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SUMMARY Animals that colonize dark and nutrient-poor
subterranean environments evolve numerous extreme phe-
notypes. These include dramatic changes to the craniofacial
complex, many of which are under genetic control. These
phenotypes can demonstrate asymmetric genetic signals
wherein a QTL is detected on one side of the face but not the
other. The causative gene(s) underlying QTL are difficult to
identify with limited genomic resources. We approached this
task by searching for candidate genes mediating fragmenta-
tion of the third suborbital bone (SO3) directly inferior to the
orbit of the eye. We integrated positional genomic information
using emerging Astyanax resources, and linked these
intervals to homologous (syntenic) regions of the Danio rerio
genome. We identified a discrete, approximately 6 Mb,
conserved region wherein the gene causing SO3 fragmenta-
tion likely resides. We interrogated this interval for genes
demonstrating significant differential expression using
mRNA-seq analysis of cave and surface morphs across life
history. We then assessed genes with known roles in

craniofacial evolution and development based on GO term
annotation. Finally, we screened coding sequence alterations
in this region, identifying two key genes: transforming growth
factor B3 (tgfb3) and bone morphogenetic protein 4 (bmp4).
Of these candidates, tgfb3 is most promising as it demon-
strates significant differential expression across multiple
stages of development, maps close (<1 Mb) to the fragmen-
tation critical locus, and is implicated in a variety of other
animal systems (including humans) in non-syndromic clefting
and malformations of the cranial sutures. Both abnormalities
are analogous to the failure-to-fuse phenotype that we
observe in SO3 fragmentation. This integrative approach
will enable discovery of the causative genetic lesions leading
to complex craniofacial features analogous to human
craniofacial disorders. This work underscores the value of
cave-dwelling fish as a powerful evolutionary model of
craniofacial disease, and demonstrates the power of integra-
tive system-level studies for informing the genetic basis of
craniofacial aberrations in nature.

INTRODUCTION

Natural model systems have helped illuminate the genetic and
developmental bases of a variety of widespread but poorly
understood phenotypes (Woese et al. 1990). Novel insights into
diverse traits—with direct human relevance—have been dis-
covered using equally diverse natural model systems (Albertson
et al. 2009). Such phenotypes, including senescence (naked mole
rat; Buffenstein 2008), eye degeneration (blind cavefish; O’Quin
et al. 2013), body size (domesticated dogs; Sutter et al. 2007),
blood pressure regulation (giraffes; Paton et al. 2009), diabetes
(dolphins; Venn-Watson and Ridgway 2007), and obsessive-
compulsive disorder (deer mice; Korff et al. 2008) capitalize on
extreme traits evolving under natural selective pressures.

Our understanding of the evolution of the craniofacial complex
has similarly benefited from natural model system research.
Genetic studies using Darwin’s finches (Mallarino et al. 2011),
teleost fish (Hulsey et al. 2007; Miller et al. 2014), and Malagasy
primates (Viguier 2004) illustrate the vast diversity and lability of
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the vertebrate craniofacial skeleton. Most of these modified traits,
however, arose under obvious selective pressures imposed by
changes in the environment, feeding modes, and/or nutritional
source (Kocher 2004; Lieberman 2008). Conversely, craniofacial
defects evolving in the absence of obvious selective pressure have
received little attention (Gross et al. 2014). This class of
craniofacial phenotypes may target genetic loci, shared broadly
among vertebrates, which are vulnerable to mutation (Stern and
Orgogozo 2009; Martin and Orgogozo 2013). Therefore, inves-
tigations into the genetic basis for trait evolution in the wild can
augment parallel studies of craniofacial biology using traditional
model systems, and identify novel genetic loci mediating aberrant
craniofacial phenotypes (Albertson et al. 2009).

We recently characterized a striking craniofacial malforma-
tion—asymmetric bone fragmentation—present in natural
populations of the cave-dwelling fish Astyanax mexicanus
(Gross et al. 2014). This species exhibits seemingly spontaneous
fragmentations and fusions of the bony series encircling the
orbit of the eye (Yamamoto et al. 2003). These aberrations were
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identified shortly after discovery of the cave-dwelling forms in
the 1930s (Alvarez 1947); but, their origin was long assumed to
be indirectly linked to the complete absence of an eye in these
troglomorphic fish (Mitchell et al. 1977). However, both
developmental (Yamamoto et al. 2003) and genetic evidence
(Protas et al., 2008; Gross et al. 2014) shows that fragmentation
of the third bone in the circumorbital series (SO3) occurs
independently of eye loss.

