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Abstract

Certain microphagous fishes possess an epibranchial organ (EBO), a paired
muscular pocket-like structure in the posterior pharynx, that facilitates the
aggregation of small food items entering the oropharyngeal cavity. Morpholog-
ically complex and phylogenetically diverse, the anatomy of EBOs has been
described in a small number of taxa that possess this structure, in many cases
without a thorough investigation at the microscopic and ultrastructural level.
Additionally, the evolution of EBOs has not been rigorously examined within
a phylogenetic comparative context, leaving many unanswered questions
about how the morphological diversity of EBOs relates to historical patterns
and ecology. We characterized the anatomy, histological architecture, and
structural patterns of EBOs in 13 otomorphan species belonging to the orders
Clupeiformes, Gonorynchiformes, and Characiformes; this sampling includes
Cetengraulis edentulus, Nematalosa come, and Tenualosa thibaudeaui, in which
the presence of an EBO has not been previously documented. We then con-
ducted a preliminary investigation of relationships between otomorphan EBO
anatomy, phylogeny, and diet. Patterns of anatomical diversity were best
explained by variation along five morphological axes: shape, size, associated
gill rakers, muscularity, and adiposity. EBOs consisted of bilaterally paired
diverticula surrounded by layers of circumferential and longitudinal muscle
and varying amounts of adipose tissue. Papillae were found in the epithelium
lining the diverticulum of each organ; they varied in length and width along
the proximodistal axis of the diverticulum and were studded with mucus-
producing cells. We found that EBO anatomy was not strongly correlated with
phylogenetic relatedness but was moderately correlated with diet in some
instances. We hypothesize that EBOs have independently evolved in Otomor-
pha multiple times via a conserved developmental pathway that makes use of
the same underlying tissue types to construct morphologically diverse struc-
tures. These findings suggest that there are multiple ways to build an EBO
using the same basic anatomical components to achieve the same functional
goal—the aggregation of small prey.
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1 | INTRODUCTION

As the most speciose and morphologically diverse group
of vertebrates, fishes have unsurprisingly amassed an
extensive and active body of anatomical research. A cur-
sory survey of recent literature will reveal that a substan-
tial amount of this research is focused on structures
related to feeding, such as the oral jaws, teeth, and the
muscles that effect movement of the mouth—structures
that are for the most part located at the anterior end of
the head and pharynx (Camp et al, 2015; Heiple
et al., 2023; Huie et al., 2020; Hundt et al., 2014; Hundt &
Simons, 2018; Kolmann et al.,, 2018; Kolmann et al.,
2021). With the exception of the pharyngeal jaws, many
structures of the posterior pharynx have largely been
ignored since their original descriptions (Pos et al., 2019;
Roberts-Hugghis et al., 2024). While invaluable, these
purely anatomical treatments lack the informative power
afforded by functional and comparative analyses, which
shed light on evolutionary patterns, developmental histo-
ries, and the ecological demands faced by related organ-
isms throughout their morphological diversification. In
teleost fishes, examples of pharyngeal structures associated
with feeding include but are not limited to the pharyngo-
branchial organ, the epibranchial lobe, and the palatal
organ (Brodnick et al., 2022; Capanna et al., 1974; Doo-
sey & Bart Jr., 2011; Weller et al., 2017), many of which
are found in microphagous species (those feeding on food
items too small to be sensed and consumed individually
(Jorgensen, 1966; Sanderson & Wassersug, 1993)).

The ability to extract small food items from large vol-
umes of water is widespread among microphagous fishes,
all of which face the same metabolic hurdle of consum-
ing sufficient quantities of minute, edible particles to
meet their nutritional needs (Durbin et al., 1981; Pan-
dian & Vivekanandan, 1985; Sims, 2000). Much of the
existing research on feeding in microphagous fishes is
concerned with the process of prey extraction from
particle-laden water, a process facilitated by the gill
rakers, which bear a length, shape, spacing, and ultra-
structure specific to the species’ feeding ecology and filtra-
tion mechanism (Almeida et al.,, 2013; Friedland, 1985;
Kahane-Rapport & Paig-Tran, 2024; Paig-Tran &
Summers, 2014; Sanderson, 2024; Sanderson et al., 2001).
There is, however, another component of feeding on small
prey that merits further study: the secondary aggregation
of captured food particles following filtration and prior to
ingestion. In many species of bony fishes, this aggregation
is thought to be accomplished by epibranchial organs:
bilaterally paired, muscular pouch-like structures that are
supported by the dorsal elements of the posterior gill
arches (Figure 1) (Bertmar et al., 1969; Heim, 1935;
Iwai, 1956; Miller, 1969; Nelson, 1967). Many anatomical
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studies suggest that the EBO plays a role in the gustation
and concentration of food particles that are collected by
the gill rakers; it has been suggested that food is trapped
by mucus produced by the EBO, concentrated into a
bolus, then expelled into the esophagus for consumption
(Bauchot et al., 1993; Bertmar et al., 1969; Cohen &
Hernandez, 2018; Hansen et al., 2014; Miller, 1964;
Pasleau et al., 2010). This hypothesis is supported by
numerous observations of food items compacted into
mucus-bound boli within the organ and, in some spe-
cies, the presence of taste buds in the epithelial lining
(Cohen & Hernandez, 2018; D'Aubenton, 1955; Hansen
et al., 2014; Miller, 1964).

Epibranchial organs (EBOs) have been described in
six teleostean orders, with the majority of both morpho-
logical and taxonomic diversity of fishes with EBOs
occurring within otomorphan fishes (Figure 2a) (Bertmar
et al., 1969; Nelson, 1967). Otomorpha is a clade that con-
sists of more than 11,000 marine and freshwater species,
including many economically important species, like
anchovies and herring (Arratia, 2018; Nelson et al.,
2016). It also includes the superorder Ostariophysi, which
accounts for over 70% of freshwater fish diversity (Nelson
et al., 2016). Not all otomorphan species possess EBOs,
though they have been described in four of seven otomor-
phan orders: Clupeiformes, Gonorynchiformes, Cyprini-
formes, and Characiformes (Figure 2b) (Bertmar et al.,
1969; Cohen et al., 2022; Hansen et al., 2014; Nelson,
1967; Pasleau et al., 2010). Even within these four orders,
the presence of an EBO is not ubiquitous, and it is
unclear how many times the EBO has evolved. No EBO
has been recorded in the early-diverging clupeiform line-
ages Denticeps (Forey, 1975) and Spratelloididae, though
they have been described in many distantly related clu-
peiform lineages. In fact, Clupeiformes is the order with
the greatest number of species that possess an EBO
(Bertmar et al., 1969). While most gonorynchiforms pos-
sess an EBO, the patchy distribution seen in Clupei-
formes is reflected in Cypriniformes and Characiformes,
where similarly most members do not possess an EBO.
This pattern has led researchers to question whether
EBOs are homologous structures across Otomorpha or if
they have multiple independent origins within the clade
(Bertmar et al., 1969; Cohen et al., 2022; Nelson, 1967,
Pasleau et al., 2010).

There are conflicting hypotheses regarding the evolu-
tionary origin, function, and morphological diversification
of the EBO (Bertmar et al., 1969; Cohen et al., 2022; Nel-
son et al., 1967; Takahasi, 1957). One hypothesis suggests
that EBOs are homologous across Otomorpha, having a
single origin in late holostean fishes and being subse-
quently lost or reduced in numerous lineages (Bertmar,
1969). Alternatively, EBOs have been hypothesized to be
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The right epibranchial organ of Dorosoma cepedianum (57.8 mm TL). (a) Sagittal section of a contrast-stained pCT.

