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A B S T R A C T

Charles Breder, a pioneering researcher of blind Mexican cavefish was the first to note extreme variation in the
facial skeleton of this intriguing subterranean-dwelling organism. Using a system of polar coordinate plots, he
identified substantial dysmorphic changes affecting bones of the orbital skeleton. A complication of his landmark
publication from 1944 was an error in the number of orbital bones depicted for this species. Intriguingly, how-
ever, he proposed an unknown “organizing force” likely influences final bone position and associated dysmorphia.
At the time this was merely hypothetical. Roughly eight decades since its publication, however, insights into
sensory influences on facial bone development may explain dysmorphia and variation in bone numbers for
Astyanax cavefish. A morphological association between mechano-sensory neuromasts of the lateral line and
dermal bones of the facial skeleton had been appreciated in the classical literature, but the polarity of this
interaction has long remained unclear. Here, we propose that sensory-skeletal integration between sensory
neuromasts and bones explain the incomplete numbers of bones, and dysmorphic features such as fusion between
neighboring elements. We propose that in closely-related surface fish (and most teleost fish) this developmental
coupling enables the sensory and skeletal systems to become integrated into a functional unit over the course of
life history. In this opinion article, we discuss the relevance of this (poorly understood) phenomenon as a potential
evolutionary source of variation in the facial bone structures of taxa across deep geologic time. We provide three
potential explanations for the error in Breder's drawings, that may be explained by natural developmental vari-
ation documented in other related species. Moreover, we argue that the natural variation in this “evolutionary”
model system is useful for explaining diverse cranial features by uniting aberrations occurring during embryo-
genesis with long-term adult dysmorphia.

1. Introduction

As Head Curator of Ichthyology at the American Museum of Natural
History, Charles Breder began studying a curious species in the early
1940s, Anoptichthys jordani – commonly called the “blind Mexican
cavefish”. Although considered a distinct genus at the time, genetic
similarity (Avise and Selander, 1972; Ornelas-García et al., 2008; Warren
et al., 2021) and the ability to interbreed with the Mexican tetra (Asty-
anax mexicanus) (Jordan, 1946; Sadoglu, 1955, 1957), led to loss of the
Anoptichthys designation and collapse of mexicanus into a single species
comprising surface- and cave-dwelling morphs. Among his diverse in-
terests included anatomical variation between cave and surface morphs,
particularly of the craniofacial complex. In 1944, he published a land-
mark description of variation in the facial skeleton, specifically around

the orbit of the eye (Breder, 1944). These intramembranous “suborbital”
(also called “infraorbital”) bones are deeply conserved across vertebrate
evolution (Long, 2016) and frequently comprise six bones named ac-
cording to their positions from anterior to posterior. Although generically
named in fish, these bones are homologous to deeply conserved verte-
brate facial bones; namely, suborbital 1 (“SO1”) ¼ lacrimal bone, SO2 ¼
jugal bone; SO3 ¼ post-orbital bone; and SO6 ¼ dermatosphenoid bone.

At the time, the skeletal impact of evolved eye loss was incompletely
understood, so the objective of this work was to describe changes to the
cranial complex arising as the consequence of an absent visual system. To
understand impacts on the orbital skeleton, Breder (1944) created ‘polar
coordinate plots’ based on cleared-and-stained cranial tissue. These plots
showed the shifting positions of bony landmarks in eyeless cavefish
relative to surface-dwelling morphs (which have completely normal eyes
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and skulls). Consequently, this work underscored the dramatic trans-
formations in position, shape and size of the suborbital bones encircling
the eye.

In the decades since Breder's work, the Mexican tetra has emerged as
an important model for several human-relevant disorders including in-
sulin resistance/obesity (Riddle et al., 2018), sleep dysregulation
(Dubou!e et al., 2012), autism (Yoshizawa et al., 2018), and craniofacial
asymmetry (Powers et al., 2017). Facial asymmetry in this species is
mediated, in part, by aberrations of the suborbital bones that Breder first
described (Gross and Powers, 2015). Interestingly, however, the number
of suborbital bones depicted by Breder was incorrect. Rather than six
suborbital bones, he only depicted the presence of five bones within this
complex. Given the discrepancies between the orbital skeletal structure
described by Breder, and contemporary research findings, a reexamina-
tion of his landmark 1944 paper is warranted.

