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Abstract

Background The evolutionary relationships within Stomiiformes, a diverse order of deep-sea fishes dominating the
mesopelagic and bathypelagic zones, remain contentious due to conflicting morphological and molecular evidence.
These fishes, comprising 464 species across four traditionally recognized families (Gonostomatidae, Sternoptychidae,
Phosichthyidae, and Stomiidae), exhibit remarkable adaptations such as bioluminescence, ultra-black pigmentation,
and extreme jaw morphologies. Their global abundance and ecological significance, including contributions to

the biological carbon pump, underscores the need to resolve their phylogeny amid escalating threats from climate
change and human activities.

Results We conducted the most comprehensive phylogenomic analysis of Stomiiformes to date, integrating 936
nuclear loci from 60 species and an expanded dataset of 135 species with mitochondrial sequences from publicly
available repositories such as the Barcode of Life Data Systems (BOLD) database. We used maximum likelihood and
coalescent-based approaches to assess family monophyly and relationships, including extensive quality control to
address contamination in public databases. Our analyses reveal unstable tree topologies and complex evolutionary
histories that challenge traditional classifications, while our quality control analyses identified 29% of BOLD
sequences as misidentified or contaminated, emphasizing rigorous curation for deep-sea taxa. Congruent with a
recent taxonomic treatment of Stomiiformes, the families Phosichthyidae and Gonostomatidae exhibit polyphyly
and paraphyly, respectively, while subfamilies within Stomiidae are extensively non-monophyletic, leading us to
recommend their abandonment. We propose the recognition of eight monophyletic families: Vinciguerriidae,
Diplophidae, Gonostomatidae, Yarrellidae, Ichthyococcidae, Phosichthyidae, Sternoptychidae, and Stomiidae,
supported by robust molecular and morphological evidence.

Conclusions This revised classification reflects the morphological and ecological diversity of Stomiiformes,
aligning with their evolutionary diversification in the deep sea. Our phylogenomic framework resolves longstanding
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systematic uncertainties and highlights the power of genome-wide data in tackling taxonomically challenging clades.
These findings provide a foundation for understanding deep-sea fish diversification and assessing the potential

ecological drivers for their evolutionary diversity.

Keywords Mesopelagic Fishes, Taxonomic Classification, Morphological Diversity

Introduction

Despite remarkable progress in unraveling the diversity
of life through phylogenomic approaches, the evolution-
ary relationships among major clades of deep-sea fishes
remain a subject of intense debate and uncertainty. This
uncertainty is particularly pronounced in groups that
have undergone extensive phenotypic adaptations to
deep-sea environments, raising questions about the reli-
ability of traditional taxonomic groupings [1]. Address-
ing this fundamental challenge in deep-sea systematics is
crucial for understanding how fishes evolve and diversify
in Earth’s largest and least accessible habitat, particularly
as ecosystems face unprecedented pressures from global
warming and anthropogenic activities. Deep-sea fishes
also play a vital role in the biological carbon pump, facili-
tating carbon transport from surface waters to the deep
ocean through vertical migrations, metabolic processes,
and trophic interactions [2]. Elucidating their evolution-
ary relationships is crucial to understanding how their
unique adaptations have facilitated their dominance in
meso- and bathy-pelagic habitats.

The order Stomiiformes, encompassing dragonfishes,
lightfishes, loosejaws, viperfishes, bristlemouths, and
hatchetfishes, stands out as one of the most success-
ful and diverse groups of deep-sea fishes, with over 460
species across four traditionally recognized families [3].
These fishes dominate the mesopelagic and upper bathy-
pelagic zones [4], exhibiting a striking array of morpho-
logical adaptations, such as elongated or compressed
deep-bodied shapes [5, 6], transparent teeth [7], ultra-
black pigmentation, bioluminescence, and extreme jaw
morphologies [6—8]. Despite their ecological significance,
the evolutionary relationships within Stomiiformes
remain highly controversial, as traditional morphology-
based classifications frequently conflict with molecular
data [8-13].

Previous phylogenetic studies have produced incon-
sistent results regarding family-level classifications and
genus-level delimitations [14-18]. Early parsimony-
based morphological analyses recognized as many as
ten families, but subsequent studies consolidated these
into four currently accepted families: Gonostomatidae,
Sternoptychidae, Phosichthyidae, and Stomiidae [15,
17-19] (Fig. 1). These revisions expanded Stomiidae to
include genera previously classified in their own families
such as Astronesthidae, Chauliodontidae, Idiacanthidae,
Malacosteidae, and Melanostomiidae, yet genus-level
delimitations within Stomiidae remain poorly supported

and lack resolution [8, 9, 12, 13, 20, 21]. Early molecular
studies relying on mitochondrial markers largely corrob-
orated morphology-based phylogenies for Gonostomati-
dae and Sternoptychidae, but offered limited insights into
Stomiidae’s phylogenetic delineations [14, 19, 20, 22-24].
Later analyses incorporating nuclear loci revealed a more
complex evolutionary history, demonstrating the poly-
phyly of Phosichthyidae, the paraphyly of Gonostoma-
tidae, and sometimes the paraphyly of Stomiidae [8, 25].
Most recently, a study of 35 species, integrating ultra-
conserved elements, legacy markers, and morphological
data, further reduced the number of recognized stomi-
iform families to three by subsuming all seven phosich-
thyid genera and one gonostomatid genus into Stomiidae
[13].

Given the logistical challenges and high costs of col-
lecting fresh tissue from deep-sea fishes, molecular
studies of stomiiform relationships have been severely
constrained by limited taxonomic and genetic sampling,
with most analyses focusing on a small subset of species
or specific families [20, 23, 24]. Although next-generation
sequencing now offers powerful tools to resolve evolu-
tionary relationships, these advanced methods have yet
to be comprehensively applied to the order Stomiiformes.
As a result, critical questions about this diverse order
remain unresolved, including the validity of traditional
family-level classifications, the phylogenetic placement
of key genera, and the monophyly of major lineages. This
gap in our understanding is particularly striking given the
ecological importance of Stomiiformes in deep-sea eco-
systems and their remarkable adaptations that lack the
robust phylogenetic context necessary for evolutionary
inquiry.

Here, we present the most comprehensive phyloge-
nomic analysis of Stomiiformes to date, integrating mul-
tiple molecular datasets to resolve relationships across
the order with unprecedented taxonomic breadth. Our
approach combines a genome-wide dataset for 60 spe-
cies, with an expanded dataset of 86 additional species,
sourced from nearly 2,500 sequences in the BOLD data-
base. Leveraging this extensive taxonomic sampling, we
aim to 1) reconstruct higher-level evolutionary relation-
ships within Stomiiformes, 2) test the monophyly of tra-
ditionally recognized families, and 3) evaluate previously
proposed classifications at family and subfamily levels.
Our study resolves longstanding systematic uncertain-
ties, provides a robust phylogenetic framework for the
order, and establishes a revised classification based on
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Fig. 1 Previous phylogenetic hypotheses (left) and illustrations of select stomiiform species organized based on previous family-level taxonomy (right).
This figure includes a conglomeration of both past morphological and molecular analyses of this order. The number of species (spp.) and markers are in-
dicated when appropriate. Families are color-coded as Stomiidae (green), Sternoptychidae (purple), “Phosichthyidae” (blue), and “Gonostomatidae” (pink).
The right panel provides accurate morphological illustration of several species from their respective families to highlight the morphological diversity

within the Stomiiformes. lllustrations by Casey Lee

both molecular and morphological evidence. We also
identified frequent instances of misidentification or con-
tamination in stomiiform mtDNA sequences within the
BOLD database, underscoring the need for cautious
interpretation of such data. This finding emphasizes the
critical role of rigorous data curation, particularly for
deep-sea taxa where sampling challenges and identifi-
cation problems are pronounced. Ultimately, our study
highlights the power of integrating new genomic data
with existing sequence resources to resolve relationships
in taxonomically challenging radiations.