(b) Lateral view of an EBO, depicting skeletal support from the modified fourth epibranchial (green) and associated gill rakers from the

medial fourth and single fifth epibranchial (blue) penetrating the muscular wall of the organ (yellow). (c) Lateral view of the EBO with

epibranchial support and muscular wall removed. Food contents of the EBO are contoured to the distinctive fish-hook shape of the

diverticulum (magenta). White bracket emphasizes the space between the fourth and fifth epibranchials (to which the rakers are attached)

that is covered by the cartilaginous capsule. (D) SEM of a bisected EBO showing examples of papillae (arrowheads) studded along the

epithelium of the diverticulum.

convergent structures, with multiple independent origins
within each of the four otomorphan orders in which
they've been described (Nelson, 1967). Recent studies have
emphasized the necessity of revisiting classic hypotheses
regarding the origin of trophic adaptation (Borstein et al.,
2024); this is especially true for EBOs given advances in
taxonomic sampling and phylogenetic methods that have
changed our understanding of otomorphan evolution over
the last 50 years.

For decades, the function and anatomy of otomor-
phan EBOs have been of interest to morphologists, and
the interspecific variation of EBO anatomy has been
preliminarily described under a broad array of names
(e.g., pharyngeal pocket, pharyngeal pouch, gill-helix,
pharyngeal organ, suprabranchial organ) (Bensam,
1964; Bertmar et al., 1969; Boulenger, 1901; Cohen &

Hernandez, 2018; Cohen et al., 2020; Cohen et al., 2022;
Hansen et al., 2014; Nelson, 1967; Paselau & Diogo,
2010; Takahasi, 1967). Found in many planktivorous
and detritivorous species, the morphological diversity of
otomorphan EBOs is vast. EBO anatomy ranges from
small pockets (Anchoa) to muscularly robust, coiled
pouches lined with filamentous papillae (Chanos)
(Bertmar, 1969; Cohen et al., 2022; Kapoor, 1954). Yet
even with such disparate morphologies, they share sev-
eral anatomical characteristics. The basic structure of
EBOs consists of bilaterally paired diverticula (the
blind-ended internal sacs within the EBO in which food
particles accumulate) lined with an epithelium rich in
mucus-producing cells and surrounded by layers of skel-
etal muscle that are innervated by arborized branches of
the vagus nerve (Bertmar et al, 1969; Hansen
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FIGURE 2
demarcated by stars. Note that stars do not indicate an ancestral

(a) Five incidences of epibranchial organ evolution,

state, only that epibranchial organs have evolved at least once
within this group. Colored stars indicate the three orders sampled
from in this study (blue, Clupeiformes; magenta,
Gonorynchiformes; orange, Characiformes). Not depicted is the
evolution of EBOs in Salmoniformes (Bertmar & Stromberg, 1969).
Phylogenetic relationship of orders within Otomorpha is based on
Betancur-R et al. (2017) and Straube et al. (2018). (b) Truncated
phylogeny based on Egan et al. (2024) of our taxonomic sample,
chosen for their presence of EBOs as described in the literature or
seen during dissection.

et al., 2014). In most otomorphans, the diverticula are
penetrated by the rakers of the medial fourth and the
single fifth epibranchial series. Each organ is supported
by the highly modified fourth epibranchial bone from
which extends a thin piece of cartilage (cartilaginous
capsule sensu Bertmar, 1969) that encapsulates the lat-
eral and dorsal aspects of the organ (Bertmar, 1969;
Miller, 1969) (Figure 1). These structures are common
to all EBOs, a pattern that invites numerous questions
about their functional significance: What role do these
components play in the aggregation of food, and how
might variation in these structures relate to evolutionary
history and feeding ecology?

Bertmar et al. (1969) first categorized variation in
EBO morphology into seven discrete types of EBO. This
effort spanned great taxonomic breadth and was primar-
ily based on gross descriptions collected from multiple
studies, each of which focused on different aspects of
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EBO morphology with varying degrees of anatomical res-
olution. This necessary amalgam of sources emphasized
the great complexity of the EBO; however, the lack of
standardized illustrations and presentation of anatomical
details has made comparison of EBOs across species diffi-
cult. Furthermore, in the five decades since the study's
publication, our understanding of how otomorphan
groups are related has changed and is now better
informed at finer taxonomic levels by robust molecular
phylogenies (Bloom & Lovejoy, 2012; Egan et al., 2018;
Egan et al., 2024; Fink & Fink, 1981; Lavoué et al., 2013).
Inconsistency in methodologies coupled with a limited
phylogenetic framework has hindered our capacity for
interspecific comparison, and no study has yet explored
how phenotypic diversity of EBOs varies with phyloge-
netic relatedness or ecology.

The goals of this study are threefold: (1) We charac-
terize otomorphan EBO anatomy at the gross and histo-
logical level, identifying common components of EBO
architecture to establish a new system for categorizing
morphological diversity. (2) We assess the relationship
between EBO anatomy, phylogeny, and diet. (3) We
interpret our results in the context of EBO evolution
and discuss existing hypotheses for the origin of the
EBO as a novel feeding structure. To achieve these
goals, we compare the gross anatomy and microstruc-
ture of the EBOs of 13 species across three otomorphan
orders (Clupeiformes, Gonorynchiformes, Characi-
formes). Our taxonomic sampling includes Cetengraulis
edentulus, Nematalosa come, and Tenualosa thibau-
deaui, of which the EBO has never been described
before. We also present preliminary data from scanning
electron microscopy to characterize and compare the
internal surface topography of the diverticula of three
species: Brevoortia tyrannus, Dorosoma cepedianum, and
Chanos chanos. Using updated phylogenies and dietary
data collected from existing literature, we preliminarily
assess the following hypotheses: (1) similarity in EBO
anatomy is best explained by phylogenetic relatedness
and (2) similarity in EBO anatomy is best explained by
similarity in diet.

2 | MATERIALS AND METHODS
2.1 | Gross anatomy, histology, micro-
CT, and scanning electron microscopy

Frozen and/or formalin-fixed adult and large juvenile
specimens representing 13 species across three otomor-
phan orders were acquired through commercial trade or
borrowed from museum collections (Table 1 and
Figure 2). Species were selected based on prior
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TABLE 1

standard length (SL), and number of specimens examined (n).
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Otomorphan species included in this study (order, family, species), museum collection ID or specimen source (specimen),

WILEY_L_*

Order Family Species Specimen SL (mm) n
Clupeiformes Engraulidae Cetengraulis edentulus FMNH 97774 40-44 3
Clupeiformes Engraulidae Anchoa mitchilli VIMS 09159 39-41 2
Clupeiformes Dorosomatidae Harengula jaguana TCWC 8701.07, 2098.01 62-120 2
Clupeiformes Dorosomatidae Opisthonema oglinum TCWC 456.04 146-157 3
Clupeiformes Dorosomatidae Dorosoma cepedianum commercial trade 97-350 7
Clupeiformes Dorosomatidae Nematalosa come JFBM 48151 58-62 3
Clupeiformes Dorosomatidae Tenualosa thibaudeaui JFBM 48961 96-108 3
Clupeiformes Dorosomatidae Anodontostoma chacunda JFBM 49207 107-110 3
Clupeiformes Alosidae Brevoortia tyrannus Commercial trade 60-254 7
Clupeiformes Alosidae Alosa pseudoharengus TCWC 5256.01 124 1
Gonorynchiformes Chanidae Chanos chanos Commercial trade 283-345 5
Gonorynchiformes Kneriidae Phractolaemus ansorgii AMNH 240179, commercial trade 33-127 4
Characiformes Prochilodontidae Prochilodus nigricans ROM 86141 248-275 3

Abbreviations: AMNH, American Museum of Natural History; FMNH, Field Museum; JFBM, Bell Museum of Natural History; ROM, Royal Ontario Museum;
TCWC, Texas A&M University Biodiversity Research and Teaching Collections; VIMS, Virginia Institute of Marine Sciences.

documentation of the presence of an epibranchial organ
in the literature or because the organ was observed dur-
ing exploratory dissections conducted without a micro-
scope. Clupeiform species were selected to cover distantly
related lineages that may potentially represent indepen-
dent origins of the epibranchial organ or at least unique
morphologies, as described by previous studies (Bertmar
et al., 1969). Gonorynchiform and characiform species
were included to allow for comparison across otomor-
phan orders. Epibranchial organs and attached branchial
arches were dissected out of the pharynx for anatomical
examination. Following dissection, photographs were
taken of the first gill arch and the posterior gill arches
(modified fourth and fifth arches with EBO attached) and
then traced for schematic illustrations.

