., 2019; Faircloth et al,,
2020; Melo et al., 2022). Another major issue is the resolution
of the superfamily Erythrinoidea, in which the morphological
analyses often group Ctenoluciidae, Erythrinidae, Hepsetidae,
and Lebiasinidae (Buckup, 1998; de Pinna et al., 2018; Pastana
et al, 2020). Molecular data, however, have consistently
resolved Erythrinidae as closer to Serrasalmidae, Cynodontidae,
Hemiodontidae, Parodontidae, and Anostomoidea (Arcila et al.,
2017; Betancur-R et al., 2019; Faircloth et al., 2020; Melo et al.,
2022). The recently described family Tarumaniidae brings an
additional level of complexity to characiform relationships.

Tarumania walkerae (de Pinna et al., 2018), is a recently
discovered species of fossorial freshwater fish occurring in
leaf-litter deposits of the riparian rainforest in the lower Rio
Negro, Central Amazonia (Figure 1). It possesses extreme
modifications that make it unique among characiforms and
other ostariophysans, such as a swimbladder segmented in
11 compartments along the body, reverse-imbricated scales
over the head, reversed pelvic fins, high number of vertebrae,
ribs, and scales, among others (de Pinna et al, 2018).
Phylogenetic analysis of 128 morphological characters and 35
species revealed it as a sister group of Erythrinidae (trahiras,
jejus; Figure 1) in an expanded Erythrinoidea sensu lato
(s.l.) (Figure 2A; de Pinna et al,, 2018). Such phylogenetic
position, coupled with extreme phenotypic differentiation,
resulted in the recognition of a previously unknown lineage
at family level, the Tarumaniidae (de Pinna et al, 2018).
The position of Tarumania was subsequently tested by a
molecular analysis of two mitochondrial ribosomal genes (12S
and 16S) and one nuclear protein-coding gene (Ragl), with
results placing Tarumaniidae as sister to Erythrinidae with high-
support (98%) and defining Erythrinoidea sensu stricto (s.s.)
(Figure 2B; Arcila et al., 2018). However, relationships between
Erythrinidae + Tarumaniidae and remaining characoid families
as well as other regions of the phylogeny had lower statistical
support (Arcila et al, 2018) likely due to limited genetic
data. Two recent phylogenomic studies of Characiformes using
thousands of exons (Figure 2C) or ultraconserved elements
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(UCEs) (Figure 2D) did not include any sample of Tarumania
(Betancur-R et al,, 2019; Melo et al,, 2022), and thus the
timing of evolution of Erythrinoidea s.s. and of Tarumaniidae
relative to Erythrinidae have never been a subject of proper
investigation.

In this study, we obtained genetic data for Tarumania
and assessed its phylogenetic relationships using an expanded
ultraconserved element dataset of the order Characiformes
(Melo et al., 2022). UCEs were introduced as molecular markers
for phylogenetic studies (Faircloth et al., 2012) and have been
used to understand interrelationships of several actinopterygian
groups (Faircloth et al.,, 2013; Harrington et al., 2016; McGee
etal,, 2016; Chakrabarty et al., 2017; Alfaro et al., 2018; Friedman
et al.,, 2019; Ghezelayagh et al., 2021; Stiller et al., 2021; Tea
et al, 2021). Although recent studies have found difficulties
in resolving early branches of Ostariophysi and other clades
using exons or UCEs (Chakrabarty et al, 2017; Betancur-
R et al, 2019; Alda et al, 2021), the implementation of a
method that assembles more than a thousand loci is relevant
to reconstruct molecular phylogenies in many situations. More
recently, a new ultraconserved element (UCE) probe set was
designed to capture 2,708 UCE loci for Ostariophysi (Faircloth
et al, 2020) which has been used to construct molecular
supermatrices and to time-calibrate the diversification of many
ostariophysan clades (Alda et al, 2018, 2021; Roxo et al,
2019; Mateussi et al., 2020; Ochoa et al., 2020; Silva et al.,
2021a,b; Melo et al., 2022; Souza et al., 2022). In this context,
our study aims to test the phylogenetic position of the rare
and uniquely fossorial Tarumania using genomic data and
estimate its timing of diversification relative to Erythrinoidea
s.s. and other Characiformes. Results contribute to understand
the tempo and mode of evolution of Tarumania and its highly
unusual phenotypic features, as well as to have a clearer and
more complete picture of the characiform radiation.