1.1. Expeditions to the natural cave environment

In 1940, Breder led an expedition to the Chica cave – the first locality
discovered for Astyanax cavefish. The research group remained inside the
cave for 15 straight days (Breder, 1942). On a second expedition in 1942,
Breder traveled to the second cave locality discovered at Sabinos (Breder,
1944). These trips allowed for a comparative analysis of specimens from
two distinct cavefish localities and surface-dwelling fish. By comparing
camera lucida drawings of cleared and stained specimens, he examined
morphological features of the eye rudiment and associated modifications
of the skull – particularly in the orbital skeleton.

Breder concluded that modifications to the orbit were a direct
consequence of eye regression. Among his observations included a mildly
affected Chica specimen with “new centers of ossification” caused by the
shrinkage of the eye diameter (Breder, 1944), a “closed in” appearance of
the entire circumorbital series, and fragmentations impacting the second
and third suborbital bones. Based on a specimen with more extreme
cave-associated characteristics, Breder (1944) reported diversity in the
fragmentation pattern of the third suborbital bone, reduced mineraliza-
tion (thinner bones), and a tight crowding of the circumorbital series of
bone around the vacant eye orbit.

1.2. “The force of some general regulating control”

Breder argued that the degree of orbital skeleton regression was a
function of eye regression. He wrote that there was “a general shifting
around of all the head bones in more or less minor fashion, as they
evidently contract to fit the new conditions imposed by the removal of
the eye.” However, for the suborbital bones themselves, he made a
remarkably astute prediction by commenting that the circumorbital
bones were “moving and rearranging themselves under the force of some
general regulating control”.

To decipher the origin of this “regulating force”, he performed a polar
coordinate analysis in which the origin (center point) was placed directly
on the eye (or putative eye position) of camera lucida drawings of mul-
tiple specimens. This allowed a direct comparison of morphological
changes across populations. He concluded that surface fish represented
the stereotypical arrangement of circumorbital bones, Chica showed mild
variations, and Sabinos cavefish showed severe variations.

1.3. An anatomical error

In the original drawings, the suborbital bone series was depicted as
having five, rather than six, intramembranous constituent bones. In his
publication, Breder (1944) explained that his depictions assumed Asty-
anax harbors a ‘generalized cranial form’, similar to Cheirodon – a South
American genus of freshwater fish (note that this genus is also classified
as Paracheirodon and Hyphessobrycon).

Interestingly, however, fish of the genus Cheirodon – from which his
depictions were based - are known to have six circumorbital bones. The

SO1 and SO2 bones are elongated and define the antero-ventral bound-
ary of the orbital skeleton. The largest suborbital bone, SO3, occupies a
large region of the lateral cheek. A “chain” of three smaller bones, SO4 –
6, create the postero-dorsal rim of the circumorbital chain (Fig. 1D).
These latter three bones represent the source of a discrepancy between
Breder's description and contemporary osteological descriptions. Breder
depicted this chain as having two (rather than three) bones - resulting in
a total of five suborbital bones. It is our opinion that this discrepancy may
be explained by one of three possibilities.

1.4. Explanation 1: A prior historical inaccuracy

The published anatomical description of surface morphs from Breder
(1944) was based on the cranial complex of a “generalized tetra”, such as
Hyphessobrycon. However, contemporary osteological descriptions of
Hyphessobrycon compressus by Carvalho and Malabarba (2015) report the
presence of six suborbital bones – not five bones as depicted by Breder
(Carvalho and Malabarba, 2015). So why did Breder claim the presence
of five, rather than six, suborbital bones? One explanation may be his-
torical. Breder based his anatomical description on the work of Gregory
(1933) and Gregory and Conrad (1938) – two seminal osteological de-
scriptions of the Characiform skull (Gregory, 1933; Gregory and Conrad,
1938). Gregory (1933) presented a composite representation of the
“typical” characin skull complex - for which he assigned homology to the
bones of the circumorbital series (Fig. 1A). Interestingly, this depiction
represented only five bones of the suborbital complex. One possibility is
that Breder adopted this schema for his representation of the Astyanax
orbital skeleton. Based on contemporary studies of suborbital bone
numbers and positions (Gross and Powers, 2015), we feel the depictions
by Breder (1944) and Gregory (1933) represent the SO4 and SO5 bones
as a single bone – when in fact they should be depicted as two separate
bones.