For histological examination, formalin-fixed EBOs
were infiltrated with JB-4 following an embedding media
protocol from Electron Microscopy Science, sectioned at
2-3 pm, and stained with Lee's Methylene Blue-Basic
Fuchsin stain. When size permitted, EBOs were embed-
ded whole. Otherwise, they were cut in half through the
midline or embedded in sections with samples taken
from the ventral wall of the entrance, the anterior and
ventral wall of the approximate middle of the diverticu-
lum, the anterior wall of the medioventral bend, and the
ventral wall of the blind end.

Localized measurements of muscularity and adiposity
were taken from two-dimensional histological sections of
the middle of the diverticulum. This position was chosen
as a means of standardizing the sampling across morpho-
logically diverse EBOs, which can vary in absolute

thickness as well as tissue composition along their length.
All images were measured in Fiji (version 1.54 m,
Schindelin et al., 2012). The thickness of the EBO wall
(at our standardized point) was measured as the
straight-line distance from the outer edge of the base-
ment membrane to the outer edge of the muscular layer.
The thickness of the muscular layer was measured as the
straight-line distance between the most superficial bun-
dles of muscle and the deepest bundles. The thickness of
the adipose layer (when present) was measured as the
straight-line distance from the basement membrane to
the inner edge of the muscular layer. A proportion was
calculated to approximate how much of the wall was
composed of muscle (mcetiokiess) and adipose tissue

% at the standardized point. By using a
standardized point and using ratios rather than absolute
measurements of thickness, we hoped to minimize the
effect of any irregularity in the section. It is important to
note that this is not a measurement of the total amount
of muscle present in the organ, as this would require 3D
volumetric data, which is difficult to obtain for some of
the smallest organs in our sample (<2 mm).

MicroCT scans were used to visualize the three-
dimensional structure of both skeletal and soft-tissue
anatomy of the epibranchial organ in Dorosoma cepe-
dianum. One whole fish and one dissected EBO (right
organ) were fixed in formalin and subsequently stained
with iodine (1% w/v iodine, 2% w/v potassium iodide)
for 48 h. The specimens were scanned on the Bruker
1173 SkyScan at the Karel F. Liem Bio-Imaging Center
at the University of Washington Friday Harbor
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Laboratories. The whole fish was scanned at 60 kV and
133 pA; voxel size was 15 pm. The EBO was scanned at
55kV and 143 pA; voxel size was 15.98 pm. CT scans
were segmented in Mimics (version 20.0, Materialize
Inc., Leuven, Belgium). Image stacks were uploaded to
and made publicly available on the scientific data
repository MorphoSource (https://www.morphosource.
org/). They may be found under the following media
numbers: 000720026 (whole fish) and 000720245 (epi-
branchial organ).

Following anatomical examination, EBOs were
scored for the presence and absence of eight anatomical
traits (Table 2). These traits were chosen to capture
diversity at the gross and histological level. We note that
some of these traits were categorized as binary (presence
of a coiled diverticulum, presence of muscular islands,
muscular investment of the papillae, presence of adipose
tissue between the muscular and epithelial layers, pres-
ence of rakers from the fourth and fifth gill arches
extending into the diverticulum), although variation of
the trait exists within our sample. For example, scoring
for the presence of a coiled diverticulum (a diverticulum
that curves or spirals along the medial face of the EBO)
does not capture variation in the length of the coil. Con-
tinuous traits (shape, muscularity of the sampled wall,
length of raker extension into the diverticulum) were
divided into at least two bins that captured both
extremes of the variation present within the sample.
Muscularity of the sampled EBO wall was binned into
three categories (>95% muscle, between <95% and
>70% muscle, <70% muscle).

The topography of the internal surface of the
EBO was examined with scanning electron microscopy
in three species (D. cepedianum, B. tyrannus, and
C. chanos), as these were the species that could be
readily acquired frozen. EBOs were dissected out
from whole, thawed fish and cut into roughly
1mm X 1 mm x 1 mm sized tissue samples. Samples
were taken from the ventral wall of the entrance of the
EBO, the middle of the diverticulum, and the medial
wall of the terminus (blind end of the diverticulum).
Tissues were fixed in 2.5% glutaraldehyde + 1% parafor-
maldehyde in 0.12 M sodium cacodylate buffer (pH 7.2-
7.4) with postfixation of 1 h in 1% osmium tetroxide.
After rinsing in water, samples were dehydrated in a
graded series of ethanol (15%-100%), critical-point dried
with CO, in a Tousimis 931 Critical Point Dryer
(Rockville, MD, USA), and coated with either iridium or
platinum-palladium in a Cressington 208HR Sputter
Coater (Watford, UK). Samples were then imaged with
an FEI Teneo LoVac SEM (ThermoFisher Scientific,
Washington, DC, USA).
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2.2 | Dietary analysis and statistical
methods

To compare diets among species, diet data were collected
from quantitative studies that reported the proportions of
different prey types in diets (Table 3) (Buchheister &
Latour, 2015; Carr & Adams, 1973; Egan et al., 2017,
Ewers & Boesel, 1935; Gay et al., 2002; Hiatt, 1947
Jude, 1973; Kohler & Ney, 1980; Kutkuhn, 1958; Lewis &
Peters, 1994; Livingston, 1982; Modde & Ross, 1983;
Odum & Anuta, 2001; Odum & Heald, 1972; Pouilly
et al., 2004; Soe et al., 2021; Stone & Daborn, 1987; Vega-
Cendejas et al., 1994; Vega-Cendejas et al., 1997). As no
quantitative assessment of Tenualosa thibaudeaui's diet
could be found, this species was excluded from dietary
analysis. Diet data were expressed as % composition of
prey types in the diet, regardless of the unit of measure
(e.g., % volume, % number, % dry weight) used to quan-
tify diets in the original studies. All studies reported diets
as % weight or % volume apart from two. Gay et al.
(2002) reported the diets of Cetengraulis edentulus as %
number, and Egan et al. (2017) reported the diets of
Nematalosa come as % frequency. Both of these metrics
tend to overestimate the importance of small prey items
and underestimate the importance of large prey items in
diets. However, both of these species exclusively ate small
prey items of similar sizes. Thus, we believe that interspe-
cific diet comparisons based on data from Gay et al.
(2002) and Egan et al. (2017) are reasonable. Addition-
ally, the Egan et al. (2017) % frequency data were trans-
formed so that they totaled 100%, facilitating interspecific
diet comparisons. Diet data were collected from adults
when possible but were also collected from large juve-
niles if adult diet data were unavailable.

To perform statistical analyses and interspecific die-
tary comparisons, prey types were assigned to 1 of 11
prey categories containing functionally and morphologi-
cally similar prey (Table 3). Descriptions of diet catego-
ries are reported in Table 4. Of the prey categories,
7 comprised at least 1% of the diet of one species and
were used to calculate Bray-Curtis dissimilarity between
each species, then to group species using hierarchical
agglomerative clustering. The remaining four prey cate-
gories were all consumed but never comprised >1% of a
species’ diet; these were grouped into one miscellaneous
category called “other.” Bray—Curtis dissimilarity was cal-
culated between each species (vegdist, method = “bray”),
then species were grouped based on diet similarity using
hierarchical agglomerative clustering with complete link-
age (hclust, method = “complete”) in the vegan R pack-
age (Bray & Curtis, 1957; Legendre & Legendre, 2012;
Oksanen et al., 2013). Many previous studies have
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Diet composition of 12 species expressed by relative occurrence of 11 prey categories: Algae (Alga), Annelids (Anne),

Crustaceans (Crus), Detritus (Detr), Eggs (Egg), Fish (Fish), Mollusks (Moll), Phytoplankton (Phyt), Plants (Plan), Terrestrial Invertebrates

(Terr), Zooplankton (zoop).