Material and methods

Taxon sampling and phylogenetic
analyses

Taxon sampling was chosen based on our current
phylogenetic knowledge about ostariophysan relationships
(Fink and Fink, 1981, 1996; Chen et al., 2013; Arcila et al., 2017;
Chakrabarty et al., 2017; Melo et al., 2022). The 108 terminals
in this dataset included one specimen of Cypriniformes
as root (Cyprinus), one Gymnotiformes (Steatogenys), five
Siluriformes (Astroblepus, Loricaria, Pimelodella, Pimelodus,
(Citharinus,
Distichodus, Nannaethyops, Paradistichodus, and Xenocharax),
and 96 Characiformes. We
characiform taxa used by Melo et al. (2022) including 96 taxa

and  Trichomycterus), five Cithariniformes
chose a balanced subset of

representing all families: Crenuchidae (3 species: Characidium,
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FIGURE 1

Live specimens of Tarumania walkerae (top), Brazil, Rio Tarum&-Mirim, lower Rio Negro, Amazon basin (photography by Douglas Bastos);
Hoplias malabaricus (bottom), Colombia, Rio Manacacias, Orinoco basin (photography by Jorge Garcia-Melo, Proyeto CaVFish Colombia).

Crenuchus, and Elachocharax), Hepsetidae (3: Hepsetus),
Alestidae (4: Alestes, Alestopetersius, Bryconaethyops, and
Bryconalestes), Tarumaniidae (1: Tarumania), Erythrinidae
(5: Erythrinus, Hoplerythrinus, and Hoplias), Hemiodontidae
(3: Anodus, Bivibranchia, and Hemiodus), Cynodontidae
(3: Cynodon, Hydrolycus, and Raphiodon), Serrasalmidae
(4:  Colossoma, Mpylossoma, and Serrasalmus),
(3:  Apareiodon, Parodon, and Saccodon),
Anostomidae (6: Abramites, Anostomus, Leporellus, Leporinus,
and Megaleporinus), Prochilodontidae (3: Ichthyoelephas,
Prochilodus, Chilodontidae  (3:
Caenotropus Curimatidae

Myleus,
Parodontidae

and  Semaprochilodus),
and Chilodus),
Curimatella, Curimatopsis, and Cyphocharax), Ctenoluciidae

(7:  Curimata,

(3: Boulengerella and Ctenolucius), Lebiasinidae (3: Copella,
Chalceidae (3: Chalceus),
Bryconidae (6: Brycon, Chilobrycon, Henochilus, and Salminus),
Acestrorhynchidae (3: Acestrorhynchus, Hoplocharax, and
Lonchogenys), Iguanodectidae (3: Bryconops, Iguanodectes, and
Piabucus), Gasteropelecidae (3: Carnegiella, Gasteropelecus,
and  Thoracocharax), Triportheidae (3: Clupeacharax,
and  Triportheus), (21:
Bryconamericus,

Lebiasina, and Nannostomus),

Lignobrycon, and  Characidae
Amazonspinther, Aphyocharax, Astyanax,
Charax, Creagrutus, Eretmobrycon, Exodon, Glandulocauda,
Knodus,  Markiana,

Gymmnocorymbus,  Hyphessobrycon,
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Odontostilbe, Paracheirodon, Protocheirodon, Spintherobolus,
Stethaprion, and Tetragonopterus).