Results

Phylogenomic analyses reveal novel deep-sea fish
relationships

Our primary nuclear exon-based phylogenomic data-
set included 60 stomiiform species [31 genera, 4 fami-
lies] and four outgroup taxa, comprising 936 loci
totaling 314,607 base pairs (bp), with 73% missing data
and a mean of 20 species per locus. To address poten-
tial biases from missing data and assess phylogenetic
uncertainty, we applied stringent filtering strategies,
generating a highly filtered dataset (37 loci: 10,872 bp,
49% missing data), two medium-filtered datasets (401
loci: 160,632 bp, 62% missing data; 472 loci: 223,738 bp,
71% missing sites), and three subset datasets (each 318
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loci: 103,515-109,623 nucleotides with 72.14%-73.68%
missing sites) (Additional file 1). Maximum likelihood
(ML) analyses in IQ-TREE yielded congruent topolo-
gies across all datasets, with 78% of nodes in all our trees
supported by bootstrap values (BS)>85%. By contrast,
coalescent-based species trees (ASTRAL-IV), inferred
from individual gene trees, exhibited significantly lower
support values, sharing only 54.4% of nodes on average
with concatenated ML trees. Despite substantial discor-
dance in branching patterns between coalescent- and
concatenation-based trees, the monophyly of most taxo-
nomic groups proposed herein was consistently resolved
(Fig. S1). An exception was Sternoptychidae, which was
resolved as paraphyletic in all the coalescent-based analy-
ses, but strongly supported as monophyletic in all concat-
enation-based analyses (Fig. 2; Fig. S1). The phylogenetic
incongruences observed in coalescent-based trees are
likely due to the high levels of gene tree estimation error.
Given the documented gene tree error and the robust
topological consistency across our concatenation-based
datasets, we selected the ML tree, inferred from the full
936-locus dataset, as our primary phylogenetic hypoth-
esis. Trees estimated using ASTRAL-IV are summarized
in Fig. S1.

Quality control of COI sequences from BOLD
To assess the reliability of publicly available data for phy-
logenetic analyses, we assembled a COI dataset by mining
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2,474 sequences from the BOLD database and integrat-
ing them with COI data from 51 of the 60 species in our
primary genomic dataset, resulting in 2,525 individuals
with sequence lengths ranging from 567 to 1,563 bp (see
Methods). We evaluated sequence quality by inferring an
ML tree, followed by visual inspection of the phylogeny
for species clustering, topological accuracy, and sequence
identification. Sequences were grouped into 181 species-
level bins based on consistent clustering (Additional file
2). Comparison of BOLD species names with their bin
assignments revealed that 728 sequences (28.8%) failed
our quality control (QC) protocol (Fig. S2). Of these,
146 sequences could not be assigned to any bin and were
flagged as ‘ID cannot be determined,; 424 lacked specific
genus or species designations (e.g., Stomiiformes sp., Sto-
mias sp.), and 158 showed mismatched bin assignments,
indicating misidentification (Fig. S3; Additional file 3).
The distribution of QC failures across families revealed
that 20.9% of sequences from Gonostomatidae (99/468),
37.1% of Phosichthyidae (130/350), 33.7% of Sternop-
tychidae (236/701), and 26.3% of Stomiidae (263/998)
were problematic (Fig. S3). Overall, 29% of the BOLD
sequences (717/2,474) failed our QC protocol. However,
genus-level clustering remained largely robust, indicat-
ing that inherent challenges associated with identifica-
tion in this order are concentrated at the species level. To
enhance data reliability, we recommend combining auto-
mated filtering based on sequence quality metrics with
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Fig. 2 Tanglegram showing concatenation-based stomiiform topologies generated by genomic data only (left) and genomic data supplemented with
COl sequences (right). Non-monophyletic genera (Bathophilus & Sigmops) represented as distinct clades (e.g. Bathophilus 1 and Bathophilus 2). Topological
discordance indicated with red branches. Family-level classifications follow the new classification system proposed herein
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manual verification through preliminary phylogenetic
analyses before final tree reconstruction.

Phylogenetic analysis of an expanded multi-locus dataset
To maximize taxonomic coverage, we generated an
expanded dataset comprising 135 stomiiform species
and four outgroup taxa. We integrated our 936 nuclear
loci data matrix (314,607 bp, 73% missing sites) with the
COlI locus (1,746 bp post-alignment), totaling 316,353 bp
with an average of 88% missing sites and a mean of 16
species per locus (Additional file 1). ML analyses based
on our expanded dataset in IQ-TREE yielded topolo-
gies that retained all major clade relationships from our
primary 60-species phylogeny (Fig. 2). As a result of the
high levels of missing data, driven by COI-only taxa,
and trimmed COI alignment, this reduced resolution
at several nodes and required extensive quality control
steps. For instance, bootstrap support for Gonostoma-
tidae (as defined herein) decreased from 94% in the pri-
mary dataset to<55% in the expanded dataset. Within
Gonostomatidae, the genus Cyclothone exhibited signifi-
cant phylogenetic uncertainty, resolving within the fam-
ily in only five of ten ML replicates. In other instances,
we resolved a peculiar sister relationship between the
gonostomatid genus Cyclothone and the phosichthyid
genus Vinciguerria, however, this was likely due to long-
branch attraction and missing data. Consistent with pre-
vious analyses, several stomiid genera (e.g., Astronesthes,
Thysanactis, Photostomias, and Photonectes) have also
had unstable placements within Stomiidae. This insta-
bility, compounded by variations in taxon sampling and
proportionately high levels of missing data, underscores
the challenges of resolving phylogenetic relationships
with taxonomically expanded datasets, particularly for
problematic clades like Cyclothone and the more speci-
ose stomiid genera, such as Astronesthes and Photonectes.
Even so, the resolution of higher-level clades were well
preserved across most of our analyses (Fig. S1), especially
our primary phylogeny (Fig. 2).

Impact of sequence contamination on phylogenetic
reconstruction

Given the high rate of contamination identified in the
COI dataset, we assessed its impact on phylogenetic
inference by reconstructing an ML tree using the 1,797
sequences that passed QC, excluding the 728 problem-
atic sequences (Fig. S3). Compared to the full COI data-
set, the filtered dataset improved topological stability for
Gonostomatidae, with Cyclothone consistently resolv-
ing within the family (BS=82%) rather than grouping
with Vinciguerria as observed in some unfiltered analy-
ses. However, stomiid subfamilies, including Astron-
esthinae and Stomiinae, continued to exhibit variable
support (BS values ranging from 55 to 75%), suggesting
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that contamination is only one of several factors affect-
ing fine-scale resolution in deep-sea Stomiiformes. A
reanalysis of family-level clustering with the filtered data-
set also showed improved support for newly proposed
families within Stomiiformes, though some inconsisten-
cies persisted compared to past molecular hypotheses
(Table 1; Additional file 3). These findings emphasize the
critical role of quality control in enhancing phylogenetic
accuracy.

Non-monophyly of traditional families reveals complex
stomiiform relationships

Our analyses fundamentally challenge traditional stomi-
iform taxonomy by revealing extensive paraphyly and
polyphyly in two major families, Gonostomatidae and
Phosichthyidae, respectively (as seen in Fig. 3a, b). The
gonostomatids were resolved as two separate lineages,
with Diplophos forming the sister group to all other
taxa except the phosichthyid genus Vinciguerria, which
diverges at the base of Stomiiformes (100% BS) (Fig. 3a).
The remaining gonostomatid genera (Cyclothone, Gonos-
toma, Margrethia, Sigmops, Triplophos, and Zaphotias)
(Fig. 3b) constitute a robustly-resolved Gonostomatidae
sensu stricto, but its intrafamilial relationships are weakly
supported and sensitive to changes in species sampling.
Phosichthyidae is even more fragmented, with its seven
genera scattered across four distinct lineages in nearly
all the concatenation- and coalescent-based species
trees (Table 1). Even after excluding the early-branching
Vinciguerria, the remaining genera form three separate
clades, rendering Phosichthyidae highly polyphyletic.
One of the remaining three clades, hereafter referred
to as Yarrellidae, unites Polymetme with Yarrella as the
sister group to the other two remaining phosichthyid
groups and the family Stomiidae. In our analyses, Ich-
thyococcus consistently emerged as an isolated lineage
(hereafter, Ichthyococcidae) positioned between Yarrelli-
dae and the newly defined Phosichthyidae (Table 2), now
restricted to Phosichthys and Woodsia (Fig. 3a, b). Of the
phosichthyid clades, the sole genus Vinciguerria was sub-
stantially supported as sister to all other stomiiforms, and
is relegated to the new family Vinciguerriidae (along with
the morphologically-similar Pollichthys).