Species Alga Anne Crus Detr Egg
Cetengraulis edentulus  0.039 0 0 0 0.001
Anchoa mitchilli 0 0 0254 0 0.019
Opisthonema oglinum 0 0 0.356 0314 O
Harengula jaguana 0.01 0.083 0424 0.006 O
Dorosoma cepedianum 0 0 0.006 0.563 O
Nematalosa come 0.167 0 0.023 0.32 0.097
Anodontostoma 0 0026 O 0 0
chacunda

Brevoortia tyrannus 0 0 0 0.748 0
Alosa pseudoharengus 0 0.009 0477 O 0
Chanos chanos 0237 0 0 0113 0
Phractolaemus ansorgii  0.096 0.043  0.023 0489 0
Prochilodus nigricans 0581 0 0 0323 0

arbitrarily chosen a similarity index value of 40% as the
basis for dividing species into trophic groups (Horinouchi
et al., 2012; Horinouchi & Sano, 2000; Inoue et al., 2005;
Nakamura et al., 2003; Nanjo et al., 2008). In congruence
with these studies, a critical dissimilarity cutoff of 60%
was adopted, as dissimilarity = 1 — similarity.

A co-phylogenetic approach was used to assess pat-
terns of evolutionary relatedness and anatomical diver-
sity. As no published phylogeny included all species
examined in this study, the most recent and comprehen-
sive molecular clupeiform phylogeny available (Egan
et al., 2024) was used as the phylogenetic framework for
our analysis. This phylogeny included a gonorynchiform
(Chanos chanos) and characiform (Astyanax mexicanus)
outgroup, the latter of which was used as a substitute for
Prochilodus nigricans since the divergence time estimate
for species within the order would be the same.

Fish

0
0

0.057

0.246

0.02

Moll Phyt
0 0953 0 0

0 0 0.043 0.019

Plan Terr Zoop Citations

0.004
0.665

Gay et al., 2002

Odum &

Heald, 1972; Carr
& Adams, 1973;
Livingston, 1982

0.016 0.037 0.151 0 0.068  Vega-Cendejas

et al., 1997
Modde &

Ross, 1983; Vega-
Cendejas

et al., 1994

0.003 0.13 0 0 0.097

0.061 0.043 O 0 0.327 Ewers &
Boesel, 1935;
Kutkuhn, 1958;

Jude, 1973
0 0.25 0.037 0
0 0419 O 0

0.107
0.556

Egan et al., 2017
Soe et al., 2021

0.011 0 0.128 Lewis &

Peters, 1994

Kohler &

Ney, 1980; Stone
& Daborn, 1987,
Buchheister &
Latour, 2015

0.103 0412

0 0.443
0.202

0144 0
0.092 0

0.031
0.035

Hiatt, 1947

Odum &
Anuta, 2001

(=]

0.032 0.065 O Pouilly

et al., 2004

Phractolaemus ansorgii was incorporated into the tree
with the phytools R package function bind.tip (Revell,
2024) using the divergence time estimate from Near et al.
(2014). The phylogeny was then pruned to contain only
sampled clupeiform taxa. Since genera sampled in this
study were identified as monophyletic (with the excep-
tion of Anchoa) and we did not compare any taxa within
the same genus, when species were not present, they
were substituted with a congener. Species were clustered
according to their anatomical similarity (presence/
absence of discrete EBO characters; Table 2) using a
UPGMA analysis as implemented by the hclust and
pvclust functions (vegan and pvclust R packages;
Oksanen et al., 2013; Suzuki & Shimodaira, 2006). Ana-
tomical similarity was reported as a percentage deter-
mined by the AU (approximately unbiased) p-values for
each node in the cluster dendrogram following the
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TABLE 4 Prey types in each prey category (not taxonomic) used for agglomerative cluster analyses of diets.

Prey category
Algae (Alga)

Annelids (Anne)

Crustaceans (Crus)

Prey category composition

Acrochaetium, benthic periphyton, benthic biofilm, Chlorophyta, Chrysophyceae,
Cladophora, Cyanophyceae, cyanobacteria, filamentous algae, Vaucheria

Annelida, Polychaeta

Amphipoda, Apseudidae, Brachyura, crab, Crustacea, Cumacea, Decapoda, Gammaridea,
Isopoda, Mysidae, shrimp

Benthic Bivalva, Bivalva, Gastropoda, Mollusca

Centric diatom, diatom, Dinoflagellata, pennate diatom, phytoplankton

Detritus (Detr) Detritus, mud

Eggs (Egg) Egg, fish egg

Fish (Fish) Fish, teleost

Mollusks (Moll)

Phytoplankton (Phyt)

Plants (Plan) Plant, macrophyte fragment

Terrestrial Invertebrates (Terr)

Zooplankton (Zoop)
veliger

Insecta, terrestrial Insecta

Copepoda, Calanoida, Cladocera, Harpacticoida, Ostracoda, zooplankton, zooplankton

Note: Prey types are shown as they appeared in the original articles from which we collected diet data, except for where we updated taxonomy. In some cases,

prey types are redundant (e.g., “Brachyura” and “crab”) or nested due to inter-study differences in taxonomic resolution (e.g., “Annelida” and “Polychaeta”),
highlighting a key motivation for condensing prey types into more general prey categories prior to statistical analyses.

methods outlined in Cohen et al. (2023). The cophylo
function in the phytools R package (Revell, 2024) was
then used to render a tanglegram that compares the con-
figuration of the phylogeny and the dendrogram of EBO
anatomical similarity. All statistical analyses were con-
ducted in R (version 4.2.1, R Core Team, 2022).

3 | RESULTS

All epibranchial organs (EBOs) consist of muscular, bilat-
erally paired diverticula (blind-ended internal sacs in
which food particles accumulate). The anterior end of the
organs is angled toward the midline of the pharynx and
exhibits some degree of antero-ventral flexure along their
proximodistal axis. The opening of each organ is located
immediately anterior to the esophageal opening and dor-
sal to the posterior branchial arches (Figure 1a). The
fourth and fifth epibranchial series and associated gill
rakers extend into the diverticula of the organ in all spe-
cies but P. nigricans. In many clupeiforms, a cartilaginous
capsule extends from the dorsal aspect of the supporting
fourth epibranchial over the lateral face of the organ,
where it is loosely attached to the base of the rakers that
enter the EBO. This cartilaginous capsule extends dor-
sally to varying degrees to partially encapsulate the
organ. Though varying widely in their gross anatomy,
EBOs share the same basic histological composition,
which includes peripheral layers of skeletal muscle, often
interspersed with adipose tissue, mucus-producing

epithelial cells lining the inner surface of the diverticu-
lum, and internal papillae covered by said epithelium.

3.1 | Axes of morphological variation

We identify five axes along which EBOs varied in gross
anatomy and histological architecture that best explain
their breadth of morphological diversity.

3.1.1 | Shape

Epibranchial organs range in shape from spherical and
rotund (C. edentulus) to elongate and digitiform
(P. ansorgii) (Figures 3, 4a, and 5d). Rounder EBOs sit
atop the branchial arches such that their long axis
(proximal-distal) is oriented horizontally; their divertic-
ula, when of considerable length, extend toward the
midline of the pharynx with some degree of coiling
(curving or spiraling of the diverticulum along the
medial face of the organ). Some round, spherical EBOs,
such as those of C. edentulus and O. oglinum, possess a
diverticulum that is sac-like; while narrow at the
entrance, the diverticulum opens into a wide, spacious
chamber-like pocket that roughly reflects the EBO's
external shape and terminates in a ventrally directed
blind end (Figure 4a,b). Other EBOs, such as those of
N. come, A. chacunda, C. chanos, and D. cepedianum,
are round to oval-shaped but possess a diverticulum that
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Schematics of gill arches and EBOs based on gross dissection (with cartilaginous capsules removed). Note that these

illustrations are from a lateral perspective and do not fully capture the mediolateral dimension, as many EBOs curve medially toward the

midline of the pharynx. The body of the EBO is colored yellow. Gill rakers penetrating into the EBO are colored blue. The esophagus is

colored orange. Colored stars beside species names indicate TAXONOMIC order (blue, Clupeiformes; magenta, Gonorynchiformes; orange,

Characiformes; see Figure 2).

bends medioventrally in an incomplete, J-shaped whorl,
which terminates in a posteriorly directed blind end
(Figure 4c-f). In N. come, A. chacunda, and C. chanos, the
diverticulum is narrow and tubular. In D. cepedianum, the
diverticulum is wider and the blind end more spacious,
similar to the condition of C. edentulus and O. oglinum. In
N. come, A. chacunda, C. chanos, and D. cepedianum, the
diverticulum coils medioventrally and is externally visible
as a muscular protuberance on the medial face of the
organ (Figure 4c,g). The diverticulum of T. thibaudeaui is
the most coiled in our sample (Figure 4g), completing a
full rotation that terminates in an anteriorly directed
blind end.