1.5. Explanation II: A “missing” SO6 bone

A second possible explanation of this historical anatomical inaccuracy
impacts on bona fide natural variation. Hyphessobrycon fish, for example,
harbor variability in suborbital bone numbers, specifically impacting the
SO6 bone. In a recent study, Carvalho and Malabarba (2015) noted that,
“infraorbitals 4, 5, and 6 [were] variable in form and presence: IO4, IO5,
and IO6 [was] sometimes absent.”

This finding is consistent with a recent study by Powers et al. (2018)
which found the same aberration can be present in Astyanax fish (Powers
et al., 2018). Interestingly, however, absence of the SO6 bone was
exclusively found in cave morphs, never in surface morphs (Fig. 2B).
Thus, the cavefish specimens collected by Breder may have lacked an
SO6 suborbital bone, reflecting normal natural variation. These fish may
very well have only harbored 5 suborbital bones in his collection, given
the frequency of SO6 absence reported in contemporary specimens
(Powers et al., 2018). This explanation, however, does not account for
the depiction of five suborbital bones in surface morphs. Perhaps surface
morphs were depicted for consistency based on the natural variation
clearly present in cave morphs.

1.6. Explanation III: Fused bones in the suborbital chain

A form of variation in the cavefish suborbital chain are fusions
(synostoses) between neighboring bones. A two-bone fusion would result
in a reduction of the number of bones within the orbital complex. Sub-
orbital chain fusions have been described in Hyphessobrycon, the refer-
ence taxon for Breder's depictions. Carvalho and Malabarba (2015)
reported that the SO4 and SO5 “may be fused and separate from” the SO6
bone. Notably, these fusions impact the anatomical region of inaccuracy
in Breder's 1944 publication.

Interestingly, these fusions are frequently present in Astyanax. SO4
and SO5 fusions, in particular, are among the most commonly fused in
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the suborbital series of Astyanax (Fig. 2C). This fusion event has a genetic
basis mediated by a cave-associated allele and is present more often on
the right side of the head (Gross et al., 2014). Thus, it may be that the SO4
and SO5 bones were fused in the cavefish specimens collected and
analyzed by Breder.

This scenario is perhaps most likely for two reasons. First, Powers
et al. (2018) reported that SO4/SO5 fusions occur in ~35% of the
cavefish individuals they analyzed. Although this report did not examine
specimens from the Sabinos locality (like Breder), or if fusions were
present across multiple different cave localities, including Chica, Pach!on
and Tinaja. Second, the anatomical position represented by Breder
(1944) points to the presence of an SO6 bone (incorrectly identified by
Breder (1944) as the SO5 bone). Based on contemporary osteology
(Vald!ez-Moreno and Contreras-Balderas, 2003), it appears that Breder
(1944) represented the SO3 and SO4 as a fused bone, with the SO4
incorrectly named the SO5 (compare Fig. 1C and D). An alternate
explanation is that Breder (1944) merged the SO4 and SO5 bones into a
single bone. Based on the bone positions represented in Vald!ez-Moreno
and Contrera-Banderas (2003), we feel this is a less likely explanation
(Fig. 1). An important caveat, however, is that these fusions have not
been reported in surface-dwelling fish - leaving open the question of why
Breder depicted surface morphs as having five bones despite unreported
instances of fusion for these bones.

1.7. Canal neuromasts as the “general organizing force” of facial bone
structure and variation

Although not known at the time, recent studies suggest that variation
in form and structure of the orbital skeleton is likely rooted in develop-
mental variation. A longitudinal analysis of neuromast and bone devel-
opment provides a potential mechanistic explanation (Powers et al.,
2018). First, canal neuromasts co-localize precisely to the position of
primary ossification centers for the circumorbital bones (Powers et al.,
2018). These neuromasts arrive to their final position long before the
appearance of bone, suggesting they may induce bones to form early in
development. If neuromasts are osteoinductive, then changes in their
positions across development may explain two key morphological aber-
rations observed in cave-dwelling morphs.