Stomiidae monophyly and Sternoptychidae conflict

Our analyses revealed robust support for a monophy-
letic Stomiidae (100% BS) (Fig. 3a, b) across all concat-
enated and most coalescent analyses (Table 1), offering
new insights into the evolution of dragonfishes. This
well-supported clade encompasses all six traditionally
recognized subfamilies, exhibiting moderate to high lev-
els of phylogenetic concordance with minimal conflicting
bipartitions when comparing all our analyses to our most
stable phylogeny, as indicated by the pie charts in Fig. 3a.
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Table 1 Assessment of family-level relationships within Stomiiformes using concatenation-based (IQ-TREE) and species tree
(ASTRAL-IV & weighted-ASTRAL) methods across 15 datasets. Novel family-level clade comparison across different datasets using
concatenation-based and multi-species coalescent methods. The right column includes all Stomiiform families as delimited

in this study as well as Smith et al. [13]. Additionally, all previously acknowledged subfamilies of Stomiidae are included.
Checkmarks indicate monophyly support for each family or subfamily. Families recognized herein are Vinciguerriidae, Diplophidae,
Gonostomatidae, Sternoptychidae, Yarrellidae, Ichthyococcidae, Phosichthyidae, and Stomiidae, with previously-recognized
Stomiidae subfamilies being: Stomiinae, Chauliodontinae, Idiacanthinae, Astronesthinae, Melanostomiinae, and Malacosteinae.
Families sensu Smith et al. [13] are Gonostomatidae, Sternoptychidae, and Stomiidae
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However, their internal relationships within Stomiidae
challenge existing classifications. Most notably, all three
subfamilies containing multiple genera were resolved as
polyphyletic (Malacosteinae and Melanostomiinae) or
paraphyletic (Astronesthinae). Among these subfamil-
ial groupings, Stomiinae was resolved as monophyletic
(Table 1), most often forming a sister clade to a mono-
phyletic Chauliodontinae. However, this latter relation-
ship should be interpreted cautiously, as Chauliodontinae
and Idiacanthinae were each represented by a single spe-
cies in our primary dataset. Given the pervasive non-
monophyly observed at both genus and subfamily levels
in our analyses, consistent with findings from previous
studies, we propose discontinuing the current subfamilial
classification within Stomiidae. These artificial groupings
appear to obscure, rather than clarify, our understand-
ing of evolutionary relationships among dragonfishes,
and their continued use may impede accurate system-
atic interpretation of this remarkable deep-sea radiation.

Gonostomatidae
Sternoptychidae

000 O0OsB8BdO0OB8B8RBO00B

The marine hatchetfishes (Sternoptychidae) showed
strong support for monophyly in concatenated analyses
(100% BS) (Fig. 3a) but yielded conflicting signals in spe-
cies tree analyses (Table 1), which split the family in two
distinct groups: Sternoptyx + Argyropelecus and Argyrip-
nus + Maurolicus + Polyipnus + Danaphos. This similarly
violates the traditional division of Sternoptychidae into
two subfamilies (Sternoptychinae and Maurolicinae), and
as such, we do not acknowledge the use of the sternopty-
chid subfamily classification. Additionally, the position of
Sternoptychidae within Stomiiformes fluctuated across
analyses (Table 1), indicating that increased taxonomic
sampling may be necessary to resolve their phylogenetic
position with greater confidence.

Tree concordance factors reveal clade stability and conflict
To assess topological stability while avoiding the biases
introduced by gene-tree error, we calculated tree con-
cordance factors (tCFs), which measure the percentage
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Fig. 3 Family-level relationships and morphological diversity of Stomiiformes. a Molecular phylogeny derived from concatenation-based ML analysis
of 936 exon markers, illustrating newly proposed family-level relationships. Monophyletic groups are color-coded by family. Nodes with bootstrap (BS)
support < 100% are indicated by colored circles (90% and 70% thresholds), in addition to pie charts showing the proportion of concordant trees (blue),
best alternative bipartitions (green), other alternative bipartitions (red), and uninformative trees (grey). All trees seen in Table 1 were included in the
calculation of concordance of the 60 species phylogeny aside from the ASTRAL subsets. Exact BS values are provided in supplementary files. Numbers,
color-coded by family, correspond to morphological illustrations in panel (c). b Radial representation of an expanded (135-taxon) phylogenetic tree
based on COI+936 exon markers, with branch lengths scaled to genetic divergence (scale bar=0.05 substitutions per site). ¢ Morphological illustrations
of representative species from 31 genera across the families (1) Vinciguerriidae, (2) Diplophidae, (3) Gonostomatidae, (4) Sternoptychidae, (5) Yarrellidae,
(6) Ichthyococcidae, (7) Phosichthyidae, and (8) Stomiidae, highlighting the morphological diversity within these groups. Families are consistently color-

coded across all panels. lllustrations by Casey Lee

of species trees that resolve each branching pattern in
our main phylogeny. The tCFs was computed by using
the 13 independently inferred phylogenies, including
six concatenated ML trees and seven coalescent spe-
cies trees and visualized as pie charts showing the pro-
portion of trees supporting each branch (Fig. 3a). In this

approach, each inferred tree is treated as a “locus,” adapt-
ing the conceptual framework of gene concordance fac-
tors (gCFs) to derive tCFs. We observed uniformly high
tCFs for several clades defined in our study, Vinciguerri-
idae, Yarrellidae, and Phosichthyidae each reached 100%
concordance, while Gonostomatidae attained 92%. Our
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Table 2 Systematic classification of Stomiiformes genera: traditional and newly proposed family-level groupings. Comparison of
traditional family-level groupings from Fink (1985), Kenaley et al. (2014), and Smith et al. [13] with our newly proposed taxonomic
arrangement based on phylogenomic evidence. Relevant stomiiform genera are denoted in the left column while their identified
families based on different studies are listed coincidingly including this study. Our new taxonomic classification introduces novel
families, including Ichthyococcidae fam. nov., Vinciguerriidae fam. nov.,, Yarrellidae fam. nov,, and a newly revised Phosichthyidae and
Gonostomatidae. Dashes (-) indicate missing genera from the study in question. Asterisks (*) highlight genera that have previously
been placed in families such as Melanostomiidae, Malacosteidae, and Astronesthidae, which have now been reclassified based on

modern phylogenomics.

Previous family-level classification systems . .
Genus . . New classification
Fink (1985) Kenaley et al. (2014 Smith et al. (2024)