The tissue sample of T. walkerae corresponds to LBP 22727,
collected using hand nets in the type-locality, Rio Taruma-
Mirim, lower Rio Negro, Brazil, 02.90965°S 60.22915°W, by
M. de Pinna, L. Rapp Py-Daniel, and J. Zuanon, on September
2, 2006. Voucher information of all analyzed specimens is
available in Supplementary Table 1. The genomic DNA of
Tarumania was extracted using DNeasy tissue kit (Qiagen
Inc., Germantown, MD, United States) in which resulted in
78.6 ng/il DNA; other samples ranged 10-100 ng/pul DNA.
Libraries were prepared using the Nextera kit protocol (Illumina
Inc., San Diego, CA, United States) for solution-based target
enrichment (Faircloth et al, 2012) and PCR-amplified using
KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Wilmington,
MA, United States). Libraries were quantified and enriched
using MYbaits Target Enrichment system (Arbor Biosciences,
Ann Arbor, MI, United States) following the protocol of
the ostariophysan probeset with 2,708 ultraconserved element
loci (Faircloth et al,, 2020). Sequencing of library pools was
performed using Illumina HiSeq paired-end 100 bp lanes.
Additional details of laboratory methods, library preparation,
enrichment, sequencing, and data assembly are provided in
Melo et al. (2022). Raw sequence reads for Tarumania and other
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FIGURE 2

A de Pinna et al. 2018 - morphology

10.3389/fevo.2022.924860

B Arcila et al. 2018 - three genes

Parodontidae
Crenuchidae
Hemiodontidae
Alestidae
Bryconidae
Iguanodectidae
Characidae
Acestrorhynchidae
Anostomidae
Chilodontidae
Curimatidae
Prochilodontidae
Lebiasinidae
Hepsetidae
Ctenoluciidae
Erythrinidae

Tarumaniidae

Betancur-R et al. 2019 - 1051 exons

Crenuchidae

[ Ctenoluciidae
Lebiasinidae

Chalceidae
Characidae
Bryconidae
Acestrorhynchidae
Iguanodectidae
Gasteropelecidae
Triportheidae
Hepsetidae
Alestidae
Erythrinidae
Cynodontidae
Hemiodontidae
Serrasalmidae
Parodontidae
Anostomidae
Prochilodontidae
Curimatidae
Chilodontidae

il

Crenuchidae
Lebiasinidae
Ctenoluciidae
Alestidae
Hepsetidae
Chalceidae
Characidae
Acestrorhynchidae
Iguanodectidae
Triportheidae
Gasteropelecidae
Bryconidae
Erythrinidae
Tarumaniidae
Cynodontidae
Parodontidae
Serrasalmidae
Hemiodontidae
Anostomidae
Chilodontidae
Curimatidae
Prochilodontidae

D Melo et al. 2021 - 1288 UCEs

Crenuchidae

[ Ctenoluciidae
Lebiasinidae
Chalceidae
Bryconidae
Gasteropelecidae
Triportheidae
Characidae
Acestrorhynchidae
Iguanodectidae
Hepsetidae
Alestidae
Erythrinidae

Hemiodontidae
Serrasalmidae
Cynodontidae
Parodontidae
Anostomidae
Prochilodontidae
Curimatidae
Chilodontidae

Alternative hypotheses for interfamilial relationships in Characiformes based on distinct sources of characters: (A) Morphological dataset with

128 characters and 33 taxa (de Pinna et al,, 2018); (B) Molecular dataset of 125, 16S, and Ragl genes and 520 taxa (Arcila et al., 2018);

(C) Molecular dataset of 1,051 exons and 321 taxa (Betancur-R et al., 2019); (D) Molecular dataset of 1,288 ultraconserved elements (UCEs) and
356 taxa (Melo et al., 2022). Note the lack of Tarumaniidae in the two phylogenomic studies (C,D).

taxa are deposited in the National Center for Biotechnology
Information Sequence Read Archive (NCBI SRA) under
BioProject PRJNA850628. Information about reads for each
species appear in Supplementary Table 2.
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Two concatenated UCE matrices were assembled for this

study accounting for distinct amounts of characters and

missing data. The 70% complete matrix contains only loci

present in at least 70% of 108 terminals (i.e., loci present
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in at least 76 terminals), whereas the 90% complete matrix
includes only the loci present in at least 90% of terminals
(i.e., loci present in at least 98 terminals). The 70% complete
matrix is consequently longer (more nucleotides/characters)
but contains more missing data, while the 90% complete
matrix is comparatively shorter but with fewer missing data.
Matrices were aligned with MAFFT v7 (Katoh et al, 2002;
Katoh and Standley, 2013), and were partitioned by Partition-
UCE (Tagliacollo and Lanfear, 2018) with combination of
partitions and models of nucleotide evolution subsequently
chosen by PartitionFinder v2.1.1 (Lanfear et al., 2012).