The remaining six EBOs are more elongate than
rotund and lack the extensive coiling exhibited by species
such as A. chacunda and T. thibaudeaui. These elongate
EBOs exhibit more variation in their orientation relative
to the gill arches, with A. mitchilli, B. tyrannus, and
P. nigricans oriented horizontally along their proximodis-
tal axis and A. pseudoharengus, H. jaguana, and
P. ansorgii oriented vertically (Figures 3 and 5). The
EBOs of A. mitchilli and B. tyrannus are cylindrical and
of mostly uniform width along their length (Figure 5a,e),
whereas the EBO of P. nigricans is pyramidal and tapered
toward the terminus (Figure 5f). The diverticula of

A. mitchilli and P. nigricans are narrow, whereas the
diverticulum of B. tyrannus is wide and sac-like. In
all three, the EBO is curved ventrally at the distal
extreme. The EBOs of A. pseudoharengus, H. jaguana,
and P. ansorgii are cylindrical with concave curvature
and an anteriorly directed distal end (Figure 5b-d). Of
these three, the EBO of A. pseudoharengus is proportion-
ally the shortest and widest, with a sac-like diverticulum.
The EBO of H. jaguana is slightly longer and narrower,
and the EBO of P. ansorgii is the longest, curving medi-
ally over the gill arches (see Figure 3 for note).

3.1.2 | Size relative to the branchial basket
The size of the epibranchial organ refers to three dimen-
sions: height, length, and depth, only the former two of
which are captured in our two-dimensional illustrations
(Figure 3). Round, coiling EBOs are proportionally the
largest in terms of width and depth, with both round,
sac-like EBOs and elongate EBOs being much smaller, if
not in width, then in depth. The most obvious exception
to this is P. ansorgii, whose EBO is proportionally the tal-
lest of our sample. This height is obscured in situ because
the EBO is folded medially over the gill arches.
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T. thibaudeaui

FIGURE 4 Histological sections and photographs of “round” epibranchial organs dissected out of the pharynx and with ventral gill arch
elements and cartilaginous capsule removed. Photographs were taken from a lateral perspective of a single organ, with the exception of

T. thibaudeaui, which was photographed to show the medial face and coiling diverticulum. Note that in (a) and (c), the entire (undissected)
organ is photographed to capture its lateral face, whereas in (b) and (d-g), the EBO has been dissected to reveal the shape of the
diverticulum. Colored boxes denote the TAXONOMIC order of the species (see Figure 2) and from where in the EBO the histological

section was taken. adt, adipose tissue; cm, circumferential muscle; eso, esophagus; gc, goblet cells; Im, longitudinal muscle; mi, muscle
island; mm, muscle; mp, muscular protuberance; pap, papillae; rak, rakers.

3.1.3 | Gill raker morphology and raker
length relative to the length of diverticula

All EBOs are penetrated by the fourth and fifth gill
arches with the exception of P. nigricans, in which only
the fifth arch extends into the EBO. In all species, the
dorsal elements of the arch from which the rakers extend
are embedded within the walls of the EBO, attaching to a
layer of muscle or connective tissue rather than the carti-
laginous capsule (cc) directly (Figure 6a—c). In round

EBOs, the rakers from the fourth and fifth arches extend
into the EBO in two discrete rows along the dorsolateral
aspect of the organ and curve ventrally, following the
curvature of the diverticulum (Figures 1b-d and 4).
The exception to this is C. edentulus, which, like the elon-
gate EBOs of A. pseudoharengus and H. jaguana, pene-
trates the organ along the lateral wall (Figures 4a and
5b,c). In clupeiforms, the space between the two rows of
rakers (Figure 1b bracket) is either covered by branchial
cartilage of the cartilaginous capsule or left as an open
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P. ansorgii
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H. jaguaa

FIGURE 5

P. nigricans

Histological sections and photographs of “elongate” epibranchial organs dissected out of the pharynx and with ventral gill

arch elements and cartilaginous capsule removed. Photographs were taken from a lateral perspective of a single organ, with the exception of
A. mitchilli, which was too small (~2 mm) to provide an informative depiction of the external morphology. (b-d) Photographs taken of an
entire undissected organ from the lateral perspective. (e) Photographs of a bisected organ, showing both the lateral wall (lat) and the medial
wall (med). (f) Photograph of a cross-section through the center of the organ. Note that the lateral image has been reflected to point
anteriorly. Colored boxes denote the TAXONOMIC order of the species (see Figure 2) and from where in the EBO the sample was taken. adt,
adipose tissue; cm, circumferential muscle; gc, goblet cells; lat, lateral wall; Im, longitudinal muscle; med, medial wall; mi, muscle island;

mm, muscle; pap, papillae; rak, rakers.

gap that is visible externally, as seen in A. pseudoharen-
gus and H. jaguana (Figure 5b,c). In C. chanos, the rakers
are completely covered by the muscular wall; the cartilag-
inous capsule does not extend over them. In P. ansorgii
and P. nigricans, the cartilaginous capsule is absent. In
P. ansorgii, the rakers and their supporting cartilaginous
elements are entirely covered by the walls of the EBO
(Figure 6e), while the rakers of P. nigricans are distinct in
that they constitute the entirety of the lateral wall of the
organ (Figure 5f). Regardless of EBO orientation, the
rakers point toward the midline of the diverticulum.

Rakers vary in shape, relative density, and in the mor-
phology of their epithelial lining. The epithelium is often
studded with goblet cells, though we note that in some
specimens the epithelial layers have been damaged or
degraded during preservation (N. come, T. thibaudeaui,
P. ansorgii), making cellular composition difficult to
determine. In A. mitchilli, the rakers are short and nodu-
lar, rarely extending past the surrounding soft tissue
(Figure 5a). In A. chacunda, N. come, and H. jaguana, the
bony portion of the rakers is narrow and straight, their
epithelial lining lending them a slightly spatulate
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appearance (Figure 6a,b,d). The rakers of P. ansorgii are
also narrow and slightly spatulate but distinctly curved;
from the base, the raker extends ventrally, curving dor-
sally where the epithelium begins to thicken to terminate
in a tapered point (Figure 6e). The rakers of B. tyrannus
possess a thin epithelial lining that lacks the presence
of goblet cells; the rakers are comparably broader and
tri-radiate (Figure 6c). There is also variation in the rel-
ative density of rakers, with the rakers of A. chacunda
and N. come having the least space between them
(Figure 6a,b). The rakers of P. nigricans are highly mod-
ified, lacking bony elements and instead supported by
muscular bundles and other connective tissue at the
base of each raker (Figure 6f).
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The length that gill rakers penetrate into the diver-
ticulum also varies, with some rakers terminating
approximately ' to %2 of the length of the diverticulum
(C. chanos, P. ansorgii, A. mitchilli, N. come,
D. cepedianum, A. chacunda) and some extending all
the way to the terminus (C. edentulus, O. oglinum,
T. thibaudeaui, A. pseudoharengus, H. jaguana, B. tyrannus,
P. nigricans) (Figure 3).