(Araiophos* - - Sternoptychidae Sternoptychidae
Argyripnus - - Sternoptychidae Sternoptychidae
| Argyropelecus - Sternoptychidae Sternoptychidae Sternoptychidae
| Aristostomias Malacosteidae Stomiidae Stomiidae Stomiidae
Astronesthes Astronesthidae Stomiidae Stomiidae Stomiidae
Bathophilus Melanostomiidae  Stomiidae Stomiidae Stomiidae
Borostomias Astronesthidae Stomiidae Stomiidae Stomiidae
Chauliodus Chauliodontidae Chauliodontidae Stomiidae Stomiidae
Chirostomias* Melanostomiidae ~ Stomiidae Stomiidae Stomiidae
Cyclothone - - Gonostomatidae Gonostomatidae
Danaphos - - Sternoptychidae Sternoptychidae
Diplophos - - Gonostomatidae Diplophidae
Echiostoma Melanostomiidae ~ Stomiidae Stomiidae Stomiidae
Eupogonesthes® - -- Stomiidae Stomiidae
Eustomias Melanostomiidae  Stomiidae Stomiidae Stomiidae
Flagellostomias Melanostomiidae  Stomiidae Stomiidae Stomiidae
Gonostoma - - Gonostomatidae Gonostomatidae
Grammatostomias Melanostomiidae  Stomiidae Stomiidae Stomiidae
Heterophotus Astronesthidae Stomiidae Stomiidae Stomiidae
Ichthyococcus - - Stomiidae Ichthyococcidae fam. nov.
Idiacanthus Idiacanthidae Stomiidae Stomiidae Stomiidae
Leptostomias Melanostomiidae  Stomiidae Stomiidae Stomiidae
Malacosteus Malacosteidae Stomiidae Stomiidae Stomiidae
Manducus* - - Gonostomatidae Diplophidae
|Margrethia - - Gonostomatidae Gonostomatidae
| Maurolicus - - Sternoptychidae Sternoptychidae
Melanostomias Melanostomiidae ~ Stomiidae Stomiidae Stomiidae
Neonesthes Astronesthidae Stomiidae Stomiidae Stomiidae
Odontostomias Melanostomiidae  Stomiidae Stomiidae Stomiidae
Opostomias Melanostomiidae - Stomiidae Stomiidae
Pachystomias Melanostomiidae ~ Stomiidae Stomiidae Stomiidae
Phosichthys - - Stomiidae Phosichthyidae
Photonectes Melanostomiidae  Stomiidae Stomiidae Stomiidae
Photostomias Malacosteidae Stomiidae Stomiidae Stomiidae
Pollichthys* - - Stomiidae Vinciguerriidae fam. nov.
Polyipnus - - Sternoptychidae Sternoptychidae
Polymetme - Phosichthyidae Stomiidae Yarrellidae fam. nov.
Rhadinesthes Astronesthidae Stomiidae Stomiidae Stomiidae
Sigmops - Gonostomatidae Gonostomatidae Gonostomatidae
Sonoda* - -- Sternoptychidae Sternoptychidae
Sternoptyx - Sternoptychidae Sternoptychidae Sternoptychidae
Stomias Stomiidae Stomiidae Stomiidae Stomiidae
Tactostoma Melanostomiidae  Stomiidae Stomiidae Stomiidae
Thorophos* - - Sternoptychidae Sternoptychidae
Thysanactis* Melanostomiidae ~ Stomiidae Stomiidae Stomiidae
Trigonolampa* - Stomiidae Stomiidae Stomiidae
Triplophos - Incertae sedis Stomiidae Gonostomatidae
Valenciennellus - - Sternoptychidae Sternoptychidae
Vinciguerria - Phosichthyidae Stomiidae Vinciguerriidae fam. nov.
Woodsia - - Stomiidae Phosichthyidae
Yarrella - Phosichthyidae Stomiidae Yarrellidae fam. nov.
Zaphotias -- -- Gonostomatidae Gonostomatidae

revised Stomiidae exhibited 77% concordant splits (23%
in the primary alternative), and Diplophidae showed 62%
concordance (38% alternative). Notably, Sternoptychidae,
despite strong bootstrap support under concatenation,
displayed only 38% concordance, reflecting its consis-
tent paraphyly in coalescent-based trees (Fig. S1). By
integrating the signal across methodological and dataset
variations, tCFs provide a robust, quantitative measure

of both support and conflict in our novel eight-family
classification.

Topology testing against alternative classifications

To evaluate the robustness of our proposed eight-family
classification against the recently proposed three-family
framework by Smith et al. [13]. We conducted Approxi-
mately Unbiased (AU) topology tests in IQ-TREE using
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the 936-locus alignment for both the 64-taxon and 135-
taxon datasets. Although our dataset does not statisti-
cally reject the monophyly of Stomiidae sensu Smith et
al. [13] (p>0.05), this topology was only ever resolved
in one of the 13 species trees (six concatenation-based
ML and seven coalescent-based) inferred in our study
(Table 1; Fig. S1). Recognizing a monophyletic Stomiidae
sensu Smith et al. [13] in our trees would collapse most
Stomiiform genera into a single, overly broad Stomiidae.
In contrast, our eight-family classification would be more
informative and robust, even under topological uncer-
tainty, with high tree concordance factors (tCFs) for most
families (e.g., 100% for Vinciguerriidae, Yarrellidae, and
Phosichthyidae; 92% for Gonostomatidae) (Fig. 3a). Fur-
thermore, when our eight families are mapped onto the
ultraconserved element (UCE) and morphological tree
of Smith et al. [13], seven of our eight families remain
monophyletic, providing additional evidence of their sta-
bility and robustness to topological variation.

Proposed taxonomic classification

Our current classification framework integrates molec-
ular and morphological data to establish a robust tax-
onomy. We compiled a morphological character matrix
(Fig. S4) using traits from Harold & Weitzman (1996)
[15], with further validation for some [13, 16, 17, 19].
These traits were mapped onto the ML phylogenetic tree
derived from our genomic data (Fig. 3a). We then applied
ACCTRAN and DELTRAN character optimizations
methods to infer ancestral states on the tree. ACCTRAN
prioritizes changes closer to the root, favoring early trait
gains and subsequent reversals, whereas DELTRAN
shifts changes toward the tips, emphasizing parallel trait
evolution (Fig. S5).

Family Diplophidae Fowler 1925

Type genus:Diplophos Giinther 1873

Diversity. 9 species in 2 genera.

Diagnosis. Diplophidae is unique among stomiiform
families in possessing photophore rows on the lower jaw
and lacking pleural ribs associated with the third ver-
tebra. It is further diagnosed by a high vertebral count
(44-94 in diplophids vs. 28-60 in other stomiiforms)
and a high ventral photophotore count (70-115 vs.
19-95); a well-developed median adductor mandibu-
lae divided into two distinct muscles (vs. reduced in all
other stomiiforms); a horizontally oriented extensor pro-
prius pelvicus (vs. vertically-oriented in all other stomi-
iforms); a large nasal opening extending anteriorly to at
least the nasal capsule (vs. small in other stomiiformes);
a flattened, dentigerous, and horizontally-oriented basi-
hyal (vs. cylindrical, edentate, and vertically-oriented in
all other stomiiforms); and a ventrally bifurcated first
pharyngobranchial shaft (vs. non-bifurcated in all other
stomiiforms) (Additional file 4).
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Genera included.Diplophos (7 spp.) and Manducus (2
spp.)-

Comments. The subfamily name “Diplophinae” was
first proposed to accommodate the “greatly elongate”
and “band-like” body plan of the genus Diplophos [26].
Shortly after, this genus was then reclassified as a mau-
rolicid, and then a gonostomatid. Approximately thirty
years later, “Manducinae” was similarly proposed to
house Manducus and three other genera [27]. How-
ever, both subfamilial classifications failed to be con-
sidered and Diplophos and Manducus are currently
recognized within Gonostomatidae. Subsequent phylo-
genetic accounts have varied in their treatments of Dip-
lophos and Manducus, with some studies considering
both genera as early-branching stomiiforms [17], or even
sister to all other stomiiforms. The name “Diplophidae”
was first acknowledged in 2004 [28], but remained con-
troversial and was not widely recognized [3]. Our study
corroborates previous analyses, with Diplophos sister to
all other stomiiforms except Vinciguerria, and acknowl-
edges the family Diplophidae as its own lineage, based on
morphological and molecular evidence (more details in
Supplementary Material).

English name. Portholefishes.

Family Gonostomatidae Cocco 1838

Type genus:Gonostoma Rafinesque 1810

Diversity. 25 species in 6 genera.

Diagnosis. Gonostomatidae is diagnosed by a unique
combination of traits. The family differs from all stomi-
iform families except Diplophidae in having beta-type
photophores (vs. alpha or gamma in other stomiiforms)
and in the presence of an accessory neural arch (vs.
absent in other stomiiforms). Gonostomatidae differs
from Diplophidae by the following characters: absence
of photophore rows on the lower jaw (vs. presence in
diplophids); presence of pleural ribs associated with the
third vertebra (vs. absence in diplophids); reduction of
one or both sections of the median adductor mandibulae
(vs. well-developed in diplophids); a vertically-oriented
extensor proprius pelvicus (vs. horizontally-oriented in
diplophids); a small nasal opening not extending to the
nasal capsule (vs. a large and anteriorly-extending nasal
in diplophids); a cylindrical, edentate, and vertically-ori-
ented basihyal (vs. flattened, dentigerous, and horizon-
tally-oriented in diplophids); and a non-bifurcated first
pharyngobranchial shaft (vs. ventrally-bifurcated in dip-
lophids) (Additional file 4).

Genera included.Cyclothone (14 spp.), Gonostoma (2
spp.), Margrethia (2 spp.), Sigmops (5 spp.), Triplophos (1
sp.), and Zaphotias (1 sp.).