For the two matrices, we used three distinct phylogenetic
First,
likelihood searches with identical parameters to find the

reconstructions. we ran two alternative maximum
maximum likelihood trees using RAxML v8 with the
GTRGAMMA model (Stamatakis, 2014), and wused the
autoMRE function available in RAXML v8 (Stamatakis, 2014)
to access non-parametric bootstrap support values. Second,
we used the Bayesian framework with ExaBayes (Aberer
et al,, 2014) by running two independent runs (one cold and
one heated chain each) for 10° generations (burn-in: 25%;
thinning: 500) with default parameters. Tracer v1.6 (Rambaut
et al, 2014) assessed convergence through analysis of the
log files from independent runs to ensure stationary and
sufficient mixing of parameters (ESS >200). We generated the
most credible set of trees from the posterior distribution of
possible topologies using the consensus algorithm in ExaBayes.
Finally, we ran a coalescent-based analysis from individual
gene trees to account for coalescent stochasticity among
individual loci (Mirarab et al., 2014). For this approach, we
used PHYLUCE (Faircloth, 2015) to resample the complete
matrices by locus. Then, we used RAXML v8 to generate a
maximum likelihood tree for each locus, and ASTRAL-II
(Mirarab and Warnow, 2015) to infer species trees from the
best gene trees, generating a 70% majority-rule consensus
tree of the results.

Time-calibrated analysis

For the time-calibrated analysis, we used five characoid
fossils as primary calibrations and one constraint on the root
as secondary calibrations. The first fossil prior is represented
by tooth fragments of Alestidae from the Ager basin (Early
Eocene 54-49 Ma), Lérida, Spain (de la Pena Zarzuelo, 1996).
That fossil has diagnostic similarities with premaxillary teeth
of modern Alestes, Brycinus, and Bryconaethiops (Zanata and
Vari, 2005). The node uniting those three genera is the most
recent common ancestor (MRCA) of Alestidae in molecular
reconstructions (Arroyave and Stiassny, 2011; Melo et al., 2022)
where we calibrated the prior mean = 52.0; sigma = 2.0; 95-
5% quantiles: 55.3-48.7. The second is tLeporinus scalabrinii
from the Ituzaingé Formation (Late Miocene 9-6 Ma), Entre
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Rios, Argentina (Bogan et al,, 2012), close to Abramites and
L. striatus (Bogan et al, 2012) and with similarities with
Megaleporinus (Ramirez et al., 2017); we placed the fossil at
the MRCA of the clade including those three taxa: mean = 7.5;
1.0; 95-5% quantiles: 9.14-5.86. The third fossil
is TCyphocharax mosesi from the Taubaté basin (Oligocene-
Miocene 28.4-20.4 Ma), Sio Paulo, Brazil (Travassos and
Santos, 1955; Malabarba, 1996), hypothesized to be closely