3.14 | Muscularity

In all examined species, we observed skeletal muscle
arranged in layers of circumferential and longitudinal

FIGURE 6

Gill rakers of the medial fourth and fifth epibranchial associated with the epibranchial organs of Anodontostoma chacunda
(a), Nematalosa come (b), Brevoortia tyrannus (c), Harengula jaguana (d), Phractolaemus ansorgii (e), and Prochilodus nigricans (f). Gill

rakers of the fourth and fifth epibranchial extend into the EBO except in P. nigricans, in which only the rakers of the fifth arch are present.
The cartilaginous capsule (cc) extends from the fourth epibranchial over each organ and covers the space between the two rows of rakers. A

layer of epithelium studded with goblet cells (gc), covers the rakers in most but not all species. Note that due to specimen preservation, this
epithelial layer is partially detached and/or degraded in N. come. The cartilaginous element of the fifth epibranchial (eb5) can be seen in the
posterior wall of P. ansorgii's EBO. The rakers of P. nigricans are highly modified with no visible bony elements. At the base of each raker
are extensive muscle fibers. Some of these fibers are arranged in stacked bundles (inset, scale bar = 20 pm). The loose fibers throughout the
connective tissue of the rakers appear to extend medially, toward the terminus of the raker.
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fibers. These layers are readily distinguishable in
A. chacunda and C. chanos, with the longitudinal fibers
forming the outermost muscular layer and the circumfer-
ential fibers forming the inner layer (Figure 4e,f). Not all
species, however, have such a discrete organization
of muscle fibers; A. mitchilli, A. pseudoharengus, and
N. come have regions in which fibers appear to overlap
with one another or have fibers arranged at oblique
angles to one another. Furthermore, while most EBOs
have muscular walls organized such that the layer of cir-
cumferential fibers is deep to the layer of longitudinal
fibers, in P. ansorgii, B. tyrannus, and H. jaguana, this
order is reversed, with the circumferential fibers compos-
ing the outermost layer and the longitudinal fibers form-
ing the inner layer (Figure 5c-e).

Relative thickness of the muscular layer varies greatly
as well (Table 2); at our measured points, muscular tis-
sue constitutes anywhere between 15% (P. nigricans;
Figure 5f) of the EBO's wall to nearly 100%
(C. edentulus; Figure 4a). Round, sac-like EBOs are
composed almost entirely of muscular tissue, yet in the
sections measured, their walls appear to be thinner
than those of the round, coiling EBOs (Figure 4a-g).
Round, coiling EBOs have comparably robust walls,
with muscular layers that constitute between 50% and
71% of the wall (Figure 4c-g). Elongate EBOs are com-
parably diverse. At the sampled region, the walls of
A. mitchilli, H. jaguana, and A. pseudoharengus are
composed mostly of muscle. By contrast, muscle consti-
tutes 15%-78% of the wall in P. ansorgii, B. tyrannus,
and P. nigricans.

While in all species, the rakers are embedded in the
lateral to dorsolateral wall of the EBO, in both
P. nigricans and B. tyrannus, the lateral wall is composed
primarily of rakers (Figure 5e,f). In B. tyrannus, this lat-
eral muscular layer is thin (Figure 6c). In P. nigricans,
these muscular layers are more complex; the outermost
layer is composed of circumferential fibers, and deep to
this are both longitudinal fibers arranged in muscular
bundles and numerous, thin transverse fibers investing
the connective tissue of the rakers, some extending all
the way to the terminus of the raker (Figure 6f).

In many clupeiform species (C. edentulus,
A. mitchilli, O. oglinum, H. jaguana, A. pseudoharengus),
the innermost muscular layer is connected directly to
the epithelial layer (Figures 4a,b and 5a-c). In others
(N. come, D. cepedianum, A. chacunda, T. thibaudeaui,
B. tyrannus), there is a substantial amount of adipose
and other connective tissues separating these layers; this
is also the case for both gonorynchiform species and the
medial wall of P. nigricans (Figures 4c,d,f,g and 5d-f). In
D. cepedianum, T. thibaudeaui, and the medial wall of
P. nigricans, bundles of isolated muscle fascicles (muscle

EVANS ET AL.

islands) are interspersed throughout the adipose tissue
between the muscular and epithelial layers. These mus-
cle islands vary in size within the specimen. In
P. nigricans, some of these muscle fibers attach to the
epithelial layer. Of note, we find muscle fibers connect-
ing directly to individual papillae in several species,
including C. edentulus, H. jaguana, and A. mitchilli
(Figures 4a and 5a,c).

3.1.5 | Adiposity

Adipose tissue is the most abundant connective tissue
present in the walls of the EBOs. As with muscular
layers, the adipose layer varies in relative thickness across
species at the measured point, with the most fatty EBOs
represented by the round, coiling EBOs as well as
P. nigricans. Adipose tissue is found in between muscle
and epithelium, between muscular layers, and in between
muscle fascicles. In most species, the layer of adipose tis-
sue is thinner than that of the muscle, with the exception
of A. chacunda and P. nigricans, the latter of which is
notable in that most of its medial wall is composed of adi-
pose tissue interspersed with muscle islands (Figure 5f). In
thin-walled EBOs (C. edentulus, O. oglinum, H. jaguana),
little to no adipose tissue is present (Figures 4a,b and 5c).

3.2 | Internal topography of the
diverticula

In all three examined species, the interior of the divertic-
ulum is covered with papillae that are directed toward
the terminus (the blind end of the diverticulum). These
papillae vary in length, shape, and density; these charac-
teristics also vary at different positions along the
proximal-distal axis of the diverticulum (Figure 7). Papil-
lae in D. cepedianum are short, wide, and nodular in
appearance (Figure 7a, arrowheads). Proximally (at the
opening of the EBO), they can be found grouped together
on protruding ridges but appear more isolated in distal
(at the blind end of the diverticulum) sections (Figure 7d).
Papillae in B. tyrannus are thinner and become longer and
more filamentous toward the distal end of the diverticu-
lum (Figure 7d-f). Papillae in C. chanos are the most mor-
phologically diverse of the species examined in this study.
At the proximal end, they appear as circular nodules or
lingulate papillae of varying lengths and sizes (Figure 7g).
Many of the more circular papillae are oriented upright
and flat with their dorsal aspect roughly level with the sur-
rounding folds of tissue (Figure 7g, circle), while others
are slightly rounded on top. The lingulate papillae are
much longer and folded over on themselves (Figure 7g,
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arrowheads). These lingulate papillae are wide at the base
and taper to a softly pointed tip, giving them a broadly tri-
angular or tongue-shaped appearance. Further distally, the
papillae are longer and thicker, especially at the terminus
of the diverticulum, where they are large enough to be vis-
ible under a light microscope (Figure 7i).

3.3 | Relationship between morphology,
diet, and phylogeny

We identified six general prey groupings that can be sum-
marized by species feeding primarily on (1) phytoplankton,
(2) crustaceans and zooplankton, (3) crustaceans and a
second prey type, (4) detritus, (5) algae (in the taxa exam-
ined the algae consumed almost exclusively consisted of
small algae/algal fragments (Table 4)), and (6) a combina-
tion of algae, detritus, and phytoplankton (Figure 8).

We found a mismatch between phylogenetic related-
ness and anatomical similarity, as indicated by the lack

) (2] tyrannus
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*C. chanos

Electron micrographs of the internal surface of the diverticulum in three species. D. cepedianum (a-c, scale bar at 100 pm),
B. tyrannus (d—f, scale bar at 100 pm), and C. chanos (g-i, scale bar at 200 pm). For each species, micrographs were taken at different
positions along the length of the diverticulum (entrance, approximate middle, and terminus) and are displayed from proximal (P) to distal
(D) in each column. Examples of papillae in each of the three species are marked by white arrowheads. Note that in C. chanos, some papillae
are short, round, and roughly level with the surrounding folds of tissue (circle).

of correspondence (crossing) of connecting lines on the
tanglegram (Figure 9). Species feeding on crustaceans
clustered together, all of which exhibited little adipose
tissue and anterior walls composed primarily (>95%) of
muscle (Table 2). This is also the condition found in the
EBO of C. edentulus, a phytoplanktivore. The other clus-
ters are more dietarily diverse. Round, coiling EBOs clus-
tered together with strong anatomical similarity (>90%).
Within this cluster, pairs like C. chanos + A. chacunda
and D. cepedianum + N. come all had diets characterized
by large quantities of detritus and either algae, phyto-
plankton, or both (Figure 8).