First, if the canal neuromast associated with a particular bone, e.g.,
SO4, is positioned too closely to a neighboring canal neuromast, e.g.,
SO5, then this may render the bones vulnerable to fusion (Fig. 2C). This
phenomenon has been hypothesized in humans born with certain forms
of craniosynostosis. Namely, isolated (non-syndromic) forms of cranio-
synostosis impacting the coronal and metopic sutures appear to have
ossification centers set abnormally close to one another (Mathijssen et al.,
1996). If canal neuromasts mark sites of the primary ossification center,
and if positioned too closely to one another, skeletogenic mesenchyme

Fig. 1. The discrepancy in the number of suborbital bones may have originated from historical anatomical descriptions. Modified after Gregory (1933), Brycon dentex
harbors 5 bones in the suborbital chain including the dermosphenoid at the end of the chain that may represent the position of the SO6 (A). Tracings made of Breder's
original drawings of a Chica cavefish (B) and surface fish (C) demonstrate an inaccuracy in the number of suborbital bones compared to a contemporary drawing of
A. mexicanus (D) from Vald!ez-Moreno and Contreras-Balderas (2003 (Vald!ez-Moreno and Contreras-Balderas, 2003);). Suporb ¼ supraorbital; dsph ¼ dermosphenoid;
SO ¼ suborbital.

Fig. 2. Evidence for sensory-bone integration within the cranium. Modified from Powers et al., 2018), Surface fish display a stereotypical pattern of canal neuromasts
(CNs) and suborbital bones (A). A representative cavefish from the Pach!on lineage demonstrates that when the last CN in the chain is absent, the SO6 bone fails to form
(B). A representative cavefish from the Chica lineage shows that when CNs are patterned closely together, there is likely to be a fusion event (C). CNs are denoted by
white arrows. The SO4 bone is outlined in red, the SO5 in blue and the SO6 in green. The SO4þ5 bone fusion is outlined in purple. Scale bar ¼ 1 cm.
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between areas of ossification may merge – resulting in fusion. In support
of this, Powers et al. (2018) observed that the positions of canal neuro-
masts positioned abnormally close to one another resulted in fusion of
neighboring bones, a feature found for numerous bone pairs around the
suborbital chain. These fusions were commonly observed in
cave-dwelling morphs, perhaps as a consequence of variable collapse of
the orbit which led to the repositioning of canal neuromasts. Consistent
with this notion, surface morphs were found to display invariant posi-
tioning of canal neuromasts, and no resultant facial bone fusions.

A second aberration possibly explained by this putative mechanistic
relationship concerns the presence of the most dorsal canal neuromast,
associated with the SO6 bone. Powers et al. (2018) noted that when the
associated canal neuromast was absent – the bone does not appear
(Fig. 2B). This aberration occurred ~20% of the time in their analyzed
specimens. This is consistent with the notion that neuromasts are
osteoinductive and ensure the correct placement and position of specific
bones of the orbital complex. This feature is unlikely to be idiosyncratic
to Astyanax, since the same aberrations present themselves in the
closely-related Cheirodon (Hyphessobrycon) lineage. Thus, two forms of
morphological aberration, originally discovered and reported by Breder
(1944) are likely explained by developmental aberrations impacting on a
form of sensory-skeletal integration deeply conserved across teleost fish
lineages. The fusion of neighboring bones (e.g., SO4/SO5) and the
absence of a particular bone (SO6) may ultimately be rooted in devel-
opmental positioning that is more often present in Astyanax cave morphs
(compared to surface morphs) owing to loss of the visual system in this
cave-adapted species.

2. Conclusions

Charles Breder, a pioneer in ichthyology and cave biology, published
a seminal paper in 1944 providing the first description of cranial aber-
rations in Astyanax cave-dwelling morphs. This important work first
noted aberrations of the Astyanax cranial complex, which is receiving
renewed attention as a model for human-relevant disease and aberrations
of the skull. However, this work included an error in the depiction of
suborbital bone numbers in surface fish, specifically one less than the
correct number. Cavefish, however, frequently harbor only five subor-
bital bones. This opinion article seeks to provide three potential expla-
nations Breder's drawings, which may have resulted from an historical
inaccuracy, or reflect natural variation that has been noted in several
other species. Contemporary work suggests this variation is rooted
developmental aberrations and an intriguing example of sensory-skeletal
integration – specifically, wherein canal neuromasts serve as a source for
osteoinductive signaling. Breder correctly, and presciently, envisaged a
general organizing force – which we interpret as the osteoinductive na-
ture of canal neuromasts. The source of these aberrations is sensory organ
repositioning resulting from eye loss in this species – a feature correctly
predicted by Breder (1944). Future work is anticipated to clarify the
molecular basis for this intriguing phenomenon and provide deeper
insight to the question of how sensorineural systems serve to organize the
induction, positioning and number of facial bones.
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