sigma =

related to the modern Cyphocharax gilbert, Cyphocharax
modestus, and Cyphocharax santacatarinae (Malabarba, 1996;
Melo et al, 2021). Following the phylogeny and historical
biogeography of curimatids (Melo et al, 2018, 2021), we
calibrated the fossil at the MRCA node of Cyphocharax and
Curimatella (mean = 23.8; sigma = 3.0; 95-5% quantiles:
28.7-18.9). The fourth fossil is TMegacheirodon unicus, from
Taubaté basin, Sdo Paulo, Brazil (Bithrnheim et al., 2008), and
hypothesized to be sister to Amazonspinther and Spintherobolus
(Bithrnheim et al., 2008); we calibrated it at the node
including Amazonspinther and three species of Spintherobolus
(mean = 23.8; sigma = 3.0; 95-5% quantiles: 28.7-18.9). The
fifth fossil was tPaleotetra entrecorregos from Aiuruoca basin
(Eocene-Oligocene), Minas Gerais, Brazil (Weiss et al., 2012).
tPaleotetra has been hypothesized as a putative Stevardiinae
(Weiss et al, 2012) or a stem Characidae (Mirande, 2019).
Considering the uncertain position of the genus, we followed
the original description (Weiss et al, 2012): mean = 23.8;
sigma = 3.0; 95-5% quantiles: 28.7-18.9. Finally, the root
constrain is based on our current knowledge for the divergence
time of Cypriniformes and remaining Otophysi estimated for
the Early/Middle Jurassic ¢. 201-158 Ma (Near et al., 2012;
170.5;
sigma = 10.0; 95-5% quantiles: 187-154). All prior parameters

Arroyave et al, 2013; Melo et al, 2022) (mean =

used for calibrations in this study are available in the input file
(:xml) as Supplementary Material.

We preferred to not use the erythrinoids tTiupampichthys
and fPaleohoplias (Gayet et al., 2003) or fossil specimens of
modern Hoplias (Lundberg, 1997; Monsch, 1998; Lundberg
et al,, 2009) because we aimed to compare the ages obtained
from our phylogeny with the available fossil record of
Erythrinoidea s., thus having an independent source of data
for testing our estimated dating hypothesis. We used the
90% complete matrix with 108 terminals that, compared
to the 70% complete matrix, has fewer missing data and
we then used an uncorrelated relaxed molecular clock
implemented on BEAST v2 (Drummond et al., 2006; Bouckaert
et al, 2014, 2019). We tested the lognormal distribution
for fossil priors using a fixed topology without success for
parameter convergence in BEAST v2; thus, we used normal
distributions with chosen sigma values based on the exact
stratigraphy of each fossil. For example, tL. scalabrinii was
found in the Late Miocene (9-6 Ma) Ituzaingdé Formation
of Argentina (Bogan et al, 2012), so we used a normal
distribution (mean = 7.5, sigma = 1.0) that constrained the
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respective node ranging between 9.14 and 5.86 Ma (95-
5% quantiles) in BEAUTI v2 (Bouckaert et al, 2019; see
Supplementary Material).

We used a birth-death branching model and two
BEAST runs for 200 million generations each with a
sampling frequency of 20,000 generations (total 400 million
generations). Tracer v1.6 (Rambaut et al, 2014) examined
the stationarity and sufficient mixing of parameters (ESS
>200), whereas TreeAnnotator v1.8.2 read the 20,002 resulting
trees, discarded the first 2,000 trees as burn-in, and saved
the maximum clade credibility tree. The time-calibrated
phylogeny and all clade-age estimates are presented as
the mean plus 95% highest posterior density values (95%
HPD) in FigTree v1.4.4. All topologies are available as
Supplementary Material.

Results and discussion

Phylogenetic placement and natural
history of Tarumania

The first UCE dataset contained 1,795 UCE loci
with 488,434 bp (70% complete matrix), and the second
contained 172 UCE loci with 50,313 bp (90% complete
matrix). Inside the more restricted Characiformes (i.e.,
exclusive of Cithariniformes), the three analyses (RAxML,
ExaBayes, and ASTRAL-II) differ mainly in the placement of
Bryconidae, Characidae, Hemiodontidae, and Parodontidae
(Figure 3). At the family level, nodes with support values
lower than 80% in the maximum likelihood analysis were
Characiformes + Siluriformes, the clade [(Cynodontidae
the clade
{Bryconidae [(Triportheidae Gasteropelecidae) (Iguanodectidae
the clade

(Iguanodectidae Acestrorhynchidae)]