4 | DISCUSSION

In this study, we characterized the anatomical diversity
and histological structure of the epibranchial organ (EBO)
in 13 otomorphan species. This included Cetengraulis
edentulus, Tenualosa thibaudeaui, and Nematalosa come,
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Dendrogram resulting from hierarchical agglomerative clustering based on Bray—Curtis dissimilarity of prey type for

12 otomorphan species. The distance on the x-axis is representative of the similarity of any two species based on diet specialization. The
dashed line indicates the critical dissimilarity value (0.6). Diet composition was taken from existing quantitative studies, and prey type was
grouped into eight categories that comprise at least 1% of a species diet. Note the absence of Tenualosa thibaudeaui for which quantitative

dietary data did not exist.

for which we provide the first anatomical description of
the EBO. We found that otomorphan EBOs, while pheno-
typically diverse and widely distributed throughout the
clade, share numerous anatomical characteristics at both
the gross and histological levels. We use these findings to
(1) establish a new system for categorizing the anatomical
diversity of EBOs, (2) assess the relationship between EBO
anatomy, phylogeny, and diet, and (3) discuss existing
hypotheses regarding the evolutionary origin of EBOs in
Otomorpha.

41 | A new system of categorization for
EBO diversity

We have identified five axes of variation that describe
diversity in morphology, tissue composition, and histo-
logical architecture of the EBO. These are (1) shape of
the organ and diverticulum (i.e., round vs. elongate,
coiled vs. not coiled), (2) size relative to the branchial
basket, (3) gill raker morphology, (4) muscularity, and
(5) adiposity. We posit that these five axes of variation
are a more versatile and functionally informative means

of categorizing EBO diversity than what has previously
been proposed. The most comprehensive and taxonomi-
cally extensive treatment of EBO diversity is Bertmar
et al.'s (1969) synthesis of the literature, which included
an original delineation of EBOs, each categorized into
one of seven discrete types. By contrast, we describe the
anatomical diversity of the EBO as a set of continuous
traits. This allows for greater precision and more
detailed descriptions of complex anatomy, providing
what we believe is a better representation of variation.
Additionally, Bertmar et al.'s types relied on phyl-
ogenies we now know to be erroneous at multiple
taxonomic levels, most pertinently within Clupeiformes
and in the nesting of characid fishes within Cyp-
riniformes (Bloom & Lovejoy, 2012; Egan et al., 2018;
Egan et al., 2024; Fink & Fink, 1981; Greenwood
et al., 1966; Lavoué et al., 2013; Whitehead, 1962). This
renders the descriptions of some types (i.e., remnant,
vestigial tube, primitive expanded sac, derivative
expanded sac) phylogenetically inaccurate and func-
tionally uninformative. Finally, our study includes his-
tological data, allowing for a comparison of EBO
morphology at the tissue/cellular level, which can
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better inform functional hypotheses for how the EBO
may be used in feeding.

For example, our histological findings reveal that sev-
eral EBOs (A. mitchilli, A. pseudoharengus) previously
described as vestigial or small remnants are actually
highly muscular structures, richly papillated, and lined
by an epithelium studded with mucus-producing cells
(Figure 5a,b). Maintaining musculature and producing
glycoproteins is energetically costly (Bansil & Turner,
2018; McShane et al., 2021), making it unlikely that these
EBOs are functionally obsolete or “degenerate.” Instead,
their distinct morphologies may reflect adaptations
driven by diet, historical contingency, or specific EBO

functions. A mitchilli, as an example, primarily consumes
larger prey (zooplankton and small crustaceans) than
many of the other species included in our study
(Livingston, 1982). Some of these prey items are too large
to fit inside the EBO, suggesting that the diverticula do
not function as the site of food aggregation but rather pri-
marily as a structure for mucus secretion. In light of new
phylogenetic and ecological data, our study of previously
described EBOs has revealed anatomical complexity that
may have functional correlates in feeding.

Our findings and axes of morphological variation
have functional implications for how the EBO aggregates
small, low-nutrient food items and expels them in a
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concentration suitable for consumption (Bertmar
et al., 1969; Kapoor, 1957; Miller, 1864). Size and shape of
the organ may place a limit on how much food can be
aggregated as well as how large these food particles can
be. Epithelial structures like papillae and the mucus-
producing cells that line them likely affect how food parti-
cles aggregate and are transported into and out of the
diverticulum. Long papillae, such as those found in the
terminus of C. chanos (Figure 7i), may aid in keeping food
trapped or directing food into the blind end of the divertic-
ulum (Mahdy et al., 2021), whereas muscularly invested
papillae may supply some degree of internal hydrody-
namic control to move particle-laden fluid through the
diverticulum. Many studies have documented the integral
role of mucus in the mechanical capture, aggregation, and
transport of food particles during and after the filtration
process (Hoogenboezem & Boogaart, 1993; Sanderson
et al, 1996; Sanderson & Wassersug, 1993; Ward
et al., 1993). The presence of goblet cells has been recorded
in the EBOs of many species, and the secreted mucus has
been suggested to aid in the entrapment of food as it
increases the viscosity of fluid in the EBO, facilitating the
formation of boli (Cohen & Hernandez, 2018; Cone, 2009;
Hansen et al., 2014; Holley et al., 2015; Miller, 1964).

Muscularity and adiposity of the organ are also impor-
tant functional components, given that in addition to
being concentrated, food must be expelled for consump-
tion. The degree of muscularity may be indicative of the
capacity for compressive force, which would be especially
relevant for long, coiling EBOs in which food is packed
tightly all the way to the terminus of the diverticulum
(Figures 1b and 4c-g). Long, coiling EBOs also have the
most adipose tissue, a correlation that may relate to their
ability to withstand strain and prolonged pressure during
compression; additionally, adipose tissue may help main-
tain three-dimensional volume and contribute to turgidity
while the EBO fills with food and fluid (Guimaraes
et al., 2020; Kuhns, 1949; Miller-Young et al., 2002). Many
EBOs possess an abundance of both fat and muscle
(Table 2), suggesting that they are critical components of
efficient feeding on microscopic prey; further study could
determine the biomechanical properties of these traits as
well as any functional significance of their variation in the
role of aggregation and feeding. It is natural then to ques-
tion how strongly prey type correlates with anatomical
variation or whether patterns of morphological diversity
are conserved among closely related species.

4.2 | Anatomy-phylogeny and
anatomy-diet correlations

We proposed two alternative hypotheses to explain the
evolution and functional significance of EBO diversity
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(1) that variation in EBO anatomy could be best
explained by phylogenetic relatedness and (2) that varia-
tion in EBO anatomy could be best explained by diet.
Our results, however, suggest that neither hypothesis
completely explains the morphological variation of
otomorphan EBOs.

There are instances of closely related species posses-
sing anatomically similar EBOs, but there are also
instances of distantly related species possessing anatomi-
cally similar EBOs. For example, N. come, A. chacunda,
and T. thibaudeaui are closely related lineages of clupei-
form. These species possess EBOs that are round and
thickly walled, adipose-rich, with coiling diverticula
(Figure 4c,f,g). Their diets overlap in some prey catego-
ries, namely, zooplankton and phytoplankton, which are
present in different proportions (Figure 8). N. come's diet
is the most varied, composed primarily of detritus (32%),
algae (25%), phytoplankton (16.7%), and zooplankton
(10.7%). A. chacunda's diet is mostly composed of zoo-
plankton (55.6%) and phytoplankton (41.9%), and
T. thibaudeaui, for which there is no quantitative dietary
data, has been reported to feed on zooplankton
(Rainboth, 1966; Vidthayanon, 2005) (Table 3). However,
distantly related species such as C. chanos and
D. cepedianum also possess round, adipose-rich, coiling
EBOs (Figure 4d,e) despite feeding on a different compo-
sition of prey items; this contradicts both our hypotheses.
The anatomical resemblance of some of these EBOs in
the face of millions of years of evolutionary distance is
particularly striking (Figure 2b) (Betancur-R et al., 2017;
Egan et al., 2024); A. chacunda, a clupeiform, scored
identically to C. chanos, a gonorynchiform, in our ana-
tomical character matrix. Both of these species feed on
phytoplankton and zooplankton, though detritus, algae,
and plants constitute a large proportion of the diet of
C. chanos as well (Figure 8 and Table 3).