Despite the eye-independent basis of this fragmentation
phenotype, it has recurrently evolved in numerous phylogeneti-
cally and geographically distinct cave populations (Jeffery 2009).
Using a linkage mapping approach, we discovered that an
asymmetric (right sided) genetic signal is linked to this phenotype
in cavefish drawn from the Pachdn cave locality (Gross et al.
2014). Pachon cavefish are geologically isolated (Mitchell et al.
1977; Bradic et al., 2012; Gross 2012) and harbor some of the
most extreme troglomorphic characteristics, including albinism
(Bilandzija et al. 2013), complete eye loss (Borowsky 2008), and
dramatic expansion of the taste (Kowalko et al. 2013a) and lateral
line systems (Yoshizawa et al. 2013). Therefore, this natural cave
population is ideal for further analyses of this trait.

Until recently, genomic resources were limited for this model
system. In the past two years, however, two transcriptome
analyses (Gross et al. 2013; Hinaux et al. 2013) and a draft
genome have become publicly available. Here, we leverage these
enhanced genomic resources to nominate candidate genes
mediating SO3 fragmentation in our system. We previously
identified deeply conserved genomic synteny between Astyanax
and zebrafish (Gross et al. 2008, 2013), despite approximately
140 My divergence between these species (Lundberg 1993).
Here, we report a highly conserved approximately 6.1 Mb
syntenic region of chromosome 17 in zebrafish encompassing the
critical region associated with SO3 bone fragmentation. We
identified candidate genes using a combination of gene ontology
(GO) term studies and literature searches focused in the predicted
genomic region near our peak association marker. Following this
step, we analyzed transcriptomic data to evaluate the structure
and expression of candidate genes. This high-resolution analysis
identified two candidate genes, transforming growth factor 33
(tgfb3) and bmp4 with previously appreciated roles in craniofa-
cial development and evolution. One of these genes, tgfb3,
produces analogous phenotypes in other traditional and emerging
model systems. Using these combined approaches, we demon-
strate the feasibility and utility of next-generation approaches for
understanding craniofacial trait evolution in nature.

MATERIALS AND METHODS

Bone fragmentation phenotype, analysis, and
QTL mapping

We previously characterized the genetic architecture of SO3
fragmentation number using an experimental F, pedigree

(n=237 individuals) generated from a surface fish x Pachén
cavefish cross (Gross et al. 2014). Within this pedigree, the
number of bony elements ranged from 1 to 5 separate elements.
Cavefish demonstrate frequent fragmentation (Fig. 1, B, D, and
F) which varies in severity (i.e., number of fragmented bony
elements) and laterality (i.e., inconsistent fragment numbers on
the left and right sides of the cranium; see Gross et al. 2014).
However fragmentation is never observed in surface fish (Fig. 1,
A, C, and E). We assessed this trait in both a continuous and
binary fashion; both methods identified the identical genetic
associations (Gross et al. 2014). A genomic scan utilizing a
genetic linkage map comprising 175 microsatellite markers,
assayed in 237 recombinant hybrid fish (Protas et al. 2008),
revealed two QTL associated with fragment number variation at
markers 206A and NYUS53. The first marker, 206A, produced a
significant association using both marker regression (LOD
=5.43) and Haley—Knott (LOD = 5.34) mapping methods, and
therefore we decided to pursue this marker. A phenotypic effect
study revealed that fragmentation was uniquely associated with
the homozygous cave allelic condition, and this genetic effect
was recessive to surface fish alleles (Gross et al. 2014).
Moreover, the genetic signal was asymmetric. Cavefish
frequently display asymmetries in nature; however, surface
forms appear to be uniformly symmetric at the population level
(Gross et al. 2014).