Comments. Within the family, morphological and
molecular analyses have reliably supported a monophy-
letic clade composed of Cyclothone, Gonostoma, Margre-
thia, Sigmops (sometimes as a synonym of Gonostoma)
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and Zaphotias (previously Bonapartia) [9, 13, 15]. We
find Gonostomatidae to include these five genera and the
additional genus Triplophos, which has been considered
an early-branching gonostomatid [9] or an ally of Dip-
lophos or the phosichthyids [15] owing to its elongate
body and a series of unusual osteological characteris-
tics. Molecular studies have been highly variable in their
treatment of Triplophos, with various analyses placing it
in Sternoptychidae [29], sister to all stomiiforms besides
Vinciguerria and the other gonostomatids [8], or sister to
the phosichthyid-stomiid clade “Photichthya” [13]. Our
study is unique in resolving Triplophos within a mono-
phyletic Gonostomatidae, and sister to Zaphotias. As
such, we recognize six genera within Gonostomatidae.

English name. Bristlemouths. Includes also fangjaws
(Gonostoma, Sigmops).

Family Ichthyococcidae fam nov.

Type genus (by monotypy):ichthyococcus Bonaparte
1840

Diversity. 7 species in 1 genus.

Diagnosis. Ichthyococcidae is unique among stomi-
iform families in lacking an alveolar process, having the
maxilla fused to the anterior supramaxilla, and show-
ing reduction of the premaxilla and the apophyses of
the first vertebra. It is further defined by a unique com-
bination of characters. The family differs from all other
families except Phosichthyidae (sensu present study) and
Stomiidae in having the anal-fin origin posterior to dor-
sal fin (vs. below or anterior to dorsal fin in other stomi-
iforms); the bases of the posterior four branchiostegal
rays crowded together (vs. widely separated); a reduced
mesopterygoid (vs. well developed); and an ascend-
ing process of the premaxillary symphysis with straight
medial surfaces (vs. curved medial surfaces). Ichthyococ-
cidae further differs from Phosichthyidae and Stomiidae
in having a well-developed posterior palatine process (vs.
significantly reduced); variably-sized medial jaw teeth
(vs. mainly large medial jaw teeth); more than six pos-
terior ceratohyal branchiostegal rays; and fewer than 14
branchiostegal photophores (Additional file 4).

Genera included.Ichthyococcus (7 spp.).

Comments. The phylogenetic placement of genus
Ichthyococcus has been historically contentious, but has
not changed significantly since its incorporation into
Weitzman’s “Phosichthyidae” in the late twentieth cen-
tury [30]. Since then, Ichthyococcus has been recurrently
identified as an outlier within the family, due to its stout
body and a number of specialized characteristics, includ-
ing a beaked mouth and complex sensory structures
absent in other phosichthyids [15, 30]. Morphologi-
cal and molecular analyses have consistently identified
strong support for a clade containing Ichthyococcus, Phos-
ichthys, Woodsia, and Stomiidae [8, 15, 29]. Our phylog-
eny produces identical results, with Ichthyococcus sister
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to the remaining genera and family mentioned above.
Based on previous phylogenomic analyses and distinct
characteristics, we recognize a new monotypic family,
Ichthyococcidae, to accommodate the genus Ichthyococ-
cus (more details in the Supplementary Material).

English name. Fireflyfishes.

Note: Despite morphological divergence from the
“true” lightfishes of genera Phosichthys and Woodsia, spe-
cies of Ichthyococcus have historically also been called
“lightfishes.” To distinguish them from the Phosichthyids,
the authors propose the new English name “fireflyfishes,’
in reference to their small, compact bodies and bright
ventral photophores.

Family Phosichthyidae Weitzman 1974

Type genus:Phosichthys Hutton 1872

Diversity. 3 species in 2 genera.

Diagnosis. Phosichthyidae is defined by a unique
combination of traits. This family differs from all other
stomiiform families except Stomiidae in having a reduced
posterior palatine process (vs. well developed in other
stomiiforms); mainly large medial jaw teeth (vs. variably
sized); six or fewer posterior ceratohyal branchiostegal
rays; and 14 or more branchiostegal photophores. Phosi-
chthyidae further differs from Stomiidae in having the
first vertebral parapophyses longer than the second (vs.
shorter in stomiids); lacking an ossified Baudelot’s liga-
ment (vs. both shrunken and with ossified Baudelot’s lig-
ament in stomiids); and epineurals fused to neural arches
for less than half of the body length (vs. more than half in
stomiids) (Additional file 4).

Genera included.Phosichthys (1 sp.) and Woodsia (2
spp.)-

Comments. The family “Phosichthyidae” was initially
used to categorize seven morphologically-divergent
gonostomatid genera—Ichthyococcus, Phosichthys, Pol-
lichthys, Polymetme, Vinciguerria, Woodsia, and Yarrella
(Table 2)—characterized by an uneven mixture of ana-
tomical traits typical of both stomiid and non-stomiid
families [30]. Anatomical similarities between these
genera are tenuous, and morphological analyses have
resolved the “phosichthyid” genera as representing up to
six different clades within Stomiiformes [15]. Molecu-
lar studies have strongly supported this potential non-
monophyly, with the seven constituent genera being
resolved as two [9], three [8, 13], or four [29] clades,
depending on taxon sampling size. A sister relationship
between the genera Phosichthys and Woodsia is well-sup-
ported by both molecular and morphological evidence
[8, 13, 29, 30], including herein. Therefore, we redefine
Phosichthyidae to contain only two genera, Phosichthys
and Woodsia, with no subfamily-level taxa. The remain-
ing five “phosichthyid” genera—Ichthyococcus, Pollich-
thys, Polymetme, Vinciguerria, and Yarrella—based on
morphological and molecular analyses, do not form a
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clade with Phosichthys and Woodsia, and are therefore
acknowledged within other families herein.

English name. Lightfishes.

Family Sternoptychidae Duméril 1805

Type genus:Sternoptyx Hermann 1781

Diversity. 79 species in 10 genera.

Diagnosis. Sternoptychidae is unique among other
stomiiform families in having a single epural; fusion of
the third and fourth hypurals; alpha-type photophores;
and shortened, subequal parapophyses of the first two
vertebrae without an ossified Baudelot’s ligament. The
family is further defined by a unique combination of
characters. Sternoptychidae shares with some gonosto-
matids a lateral adductor mandibulae subdivided into
dorsal and ventral sections (vs. undivided in other stomi-
iforms) and protracted photophore metamorphosis (vs.
rapid). Sternoptychidae is distinguishable from these
gonostomatids by the presence of an ossified accessory
neural arch (Additional file 4).

Genera included.Araiophos (2 spp.), Argyripnus (9
spp.), Argyropelecus (7 spp.), Danaphos (2 spp.), Mauro-
licus (15 spp.), Polyipnus (34 spp.), Sonoda (2 spp.), Ster-
noptyx (4 spp.), Thorophos (2 spp.), and Valenciennellus
(2 spp.)-

Comments. Sternoptychidae has been widely recog-
nized as a distinct and monophyletic clade since 1974.
This family was formed by the unification of three deep-
bodied (“sternoptychine”) and seven shallow-bodied
(“maurolicine”) stomiiform genera into a single taxon.
Most molecular studies have supported the monophyly
of this pairing, with the exception of some topological
flukes (e.g., the exclusion of Valenciennellus or inclusion
of Triplophos, neither of which have been replicated in
subsequent analyses) [8, 9, 13, 31]. Traditionally, Ster-
noptychidae has been divided into two subfamilies,
Sternoptychinae and Maurolicinae (a third, Polyipni-
nae, was proposed in the nineteenth century [32], but
was subsumed into Sternoptychinae). Evidence for this
two-subfamily system has been intermittent, parsimony
analyses of morphology suggested a paraphyly of Mauro-
licinae with respect to Sternoptychinae [15], and molec-
ular analyses have often found the opposite (paraphyly
of Sternoptychinae with respect to Maurolicinae) [9,
29, 31]. Our study supports the latter scenario, the ster-
noptychine genus Polyipnus forms a low-support clade
with the maurolicine genera, rendering Sternoptychinae
paraphyletic. Still, our study is lacking data from three
maurolicine genera (Araiophos, Sonoda, and Thorophos),
which means the monophyly of Maurolicinae cannot be
adequately evaluated. Owing to topological uncertainty
across recent studies, and an absence of genetic data for
important genera, we recommend the temporary dis-
continuation of subfamily-level taxa in Sternoptychidae,
until advanced techniques with further taxon sampling
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are able to confidently clarify genus-level relationships.
We adopt the traditional ten-genus definition of Sternop-
tychidae, with no subfamily-level classifications.