It is not the case, however, that all species feeding on
similar prey possess anatomically similar EBOs. For
example, Cetengraulis edentulus, a clupeiform that, like
all aforementioned species, feeds on phytoplankton, pos-
sesses a round, sac-like EBO with thin but muscular
walls possessing very little adipose tissue. In fact, the
EBO of C. edentulus more closely resembles those of spe-
cies that feed on crustaceans, which are characterized by
muscularly invested papillae and thinner walls composed
of muscle with little to no adipose tissue (Figure 9).
Another example of morphological variation in fish feed-
ing on similar diets can be seen in the detritivorous
D. cepedianum and B. tyrannus, the two species that con-
sume the most similar diets within our study (Figure 8).
Both species are clupeiforms, though they belong to dif-
ferent clades that diverged from a common ancestor
>75 ma (Egan et al., 2018; Egan et al., 2024), and they
differ dramatically on nearly every axis of morphological
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variation (Figures 4d and 5e). Furthermore, Phractolae-
mus ansorgii, another species that feeds largely on detri-
tus, possesses an EBO that is elongate, narrow, and
morphologically distinct from that of all other detriti-
vores (Figure 5d).

It is possible that a given EBO morphology evolved to
be best at aggregating one type of food in an ancestral lin-
eage, but because it was sufficiently able to aggregate
other prey, it was retained during dietary shifts through-
out evolution. It is also possible that certain aspects of
diet may have resulted in convergent evolution, but with
our present data, it is difficult to determine which prey
types or aspects of trophic ecology have the strongest
effects on EBO anatomy and which may be obscuring
existing patterns. Future studies that incorporate a larger
taxonomic sampling could further elucidate any correla-
tions between anatomy, phylogeny, and diet.

We offer an alternative hypothesis to explain EBO
diversity—that the complex interaction of historical con-
tingency, morphological constraint, and other selective
pressures, like feeding mode, are more significant fac-
tors in explaining EBO anatomy. Feeding mode is an
aspect of feeding ecology that we did not consider in this
study, although variation exists within our sample. For
example, D. cepedianum and B. tyrannus both consume
large quantities of detritus and zooplankton. However,
D. cepedianum consumes small particles via intermittent
suction suspension feeding, while B. tyrannus accom-
plishes this through continuous ram suspension feeding
(Durbin & Durbin, 1975; Friedland et al.,, 1984;
Miller, 1960; Sanderson & Wassersug, 1993). It is possi-
ble that these different feeding modes are associated
with unique selective pressures that resulted in the evo-
lution of distinct EBO morphologies. However, this idea
requires further exploration because functional feeding
differences (e.g., hydrodynamic forces in the oropharyn-
geal cavity during feeding and prey capture rates)
between these species remain unknown. Additionally,
the function of the EBO may be more varied than previ-
ously believed. Some species, like A. mitchilli, that are
feeding on prey larger than the opening of the diverticu-
lum of their EBO may not use their EBO as a site for
food aggregation and may have co-opted this mucus-
producing organ for yet another undescribed function,
further obfuscating the role of diet in EBO morphology.

4.3 | Evolutionary origins of the
epibranchial organ

Epibranchial organ evolution has not been studied with
any rigorous comparative methods, and a consensus on
whether EBOs are convergent or homologous structures
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has not been definitively reached. Nelson (1967), in a
descriptive study of epibranchial bone anatomy, posited
that EBOs evolved independently in each of the otomor-
phan lineages in which they occur. Furthermore, he sug-
gested that these structures evolved from an ancestor with
a more generalized branchial anatomy in response to
repeated adoption of microphagous feeding tendencies. In
contrast, Bertmar et al. (1969) stated that the striking mor-
phological similarity among EBOs is unlikely to be a prod-
uct of convergence, and all incidences of epibranchial
organs are instead derived from a single origin within a
common ancestral group, such as pholidophoroid
holosteans.

We find the argument for homology intriguing,
though insufficient in accounting for such a mottled dis-
tribution of EBOs across Otomorpha, as it would require
significant character loss and reacquisition to explain
why most otomorphans do not have an EBO. Of the over
4000 species of extant cypriniforms, EBOs have been
described in only two members of the genus Hypophthal-
michthys (H. molitrix and H. nobilis) (Boulenger, 1901;
Cohen et al., 2020; Cohen & Hernandez, 2018; Hansen
et al., 2014). Even within Clupeiformes, the group in
which taxonomic diversity of EBOs is the highest, EBOs
are not ubiquitous across the order. Epibranchial organs
have been documented in 24 of 82 clupeiform genera
(pers. comm., Joshua Egan), again suggesting significant
loss and reacquisition should the plesiomorphic condi-
tion be to possess an EBO.

Instead of all EBOs being homologous structures, Nel-
son (1967) proposed that the homologous trait is not the
EBO itself but rather the potentiality to evolve one. We
find this argument to be better supported by our current
understanding of otomorphan relationships and recent
work on EBO development. We hypothesize that EBOs
are not convergent structures evolved de novo in every
otomorphan order; rather, EBOs are a form of biological
atavism, a re-evolution of an ancestral trait no longer pre-
sent phenotypically but lying dormant in the genome
(Hall, 1984; Tomié¢ & Meyer-Rochow, 2011). A study by
Cohen et al. (2022) put forth a similar hypothesis that
across Otomorpha, EBOs are developmentally homolo-
gous but may be functionally convergent in many
instances. This hypothesis is informed by developmental
data collected on three species—Anchoa mitchilli (clupei-
form), Brevoortia tyrannus (clupeiform), Hypophthal-
michthys molitrix (cypriniform)—with EBOs of wildly
different morphological complexity. Cohen et al. (2022)
showed that EBOs develop remarkably similarly, begin-
ning as an involution of epithelial cells in the pharyngeal
skeletal muscle above the fourth branchial arch. Our
findings are consistent with those of prior studies in that
EBOs are made up of the same basic components.
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We suggest that the origin of EBOs is a matter of deep
homology, an example of morphological diversification
that utilizes the same fundamental building blocks to
achieve a common goal—that of aggregating food. In
congruence with Nelson (1967), we suggest that the
ancestor of Otomorphan fishes did not necessarily have
an EBO but rather the capacity to evolve one, and sub-
sequent clades evolved EBOs in parallel as a response
to shifts toward a microphagous diet. The specific
resulting EBO morphologies may have been a product
of feeding behavior or the series of idiosyncratic events
in the species evolutionary history or simply a matter
of building whatever structural properties permitted
them to aggregate small particles well enough to
survive.

However, to ascribe such a complex yet widespread
adaptation to the serendipity of evolution alone would
be to downplay the otomorphan potential for morpho-
logical novelty. Adaptations of the pharynx are com-
mon among otomorphans and represent a previously
neglected axis of diversity that is a critical component
of feeding biology. In addition to EBOs, pharyngeal
structures include the palatal organ found in nearly all
cypriniforms, the crumenal organs of alepocephali-
forms, and the labyrinthine organ and suprabranchial
chamber of air-breathing siluriforms (Boulenger, 1901;
Cohen & Hernandez, 2018; Doosey & Bart Jr., 2011;
Greenwood & Rosen, 1971; Hernandez & Cohen, 2019;
Hughes & Munshi, 1973; Maina & Maloiy, 1986;
Singh & Hughes, 1971). In fact, all but the gymnoti-
forms have evolved at least one organ in the posterior
pharynx. Indeed, otomorphans exhibit an incredible
propensity to build soft-tissued, often muscular struc-
tures in the pharynx, and one must wonder why this
region within this clade provides such a rich substrate
for complex and multidimensional morphological
diversity.
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