Light micrographs of adult (>2 years) surface and Pachon
cavefish were captured using a Leica M205FA series micro-
scope at 7.8 x magnification (Fig. 1, A and B). Montage z-stacks
were compiled using Leica software (Leica Application Suite
v3.8). To visualize bony phenotypes, adult surface and Pachon
were subjected to high-resolution micro-computed tomography
(WCT; CCHMC Imaging Research Center) using an Imtek
MicroCAT 1II scanner (Siemens). Each high-resolution scan
captured a 19-20 micron isotropic slice from the most anterior
skull to the caudal-most aspect of the operculum of each
specimen. For each specimen, the number of raw slices ranged
from 800 to 1000, which were reconstructed into DICOM files
using COBRA software (v6.9.42; Exxim Corporation). The
DICOM files were then imported into Amira software (v5.5)
where they were constructed into 3D surface renderings (Fig. 1,
C-F) using the VolRen feature.

GO term analyses

To identify prospective genes associated with craniofacial
development, we evaluated all genes within the syntenic regions
of the Astyanax draft genome and in Danio rerio using gene
ontology (GO) terms. Based on our comparative genomic
mapping, we utilized BioMart (v0.8; Kasprzyk 2011) to collect
all genes and their associated GO terms within these regions of
interest. GO analyses included the 101 genes present on Astyanax
Scaffold KB882233.1 (approx. 6.5Mb), and also the approx-
imately 5Mb (477094444-53930577bp) and approximately
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Surface Fish B

1.5Mb (23846666-3857276bp) syntenic intervals on Danio
chromosome 17, comprises 145 and 22 genes, respectively. This
approach yielded a total of 267 terms in Astyanax and 579 terms
from Danio. Within these gene sets, we mined for craniofacial-
and bone-related GO terms, including: “ossification, skull, face,
cranial, cranio, craniofacial, odontogenesis, dentin, bone, bone
mineralization, bone reabsorption, bone development, osteoblast,
and osteoclast.” The Astyanax genome is in an early draft form,
and therefore is limited in the depth of available annotation. Our
approach of evaluating the GO terms representing both Astyanax
and Danio genomes permitted the highest sensitivity in detecting
genes related to craniofacial bone fragmentation.

Developmental mMRNA-seq and qPCR analyses

To interrogate developmental gene expression differences,
mRNA sequencing was carried out on stage-matched Pachén
cave- and surface-dwelling embryos at each of four devel-
opmental time points—10 hpf, 24 hpf, 1.5 dpf, and 3 dpf—and
one juvenile stage. mRNA pools were extracted from pooled
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Pachon Cavefish

Fig. 1. Surface- and cave-dwelling forms of
Astyanax mexicanus harbor distinct craniofacial
morphologies. Surface morphs (A) demonstrate
typical cranial features including a large, spherical
orbit housing the eye (C). Cavefish from the
limestone Pachdn cave in NE Mexico (B) show a
number of extreme features including eye loss,
albinism, and a sloping dorsal skull (D). Among the
many craniofacial features altered in this cave-
dwelling fish is fragmentation of the third suborbital
bone (red in D; close-up in F). This bone is
unfragmented, i.e., exists as a singular intramem-
branous bone, in surface dwelling fish (red in C;
close up in E). A and B are whole mount light
micrographs of two representative individuals,
collected with a Leica M205FA stereoscope at
7.8x magnification. C-F are surface-rendered 3D
skull created using Amira software (v.5.5) from
WCT scans of each specimen (CCHMC Imaging
Research Center). Scale =3 mm.

sets of individuals (n =50) at each developmental stage using
the RNeasy Mini Kit (Qiagen). RNA from juveniles was
collected from three surface and cavefish at approximately
4 months of age. Highly purified RNA was reconstituted to a
final volume of 50 ul at a concentration of 40 pwg/ml. Library
generation was carried out at the Cincinnati Children’s Hospital
Sequencing Core using [llumina TruSeq (v.2) kit. Each sample
was sequenced in triplicate for both sets of stage-matched
morphotypes, across all four developmental stages and in
duplicate for one juvenile stage (total =28 sequencing runs).
Sequencing was performed to a depth of up to 10 million, 50 bp
long, unpaired reads.