English name. Hatchetfishes (Argyropelecus, Poly-
ipnus, Sternoptyx); pearlsides (Araiophos, Argyripnus,
Maurolicus, Sonoda, Thorophos); bottlelights (Dana-
phos); and constellationfishes (Valenciennellus).

Family Stomiidae Bleeker 1859

Type genus:Stomias Jordan & Seale 1906

Diversity. 327 species in 27 genera.

Diagnosis. Stomiidae is unique among stomiiform
families in having an ossified Baudelot’s ligament on the
first two vertebral parapophyses; lacking gill rakers in
adults; absence of the sixth hypural; division of the genio-
hyoideus into dorsal and ventral portions; and anterior
and posterior enlargement of the posterior pelvic plate,
with a cartilaginous core extending posteriorly beyond
the ossified portion of the plate (Additional file 4).

Genera included.Aristostomias (6 spp.), Astronesthes
(50 spp.), Bathophilus (20 spp.), Borostomias (6 spp.),
Chauliodus (9 spp.), Chirostomias (1 sp.), Echiostoma (1
sp.), Eupogonesthes (1 sp.), Eustomias (134 spp.), Flagel-
lostomias (1 sp.), Grammatostomias (4 spp.), Heteropho-
tus (1 sp.), Idiacanthus (3 spp.), Leptostomias (12 spp.),
Malacosteus (2 spp.), Melanostomias (18 spp.), Neo-
nesthes (2 spp.), Odontostomias (2 spp.), Opostomias (2
spp.), Pachystomias (1 sp.), Photonectes (29 spp.), Photo-
stomias (6 spp.), Rhadinesthes (1 sp.), Stomias (12 spp.),
Tactostoma (1 sp.), Thysanactis (1 sp.), and Trigonolampa
(1sp.).

Comments. The historical delimitations of family
Stomiidae have been largely uncontroversial for forty
years, since the demotion of six families (Astronesthidae,
Chauliodontidae, Idiacanthidae, Malacosteidae, Mela-
nostomiidae, and Stomiidae) into subfamilies within
Stomiidae [16]. Early molecular investigations have
occasionally failed to resolve a monophyletic Stomiidae
due to the exclusion of the subfamily Chauliodontinae
[8, 29]. However, phylogenomic investigations, pres-
ent study included, reliably recover a monophyletic and
well-supported Stomiidae that includes the chauliodon-
tines [9, 13]. Unlike other studies [8, 16], our results
discourage the use of these subfamily-level classifica-
tions. The astronesthines are split across three lineages,
the malacosteines across three more, and the melanos-
tomiines across seven. The three remaining subfami-
lies — Chauliodontinae, Idiacanthinae, and Stomiinae
— resolve as monophyletic in our phylogeny by virtue of
monotypy. Due to the topological uncertainty and lack
of resolution of the six-subfamily system across mul-
tiple studies, including herein, we recommend the rec-
ognition of a monophyletic Stomiidae, containing its 27
traditional genera, but we also disregard the Stomiidae
sub-family system until adequate taxonomic sampling
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and consistent placement of stomiids within the family
have been resolved (more details in the Supplementary
Material).

English name. Dragonfishes. Includes also stareaters
(Astronesthes); loosejaws (Aristostomias, Grammatosto-
mias, Malacosteus, Photostomias); boafishes (Stomias);
snaggletooths (Borostomias, Eupogonesthes, Heteropho-
tus, Neonesthes, Rhadinesthes); viperfishes (Chauliodus);
and sawtails (Idiacanthus).

Family Vinciguerriidae fam. nov.

Type genus:Vinciguerria Jordan & Evermann 1896

Diversity. 6 species in 2 genera.

Diagnosis. Vinciguerriidae is unique among other
stomiiform families in having an elongate hyomandibu-
lar spine bound to the surface of the mesopterygoid by
a ligament (vs. short and detached from mesopterygoid
in all other stomiiforms); fusion or tight adherence of the
second basibranchial tooth plates (vs. absent or loosely
adhering in other stomiiforms); and close adherence of
the third basibranchial tooth plates on the dorsal surface
(vs. lateral to basibranchial). The family is further defined
by a unique combination of traits. Vinciguerriidae dif-
fers from the other early-branching families (Diplophi-
dae, Gonostomatidae, and Sternoptychidae) by presence
of a posterior photophore; gamma-type photophores; an
anteriorly angled dorsal uncinate process of the second
pharyngobranchial (vs. straight and vertical in aforemen-
tioned families); and presence of a serial photophore duct
and lumen.

Vinciguerriidae differs from Yarrellidae in having a
posterior photophore; a-cell radiating configuration (vs.
irregular in yarrellids); separate contralateral and ipsi-
lateral branches of the premaxillary-rostrodermethmoid
ligament (vs. fused in yarrellids); and presence of tooth
plates on the fourth basibranchial. Lastly, Vinciguerri-
idae differs from the remaining families (Ichthyococci-
dae, Phosichthyidae, and Stomiidae) in having the anal
fin originating below or anterior to the dorsal-fin origin
(vs. posterior in aforementioned families); the poste-
rior four branchiostegal separated from one another; an
anterior palatomaxillary ligament looped over the dorsal
surface of the lateral process of the rostrodermethmoid;
a well-developed mesopterygoid; a medial concavity of
the ascending process of the premaxillary symphysis; and
the presence of tooth plates on the fourth basibranchial
(Additional file 4).

Genera included.Pollichthys (1 sp.) and Vinciguerria
(5 spp.).

Comments. Vinciguerria was initially described as a
diminutive “maurolicid” in 1896 [33] but was eventually
relocated into Gonostomatidae. In 1959, the morpho-
logically similar Pollichthys was also described as a fellow
gonostomatid [34], until both were eventually recognized
within Phosichthyidae in 1974 [30]. Since then, their

Page 12 of 17

placement has remained contentious, though they reli-
ably exhibit a sister relationship to one another [11, 15].
Further molecular analyses have frequently reaffirmed
this relationship, in addition to the Pollichthys+ Vin-
ciguerria clade as early-branching within stomiiforms
[8, 9, 13, 29]. Although our dataset only incorporated
Vinciguerria, based on previous morphological and
molecular studies, we are confident in hypothesizing a
sister relationship between Vinciguerria and Pollichthys
[13, 15]. We relocate both genera to the new family Vin-
ciguerriidae, a morphologically distinct lineage of early-
branching stomiiforms that has been reliably resolved
across multiple studies.

English name. Lighthousefishes (Vinciguerria) and
stareyes (Pollichthys).

Family Yarrellidae fam. nov.

Type genus:Yarrella Goode & Bean 1896

Diversity. 8 species in 2 genera.

Diagnosis. Yarrellidae is unique among other stomi-
iform families in having the contralateral and ipsilateral
branches of the premaxillary-rostrodermethmoid liga-
ment fused into a continuous sheet of connective tissue
(vs. unfused in all other stomiiforms). Yarrellidae is fur-
ther defined by a unique combination of characters. The
family differs from Diplophidae, Gonostomatidae, and
Sternoptychidae by the presence of a second epural (vs.
absence in those families) and by having a gamma-type
photophores (vs. alpha or beta). Yarrellidae is distin-
guishable from the remaining families (Ichthyococcidae,
Phosichthyidae, Stomiidae, and Vinciguerriidae) by the
absence of a posterior orbital/postorbital photophore (vs.
presence in those families) and by the irregular configu-
ration of photophore A cells (vs. regular) (Additional file
4).