Serrasalmidae) (Parodontidae Anostomoidea)],

Acestrorhynchidae)]}, and [(Triportheidae
Gasteropelecidae)
(Figure 3). This is due to uncertainties in the placement of
Cithariniformes, Hemiodontidae, Characidae, and Bryconidae,
as previously reported in molecular phylogenies (Oliveira et al.,
2011; Arcila et al., 2017; Betancur-R et al., 2019; Melo et al.,
2022). In addition to those conflicting regions, the present
ASTRAL-II analysis provides novel arrangements among
families in the backbone of characiform phylogeny such as
the Crenuchidae sister to Alestoidea, Erythrinoidea s.s., and
Curimatoidea sensu Betancur-R et al. (2019) (Figures 3E,F), the
close relationship between Cynodontidae, Hemiodontidae and
Serrasalmidae (Figure 3E), and the unexpected non-monophyly
of Triportheidae and Curimatidae (Figures 3E,F). Difficulties
to resolve old early-branching nodes are likely related to
the lack of phylogenetic signal in individual UCE loci (Alda
et al, 2021). Nevertheless, recent order-level phylogenies of
Characiformes addressed interfamilial relationships using
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denser matrices of exons and UCEs (Betancur-R et al., 2019;
Melo et al,, 2022) and this discussion lies beyond the present
scope.

Regardless of the position of those families, all phylogenetic
reconstructions agree in the placement of Tarumaniidae as
the sister group of Erythrinidae (Figure 3) composing the
superfamily Erythrinoidea s.s., in agreement with previous
results, both morphological and molecular (Figures 2A,B;
Arcila et al.,, 2018; de Pinna et al., 2018). Our reconstructions
also place Erythrinoidea s.s. as sister of the eight-family
clade with Hemiodontidae, Cynodontidae, Serrasalmidae,
Parodontidae, Anostomidae, Prochilodontidae, Curimatidae,
and Chilodontidae (Figure 3). The latter result also agrees
with a phylogenetic study using two mitochondrial and
one nuclear locus in the placement of Tarumaniidae (Arcila
et al, 2018). However, our findings do not support the
morphological hypothesis that Erythrinidae + Tarumaniidae
are sister to Ctenoluciidae within the Erythrinoidea s.I. that
also contains Hepsetidae and Lebiasinidae (de Pinna et al,
2018). Our reconstruction involving Erythrinoidea s.s. with
the eight-family clade is echoed in a similar position of
Erythrinidae resulting from the analysis of both exons and
UCEs for Characiformes (Betancur-R et al,, 2019; Melo et al,,
2022).

Some hypothesized morphological synapomorphies are not
congruent with our molecular hypothesis. For example, the
continuous scale covering represents a synapomorphy for
the Erythrinoidea s.. (de Pinna et al, 2018) and requires
convergent evolution in our phylogeny. On the other hand,
morphological synapomorphies supporting the Tarumaniidae-
Erythrinidae relationship are congruent with our current
hypothesis, despite their lower bootstrap support cited by the
authors (lower than the expanded Erythrinoidea) (de Pinna
et al,, 2018). Although the morphological traits of Tarumania
seem to explore extreme reaches in a phenotypic landscape,
such as highly reduced coracoid, exceedingly numerous scales,
extreme vertebral number, reduction of suspensorium, and
multiplication of air bladder chambers, the recognition of
synapomorphies shared with Erythrinidae is straightforward.

Phylogenetically = significant features shared between
Tarumaniidae and Erythrinidae go beyond the usual molecular-
phenotypic divide. The degree of fossorial adaptations in
Tarumania is doubtlessly unique in characiforms. However,
erythrinids also have ecological preferences which may
foreshadow the extreme situation in that genus. All members of
Erythrinidae are benthic or nektobenthic, favoring the bottom
part of the water column, a preference unusual in characiforms.
Also contrary to the majority of characiforms who spend most
of the time as active swimmers, erythrinids tend to stay still
in the water column or on the bottom for extended periods, a
behavior associated with their predominant ambush hunting
strategy. Some species of the erythrinid Hoplias has a marked
preference for quiet sediment-rich areas, and species of both
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that genus and of Erythrinus are often found buried in leaf litter,
a microhabitat similar to, yet less extreme than, that typical of
Tarumania.