To determine gene expression profiles for each candidate
gene, we mapped Illumina surface and cavefish reads to the draft
genome template, inclusive of all craniofacial-related genes,
using the QSeq module within the program ArrayStar
(DNASTAR.v.11.0). This template file comprises the complete
set of cDNA transcript sequences from the current Astyanax
draft genome build (AstMex102v75) (McGaugh et al. 2014).
Within this program, surface and cave sequencing sets were
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subdivided using the replicates at each developmental stage
(10 hpf, 24 hpf, 1.5dpf, 3 dpf, and juvenile). Reads were then
quantified as a measure of gene expression utilizing the RPKM
normalization strategy to calculate the normalized read count
based upon the replicate mean (Mortazavi et al. 2008).
Additionally, significant levels of differential expression
between morphotypes, at each stage of development, were
determined using a Student’s #-test with FDR (Benjamini and
Hochberg 1995) using ArrayStar software (DNASTAR.v.11.0).

Quantitative PCR analyses were performed as previously
described (Gross and Wilkens 2013) using a Bio-Rad
MiniOpticon light cycler (Bio-Rad). Each cDNA template
was generated using the Transcriptor RT kit (Roche). Total
RNA was extracted from 3 dpf Pachén cavefish (n =50) and
surface fish (n = 50) embryos using the RNeasy RNA extraction
kit (Qiagen). Isolated RNA (1 pg) was hybridized to Oligo dT
primers (Invitrogen) at 65°C, cooled on ice for 5min, after
which were added 4 pl 5 x RT buffer, 0.5 pl Protector RNase
Inhibitor, 2 pl ANTP mixture, and 0.5 pl Transcriptor RT per
reaction. This reaction mixture was incubated at 50°C for 1 h
and then inactivated at 85°C for 5 min. Each template was tested
in sextuplet across three separate experiments. The cycling
threshold (C[t]) values were collected using cDNA pools as
templates and normalized to the expression of the housekeeping
gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase;
primers: forward=5-TGTGTCCGTGGTGGATCTTA-3/, re-
verse=5"-TGTCGCCAATGAAGTCAGAG-3’). The primers
used to measure 7gfb3 expression were the following: zgfb3
forward primer: 5-AAAGCTGTGGCCAGGATAAC-3'; tgfb3
reverse primer: 5'-TAGGGCAGGTCGTTGTTTTC-3'. These
primers amplified a 100bp fragment in surface and Pachdn
cavefish cDNA. The primers used to measure bmp4 expression
were the following: bmp4 forward primer: 5'-AGCCGAGC-
CAACACTGTAAG-3'; bmp4 reverse primer: 5-AAAGAT-
GAAGCGCAGTGGAG-3'. These primers amplified a 102 bp
fragment in surface and Pachdn cavefish ¢cDNA. Cycling
parameters were as follows: step 1—95°C for 30s, step 2—
95°C for 5 s, step 3—55.1°C for 10, plate read, go to step 2 for
39 additional cycles. Experiments were carried out using the
EvaGreen supermix dye (Bio-Rad). All data were collected and
analyzed using the Bio-Rad CFX Manager v.1.6 software
program (Bio-Rad) as previously described (Gross and Wilkens
2013; Gross et al. 2013). Qualitative expression measurements
were carried out (Fig. 3F) utilizing the same RNA pools used for
RNA-seq studies. Briefly, 1 g of total RNA was reverse
transcribed to cDNA using the Transcriptor RT kit (Roche),
PCR amplified using primers amplifying a fragment of GAPDH
(680 bp), tgfb3 (640 bp), and bmp4 (612 bp) in both 3 dpf and 4-
month-old juveniles. The primers used to amplify the GAPDH
fragment were the following: GAPDH forward primer: 5'-
TCCATTCCAAGAAGGTGGAG-3' and GAPDH reverse
primer: 5-CAAGCGGACAGTCAAGTCAA-3'. The primers
used to amplify the #gfb3 fragment were the following: tgfb3

forward primer: 5-GCTGTGGCCAGGATAACACT-3" and
tgfb3 reverse primer: 5'-TTGGTGTCCAGTGCCCTTTT-3'.
The primers used to amplify the bmp4 fragment were the
following: bmp4 forward primer: 5'-CGGCTTCTGGACA-
CAAGACT-3' and bmp4 reverse primer: 5'-GCAGCCCTC-
CACTACCATTT-3'. Using standard electrophoresis, PCR
fragments were visualized in a 2% agarose gel.