Genera included.Polymetme (6 spp.) and Yarrella (2
spp.)-

Comments. The genera Yarrella and Polymetme were
described in 1896 and 1926, respectively, as gonosto-
matids. They were relocated into Phosichthyidae in
1974 [30], where they were considered deeply divergent
within the family. Morphological analyses subsequently
found Polymetme forming a clade with all other phosi-
chthyids and the family Stomiidae, to the exclusion of
Yarrella. Past molecular analyses have also resolved a
Polymetme + Yarrella sister relationship, which was in
turn sister to a clade containing Ichthyococcus, Phosich-
thys, Woodsia, and the stomiids [8, 13, 15]. The repeated
recovery of this clade leads us to support the recognition
of a new family, Yarrellidae, for these two divergent gen-
era, previously considered as phosichthyids (more details
in Supplementary Material).

English name. Rendezvousfishes.
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Discussion

Our phylogenomic analysis of Stomiiformes provides a
comprehensive framework for understanding the evolu-
tionary relationships within this diverse order, resolving
long-standing questions while also highlighting areas of
the phylogeny that remain unresolved and in need of tax-
onomic revision. The consistent topologies and higher-
level clades derived from concatenation and supermatrix
methods (Fig. 2; Fig. 3) demonstrate the efficacy of these
approaches in handling high levels of missing data [35,
43], a finding consistent with previous studies that high-
light the minimal impact of incomplete taxa or markers
on phylogenetic accuracy [36-38]. Especially within suf-
ficiently large datasets, this robustness is attributed to the
low sampling error associated with matrices containing
a large number of genome-wide markers, which provide
sufficient phylogenetic signal to mitigate potential biases
[38-40]. In addition, our extensive taxonomic sampling
includes representatives from all recognized families and
approximately 70% of the genera within Stomiiformes.
Our results support the early-branching position of Vin-
ciguerria, consistent with recent studies [8, 25], while
challenging the traditional placement of Gonostomatidae
as sister to all other stomiiforms [9, 12, 30]. This reveals
a more complex evolutionary history and prompted a
revised classification of the order that better reflects
these phylogenetic relationships.

A critical finding of our study is the polyphyly of the
traditional Phosichthyidae, with its seven genera dis-
persed across four independent lineages. Three lineages
resolved as sister groups to a monophyletic Stomiidae
(Table 1; Fig. 2), while the fourth lineage is resolved as
the earliest-branching stomiiform lineage. This topol-
ogy, consistently supported across our analyses (Fig. 3a,
b, c) directly contradicts the broadly circumscribed,
monophyletic Stomiidae proposed by Smith et al. [13],
which encompasses 35 genera (344 species), including all
phosichthyids and the gonostomatid genus Triplophos.
Importantly, their definition of Stomiidae is not resolved
as monophyletic in our trees due to the position of Vin-
ciguerria as the sister to all other Stomiiformes (Table 1;
Fig. 3a, b). Moreover, the genera Smith et al. [13] incor-
porates into Stomiidae, such as Triplophos, Ichthyococ-
cus, and Phosichthys, represent distinct lineages from the
traditionally-defined stomiids and possess well-defined
morphological synapomorphies, such as the specialized
serial photophore ducts in Phosichthys and the extreme
upper jaw modifications in Ichthyococcus (Additional
file 4). These findings inform our proposed recognition
of eight monophyletic families, which better reflects
the phylogenetic structure and morphological diversity
within Stomiiformes.

The proposed classification of Stomiiformes into eight
families, Vinciguerriidae, Diplophidae, Gonostomatidae,
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Sternoptychidae, Yarrellidae, Ichthyococcidae, Phosich-
thyidae, and Stomiidae, captures the deep evolutionary
divergences and ecological adaptations within the order
(Additional file 4). Each newly recognized family exhibits
clear diagnostic features that reflect distinct evolutionary
trajectories. For instance, Vinciguerriidae is character-
ized by an elongated hyomandibular spine bound to the
mesopterygoid and a unique configuration of pharyn-
gobranchial tooth plates, while Diplophidae exhibits an
exceptionally high vertebral count (44—94 versus 28—60
in other stomiiforms), a divided median adductor man-
dibulae, and a distinctive row of photophores on the
ventral side of the lower jaw [15, 17, 19]. Notably, the
resurrection of Diplophidae is warranted by the consis-
tent placement of Diplophos as sister to the remaining
gonostomatids and other stomiiforms (excluding the
genus Vinciguerria), challenging its traditional inclusion
within Gonostomatidae. Similarly, Yarrellidae displays
unique ligament architecture, including the fusion of
the premaxillary-rostrodermethmoid ligaments, along-
side their distinctive gamma-type photophores and rapid
metamorphosis of light organs [15].

Our classification of Stomiiformes into eight mono-
phyletic families adheres to the principles of phy-
logenetic taxonomy and the International Code of
Zoological Nomenclature by recognizing monophy-
letic groups defined by clear diagnostic traits, offering a
framework that reflects the anatomical innovations that
have potentially favored stomiiform diversification across
mesopelagic niches. For instance, traits such as spe-
cialized sensory structures in Ichthyococcidae, unique
photophore anatomy in Sternoptychidae, and distinct
skeletal architecture in Vinciguerriidae are just a few
unique adaptations that highlight an evolutionary dis-
tinctiveness that was previously obscured behind large
and unstable taxon names defined by misleading super-
ficial similarities (Additional file 4). There is risk of over-
simplifying complex relationships by collapsing diverse
lineages into a single, non-monophyletic Stomiidae [13],
reducing the phylogenetic informativeness of the taxon
and obscuring unique evolutionary histories. Our recog-
nition of eight families addresses this concern by reflect-
ing natural diversification patterns and enhancing the
predictive power for ecological and morphological stud-
ies. While we align with Smith et al. [13] in rejecting the
traditional four family system of Stomiiformes (Fig. 2;
Fig. 3a, b), our classification provides a more robust phy-
logenetic framework, supported by consistent phyloge-
netic resolution (Fig. 3a, b) and detailed morphological
data (Additional file 4). This revised classification offers a
robust foundation for future research into the ecological
and evolutionary dynamics of deep-sea fishes, facilitat-
ing precise investigations into their vertical habitat use,
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feeding strategies, and evolutionary dynamics within the
mesopelagic and bathypelagic zone [2, 40, 41].

Conclusion

Our comprehensive phylogenomic analysis of the order
Stomiiformes significantly refines the resolution of
inter- and intrafamilial relationships within this group.
Although the taxonomic arrangement of stomiiform
families in our phylogenies diverges from both traditional
and contemporary systematic frameworks, the molecular
phylogenetic evidence, bolstered by morphological char-
acters, provides robust support for our revised classifica-
tions. Additionally, we advocate the adoption of rigorous
QC protocols, when integrating sequences from BOLD
or GenBank to ensure data reliability. Nevertheless,
fully elucidating the internal relationships, particularly
within Stomiidae, will necessitate further investigation
with broader taxonomic sampling and an expanded set
of genome-wide markers. This study underscores the
critical role of extensive taxonomic representation and
stringent QC measures in resolving contentious evolu-
tionary relationships, while establishing a foundation
for future explorations into the evolutionary history of
Stomiiformes.

Methods

Taxonomic sampling

Our taxonomic sampling follows a two-step approach.
First, we subsampled tissue samples from museum col-
lections for 44 stomiiform species and augmented this
dataset by incorporating 27 additional stomiiform spe-
cies with genome skimming data available from NCBI.
Following QC analyses, as outlined in Arcila et al. [42],
and after removing duplicate species, our Stomiiformes
genomic dataset comprised 60 species, including 31 of
the 52 recognized genera and all historically and cur-
rently recognized families. Second, we retrieved 2,474
COI sequences from BOLD. We estimated a preliminary
tree in FastTree and identified clusters of sequences with
the same name, which we refer to as ‘bins. We identified
181 stomiiform bins, however, some sequences could not
be accurately assigned to any bin and are listed as ‘ID
cannot be determined’ (Fig. S2; Additional file 3). After
COI quality control and integration with the genome-
wide dataset, our taxonomic sampling consisted of 135
of 464 valid stomiiform species (Additional file 2). For
outgroup selection, molecular phylogenetic analyses have
consistently resolved Osmeriformes (smelts, icefishes,
marine minnows, and sweetfishes) as the sister group of
Stomiiformes, forming the subcohort Stomiatti [9, 10,
12, 41, 42, 44]. Based on these well-supported relation-
ships, we selected four osmeriform species as outgroups:
Retropinna tasmanica (Retropinnidae), Osmerus mordax
(Osmeridae), Salanx sp. (Salangidae), and Plecoglossus
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altivelis (Plecoglossidae), representing all currently rec-
ognized families within the osmeriform order.