Another unusual trait shared by Tarumania and erythrinids
is a true air-breathing capacity. Several characoids can use
the air-water interface for respiration (the Aquatic Surface
Respiration: ASR) as for example species of Triportheidae,
Serrasalmidae, Bryconidae, and a few Characidae (Soares et al.,
2006). Such strategy is associated with temporary expansion of
the lower lip in species of Triportheus, Colossoma, Mylossoma,
Brycon, and Salminus, increasing the intake of surface water to
ventilate the gills rather than a true air-breathing ability. Among
erythrinids, Hoplias can survive hypoxic conditions for long
time periods by means of physiological adaptations associated
to decreasing metabolic rate (Soares et al., 2006). Erythrinus and
Hoplerythrinus gulp air at the water surface to withstand severe
hypoxia during long periods, especially in dry seasons when they
frequently get trapped in desiccating ponds. The air is pumped
into the swimbladder, which in Erythrinus and Hoplerythrinus
have macroscopically evident alveolations at the anterior
portion of the posterior chamber (Liem, 1988; Pelster, 2021),
with some species of Lebiasina and Piabucina (Lebiasinidae)
also showing such adaptations (Graham et al., 1978). Species
of Erythrinus can also move overland among nearby ponds and
occasionally back to permanent water bodies. Tarumania also
gulps air at the surface when confined to small amounts of water
(de Pinna et al,, 2018), but the air stays in the oral cavity and
no evidence exists of it entering the swimbladder for respiratory
function. Tarumania can survive deeply buried in moist leaf
litter up to the next rainy season, which seems to represent
an extreme adaptation to life in ephemeral water bodies of
forested habitats. Despite structural differences in air-breathing
mechanism, the phylogenetic proximity between Tarumania
and erythrinids means that such unusual characiform traits
may comprise some homologous baseline in the two lineages,
with the former having developed such adaptations toward a
direction allowing it to explore the inhospitable hyporheic zone.
This also demonstrates that natural history traits may represent
interesting sources of evidence for homologies and historically
bound adaptive causation.

Evolutionary history of Erythrinoidea
sensu stricto and the fossil record

Adaptations to the fossorial habitat in characiforms
seem to have been present since the Mesozoic. The
fossil-calibrated phylogeny indicates that the MRCA of
Tarumaniidae + Erythrinidae split from other characiforms
during the Late Cretaceous at around 90 Ma (108-72 Ma,
95% HPD) (Figure 4). These dates fit in with recent fossil-
calibrated phylogenies for Characiformes. Using a multilocus
dataset and seven fossil calibrations, Burns and Sidlauskas
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(2019) estimated that Erythrinus diverged from the major
characoid lineage Curimatoidea at approximately 84 Ma
(90-78 Ma, 95% HPD). Using a phylogenomic UCE dataset
and six fossil calibrations, Melo et al. (2022) proposed
that Erythrinidae diverged from other characoids during
the Late Cretaceous at around 97 Ma (115-79 Ma, 95%
HPD). However, other fossorial fish groups seem to have
emerged later. Phreatobius has never been included in time-
calibrated phylogenies, but its sister clade Pseudopimelodidae
(Sullivan et al, 2006) was estimated to have diverged
from Pimelodidae circa 70 Ma (Betancur-R et al, 2017).
Although no study has investigated the origins and factors
driving the acquisition of fossorial adaptations, the split
of Erythrinoidea s.s. stands out as a particularly old event
among Neotropical fish clades and represents yet another odd
feature for that clade.

Tarumania walkerae is the single living species of
Tarumaniidae and is closely related to 20 living species of
Erythrinidae known to date. No fossils of Tarumaniidae are
known yet and the oldest fossils assignable to Erythrinoidea
or Erythrinidae are disarticulated specimens, mostly isolated
tooth fragments, found in the El Molino and Santa Lucia
formations of central Bolivia dated to the Cretaceous-
Paleogene boundary (Maastrichtian to Danian, 70-61 Ma)
(Sempere et al, 1997; Gayet et al., 2001, 2003; Malabarba
and Malabarba, 2010). One remarkable taxon particularly
important to understand the evolution of Tarumaniidae
is the erythrinoid-like tTiupampichthys that possesses
jaw features intermediate between modern erythrinids,
(Gayet
et al, 2003). Under the three morphological hypotheses,
tTiupampichthys assignable
to the MRCA of Erythrinidae, Lebiasinidae, Hepsetidae,
Ctenoluciidae, and Acestrorhynchidae (Buckup, 1998; Gayet