Transcript structural analyses

For sequence analyses, the reads generated from both surface
and cavefish pools were aligned to a template composed of the
full set of sequences (approx. 10,000 scaffolds) from the
current draft genome (McGaugh et al. 2014) using the SeqMan
NGen assembly software package with default parameters for
Illumina reads <50 bp (DNASTAR.v.11.0). Using the “Multi-
Plex” option, sequences from each fastq file were tagged with
the appropriate “Surface” or “Cave” prefix to denote the origin
of each read. The gene contigs for four potential candidate
genes, including tgfb3, bmp4, bmp2a, and coll2ala, were
each interrogated for any prospective sequence alterations
segregating between the surface- and cave-dwelling fishes
with SeqMan Pro software (DNASTAR.v.11.2a). Although
the genes bmp2a and coll2ala both reside on chromosome 17
in Danio rerio, they were discarded from further analyses
because they reside outside the critical region of the
fragmentation locus. We mapped our complete RNA-seq
data (approx. 280 million sequencing reads) enabling direct
analyses of SNP variants and indels, using the “SNP Report”
tool in SeqMan Pro. If a mutation was identified, it was then
evaluated to determine the nature of the sequence alteration
(SNP, indel), the consequence of this mutation on the encoded
gene product (synonymous, nonsynonymous, and frameshift),
and the extent to which this mutation was shared within and
among morphotypes.

Biological materials

Specimens used in this study were derived from natural
collections of both cave- and surface-dwelling forms of 4.
mexicanus. Pachon cave embryos represented the offspring of a
full sibling Pachdn cavefish cross. These siblings were members
of a large family bred from wild-caught individuals, collected
from the Pachdn cave (near Tamaulipas, Mexico) in 2001.
Surface fish embryos used in this study were similarly the
offspring of a full sibling cross. These siblings were offspring of
afemale parent who was two generations removed from the wild
(i.e., her grandparents were collected at Arroyo Sarco, at the Rio
Sabinos drainage, Mexico). The male parent of these siblings
was one generation removed from the wild, whose parents were
collected in the Rio Valles drainage. All specimens were
generously provided to us by Dr. Richard Borowsky (New York
University).
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RESULTS

Fragmentation of the third suborbital bone
harbors a genetic basis

Developmental and genetic studies affirmed dermal bone
fragmentation in cavefish evolved independently from visual
system loss (Yamamoto et al. 2003; Gross et al. 2014). A QTL
analysis identified two linked microsatellite markers, 206A and
NYUS3, residing on linkage groups 23 and 26, respectively
(Gross et al. 2014). The 206A locus, which accounts for 12.9%
of the phenotypic variance of this trait (Protas 2005), was
identified with three scan-one mapping methods: marker
regression (Kearsey and Hyne 1994), expectation maximum
(Xu 2010), and Haley—Knott (Haley and Knott 1992) using the
mapping software program, R/qtl (Broman et al. 2003).
Furthermore, this trait is significantly associated with both
quantitative (number of SO3 bony elements) and qualitative
(presence absence of fragmentation) scoring on the right side of
the skull (LOD 5.6; Gross et al. 2014). Interestingly, all
associations disappeared when scoring for fragmentation on the
left side of the skull suggesting that this trait demonstrates
variable/reduced penetrance across the left-right axis (Gross
et al. 2014), as has been reported for a variety of craniofacial
disorders (Mooney et al., 1994; Muenke 1994; Bourgeois et al.,
1998; Wilkie and Morriss-Kay 2001).

Astyanax genomic scaffold KB882233.1 anchors
strongly to Danio rerio chromosome 17

To identify putative candidate genes mediating bone
fragmentation, we performed comparative genomic mapping
of the linked microsatellite marker, 206A, through alignment
to the Astyanax and Danio genomes. Our attempts to align
flanking sequence to this microsatellite (653 bp) directly to
the Danio rerio genome were unsuccessful, implying
substantial sequence differences have accumulated at this
locus as the two species diverged. However, a blast analysis
of this sequence to the draft assembly of the Astyanax
genome revealed a single, strong match (E-value=0) to
genome scaffold KB882233.1.