Exon-capture sequencing, data assembly, and alignment
For our newly generated data, we extracted genomic
DNA from fin or muscle tissue using a phenol—chloro-
form protocol in a 96-well plate format on a GenePrep
(Autogen Inc.) platform following manufacturer’s
instructions at the Laboratories of Analytical Biology at
the Smithsonian Institution’s National Museum of Natu-
ral History. We performed a QC assessment of the extrac-
tions by running 1pL of eluted DNA on a 1.0 agarose gel
stained with GelRed (Biotium) and by visually inspecting
whether bands of high molecular weight DNA were vis-
ible. Using exon capture approaches, we sequenced 1104
single-copy markers with the “Backbone 1” probe set of
Hughes et al. [44], including 17 additional legacy nuclear
(e.g., ENC1, PLAGL2, and MYHS®6), and 10 mitochondrial
(mtDNA) markers commonly used in fish systematics.
For data assembly, low-quality bases and contaminated
adapter sequences were trimmed using Trimmomatic
v0.36 54 [10]. These reads were then mapped to their
reference sequences for all exons in our probe set span-
ning all ray-finned fishes using the Burrows-Wheeler
Alignment (BWA-MEM) tool, and SAMtools v.1.7-1.9
[10]. We then assembled the mapped reads for each exon
using Velvet v1.2.10.

We assembled Velvet-generated contigs using the auto-
mated target-restricted method (aTRAM) software with
Trinity v2.8.5 [10] as the assembler. We were able to
remove the number of redundant contigs as well as any
contigs lacking open reading frames using CD-HIT-EST
[10] and Exonerate, respectively. The filtered gene pre-
alignments were combined with orthologous exon mark-
ers mined from publicly available raw sequence reads
after undergoing the same assembling protocol. Next, the
combined exon sequences were aligned using the Mul-
tiple Alignment of Coding Sequences (MACSE v2.05)
program. Frameshifts and stop codons were accounted
for by MACSE, and the alignments were filtered, remov-
ing single-taxon insertions, highly gapped edges, and
short sequences using a cleaning python script (Align-
mentCleanerCodons.py) provided in the Hughes et al.
[10] pipeline. Our final genetic dataset consisted of 936
nuclear and one mtDNA marker. The alignments were
manually inspected and adjusted as needed to pre-
serve correct reading frames. Following inspection, we
removed low-quality reads and flanking regions while
correcting potential misalignments using Geneious
Prime v2024.0.7. Lastly, all gene alignments were con-
catenated into a super-matrix using the python package,
AMAS [10].
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Incorporating publicly available sequence data and quality
control

For the genome skimming data available in NCBI, we
extracted 977 of the 1,104 exon markers using the Hughes
et al. (2018) bioinformatic pipeline [10]. These sequences
were filtered down to 936 exons, then combined with our
exon-capture data. Sequence alignments were performed
using MACSE v2.05 and concatenated using AMAS
[10]. To assess the quality of the NCBI-derived species,
we conducted ML analyses using FastTree [45], followed
by a visual inspection. Six stomiiform individuals were
removed from our combined genomic data set due to
extensive missing data or potential identification issues.
To incorporate mtDNA sequences into our final dataset,
we initially compiled all available COI sequences from
BOLD, focusing exclusively on Stomiiformes, alongside
COI data from 40 of the 60 species in our genomic data-
set (49 of which included COI sequences). These COI
sequences were aligned using MACSE v2.05 [10]. Given
evidence of high amounts of potential misidentifications
in public repository data [46, 47], we implemented QC
through manual inspection in Geneious and ML analy-
ses with FastTree. Based on phylogenetic placement and
clustering patterns supported by two or more individuals,
we incorporated 86 additional COI-only species into our
genomic dataset. The resulting expanded dataset com-
prises one representative per species, totaling 135 taxa,
including 131 Stomiiformes and four outgroup taxa.

Maximum likelihood phylogenetic analysis

We conducted concatenation-based phylogenomic analy-
ses on both the genomic (936 nuclear markers, 64 spe-
cies) and expanded (936 nuclear markers+COI, 135
species) datasets. Gene alignments were concatenated
using AMAS. Initial ML trees were estimated using Fast-
Tree to identify and remove contaminations, misidenti-
fied taxa, and duplicate specimens. Final ML trees were
estimated using IQ-TREE v2.026 [48] under the mixture
model "MIX {JC, K2P, HKY, GTR}", which optimizes sub-
stitution models for individual sites. Node support was
assessed using 1,000 ultrafast bootstrap approximation
(UFBoot2) [42], which provides robust branch support
values with reduced computational demand [42, 49].

To evaluate topological consistency in our nuclear
dataset, we partitioned the 936 loci into three non-over-
lapping subsets using a custom R script with similar gene
length and parsimony-informative sites while ensuring
representation of all 64 taxa. From the 936 nuclear loci,
we excluded nine anchor exons representing all 64 taxa,
yielding 927 exons. These were divided into three sub-
sets of 309 exons each. The nine anchor exons were then
reintroduced to each subset, resulting in three datasets
of 318 exons each (Additional file 1). No COI data were
included in the nuclear subset analyses. Data properties
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and filtering criteria are detailed in Additional filel: Table
S1. To further test for the phylogenetic robustness of our
genomic dataset, we constructed three additional datas-
ets which attempted to account for missing data within
our matrices. A dataset including only genes with a
sequence length greater than 250 bps, a dataset including
only genes representing more than 20 taxa, and a data-
set including only genes representing more than 35 taxa.
Each subset and dataset was analyzed using IQ-TREE and
followed the concatenation protocol described above.

Coalescent-based species tree analysis

We performed coalescent-based phylogenomic analyses
using our 936 nuclear loci and COI data for all 64 spe-
cies. Gene alignments with fewer than four sequences
were excluded (n=37), resulting in 899 nuclear loci and
COI for coalescent analyses. Individual gene trees were
estimated using IQ-TREE under the mixture model with
1,000 UFBoot2 replicates as above. To minimize gene
tree estimation error, which can bias species tree infer-
ence [50-52], we generated two additional gene tree
sets by collapsing branches with support values below
10% and 30% using Newick Utilities. These thresholds
were selected based on preliminary analyses testing col-
lapse values from 0 to 50%. Species trees were inferred
using ASTRAL-IV [50], a summary coalescent species
tree method to account for incomplete lineage sorting
[51, 53]. To further assess clade resolution and topologi-
cal consistency, we partitioned the 899 nuclear loci into
three non-overlapping subsets using the above custom R
script. Each subset included nine “anchor” loci, selected
for complete taxon coverage and phylogenetic informa-
tiveness as described previously, while the remaining 890
non-anchor loci were evenly distributed across subsets.
COI was then added into each subset, forming two sub-
sets of 307 genes and one of 306 genes. Each subset was
analyzed using ASTRAL-IV.

Phylogenetic concordance and topology testing

To address the limitations of bootstrap support (BS) in
large phylogenomic datasets [42] and to mitigate high
gene-tree error estimation, we extended the concor-
dance-factor framework to infer tree concordance fac-
tors (tCFs) using PhyParts [54]. In this approach, each
species tree (rather than each gene tree) is treated as an
independent “locus” We assembled thirteen input topol-
ogies (six concatenated ML trees inferred with IQ-TREE
v2.2.0 and seven multispecies-coalescent trees estimated
with ASTRAL-IV) and designated our best-supported
concatenated ML inference as the reference. All trees
were rooted to the chosen outgroup prior to analysis.
PhyParts computes, for each node in the reference topol-
ogy, the proportion of input trees recovering the same
bipartition (concordant), the proportion supporting the
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most frequent alternative split, and the remainder as
other conflicts. These concordance and conflict metrics
were rendered as proportional pie charts using the PhyP-
artsPieCharts python script. To further explore topologi-
cal robustness, we compared our reference concatenated
phylogeny against the recently proposed Stomiiformes
classification [13] via Approximately Unbiased (AU) tests
in IQ-TREE v2.2.0 on the 936-marker alignment under
both the 135-taxon and 64-taxon samplings.
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