cynodontids, hepsetids, and acestrorhynchids

would be either as close

et al, 2003), or Erythrinoidea s.I. plus Anostomoidea and
Acestrorhynchidae (de Pinna et al, 2018), or Erythrinoidea
s.I. plus Cynodontidae and Acestrorhynchidae (Pastana et al,
2020). Under the molecular hypothesis, tTiupampichthys
would be attributable to the MRCA of all characiforms
except Crenuchidae (Figure 4). This is due to distinct
Erythrinoidea s.s.,
Cynodontidae  (Curimatoidea), and  Acestrorhynchidae
(Characoidea) (Arcila et al., 2017; Betancur-R et al., 2019;
Melo et al, 2022). Although the phylogenetic placement
of tTiupampichthys is
morphologies, the occurrence of an erythrinoid-like taxon in

positions of Hepsetidae (Alestoidea),

uncertain due to intermediate
the Late Cretaceous suggests that derived forms of erythrinids
and tarumaniids appeared later than that period (i.e., <66 Ma).
This scenario supports our current hypothesis that modern
Tarumania splits from erythrinids during the Paleogene c.
66-32 Ma (Figure 4).

The time-calibrated phylogeny indicates a Paleogene
emergence of Tarumaniidae, splitting from Erythrinidae at
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Fossil-calibrated phylogeny of Characiformes and related taxa based on a Bayesian analysis of ultraconserved elements (90% complete matrix;
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approximately 47.9 Ma (66-32 Ma, 95% HPD). Available
fossil evidence indicates that several modern families were
present during the Paleogene (Lundberg, 1997; Malabarba and
Malabarba, 2010; Lépez-Ferndndez and Albert, 2011). The early
diversification in 14 out of 21 modern characiform families,
including highly diverse clades like Characidae, are dated to
the Paleogene (66-23 Ma) (Melo et al, 2022). In fact, the
Cretaceous-Paleogene El Molino Formation of Bolivia revealed
the earliest fossils attributed to Characidae [Tetragonopterinae
of Gayet et al. (2001)]. Paleogene formations, in turn, revealed
well-preserved and phenotypically intermediate characid genera
such as tPaleotetra and tBryconetes from the Eocene-
Oligocene and tMegacheirodon from the Oligocene-Miocene
(Travassos and Santos, 1955; Bithrnheim et al., 2008; Malabarba
and Malabarba, 2010; Weiss et al., 2012, 2014). Fossils of
Serrasalmidae begin to occur during the Late Cretaceous and
early Paleogene (Gayet et al, 2001) and the evidence, in
combination with molecular-dated phylogenies, suggests that
the Paleogene was also the age for the early intrafamilial
diversification (Kolmann et al, 2020; Melo et al, 2022).
Therefore, the sum of evidence allows us to hypothesize that the
early lineage of Tarumaniidae diverged from erythrinids in the
Paleogene and colonized Central Amazonia, where inhospitable
habitats favored the appearance and maintenance of extreme
morphological, physiological, and ecological adaptations.
Overall, this study provides a genomic-based hypothesis for
the phylogenetic placement of Tarumania and an evolutionary
timeframe for the diversification of Erythrinoidea s.s. Further
studies can use ancestral state reconstructions to estimate
the evolution of relevant morphological characters along
characiform phylogeny. For example, which characters were
maintained during the evolution of Erythrinidae, and which
characters were lost in Tarumania? Understanding character
evolution in Erythrinoidea s.s. would be particularly important
for the resolution of phylogenetic conflicts along this section
of the evolutionary history of Characiformes, such as the
position of Hemiodontidae, Serrasalmidae, and Cynodontidae
(Betancur-R et al.,, 2019; Kolmann et al., 2020; Melo et al., 2022).
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