A prior analysis suggested the linkage group on which 206A
resides (integrated linkage group 23) anchored strongly to
Danio rerio chromosome 17. Here, we report six markers,
distributed along approximately 37 cM, comprising an approx-
imately 32 Mb syntenic block in Danio. To reduce the genomic
interval in which to search for candidate genes, we focused only
on those genes present on the same scaffold as marker 206A.
Sixty-five of the genes present on this approximately 6.5 Mb
scaffold in Astyanax are orthologous to genes on Danio rerio
chromosome 17. Although 10 markers were distributed within a
small (approx. 1.5Mb) proximal region, the vast majority
(n=>54) were distributed within a stretch of approximately
6.2 Mb on distal chromosome 17 (Fig. 2).
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This Astyanax genomic scaffold is occupied by genes
covering roughly the same genomic distance in the Danio
genome. We believe this indicates a highly conserved syntenic
“block” between scaffold KB882233.1 and the distal portion of
chromosome 17 in Danio rerio. Thus, the genes residing on this
scaffold represent potential causative genes linked to the QTL
for SO3 bone fragmentation. Two potential candidates genes,
based on syntenic positional information, include #gfb3 and
bmp4. The Astyanax sequence for tgfb3 blasts to Danio
chromosome 17: 52587615 (E-value = 6.6e—170), bmp4 blasts
to chromosome 17: 51114273 (E-value =2.7¢-290). Two
additional genes, bmp2a which blasts to chromosome 17:
4004629 (E-value =5.7e-17) and coll2ala which blasts to
chromosome 17: 50356833 (E-value = 2.7e-95), were explored
but not further pursued since neither gene resides on the same
genomic scaffold harboring the genetic marker (206A)
associated with fragmentation, and both reside outside the
critical region of the fragmentation locus.

Comparative genomic mapping

Prior work demonstrated substantial genomic similarity
between linkage group 23 in Astyanax (upon which our peak
genomic marker 206A resides) and Danio rerio chromosome 17
(Gross et al. 2008). We sought to further clarify this relationship
by performing additional blast identity searches using the draft
Astyanax genome (Assembly: AstMex102; GenBank Assembly
ID GCA_000372685.1) and the current zebrafish genome
assembly (Assembly: Zv8; Ensembl). We employed a standard
blast protocol wherein query sequences were subjected to local
alignment using either Astyanax or Danio as the DNA database,
using the BlastN search tool. In all cases, the search sensitivity
was set to default (“near-exact matches”).

The original genomic marker associated with right-sided
fragmentation of the SO3 bone, 206A, was identified through a
microsatellite screen for CA,, dinucleotide repeats probed from a
genomic DNA library (Protas et al. 2006). The insert identified
alongside this marker harbored 653bp flanking the micro-
satellite. Attempts to blast this sequence directly to the zebrafish
genome were unsuccessful. However, five flanking markers
from the same linkage group as 206A (integrated linkage group
23; Gross et al. 2008) aligned to zebrafish chromosome 17
(Fig. 2), including markers 234C, 207E, and polymorphisms
near the genes pomc,otxl, and bmp4. This finding was further
strengthened by analysis of the first genomic draft release
(>10,000 genomic scaffolds) for A. mexicanus.

Blast analyses using the ensembl search engine (ensembl.
org/Danio_rerio/blastview) identified Scaffold KB882233.1,
upon which the flanking sequence surrounding 206A resides.
We then pulled off every predicted gene sequence from this
scaffold and blasted them all to the zebrafish genome (Fig. 2,
gray lines). The majority of known genes distributed on this
scaffold anchored strongly to either a region of approximately
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Danio rerio
Chr Oomosome

6.2 Mb distal chromosome 17, or approximately 1.5 Mb region
of proximal chromosome 17 (Fig. 2). Scaffold KB882233.1,
which is approximately 6.5 Mb in length, has therefore retained
significant syntenic identity between these two genomes. The
incongruous positioning of the two principal syntenic blocks we
identified may be attributable to either translocation events as
divergence of the two species and/or errors in genome assembly
and alignment for either one or both of these systems.

GO term analyses identify genes associated
with craniofacial processes

To identify genes involved with craniofacial processes, we
investigated the syntenic intervals previously identified with our
comparative genomic mapping using GO term analyses. For the
most comprehensive analyses, we collected the annotations for
genes that reside on Astyanax Scaffold KB882233.1 and within
the two approximately 6.2 Mb and 1.5 Mb conserved genomic
intervals on Danio rerio chromosome 17 with BioMart (v.0.8;
Kasprzyk 2011). With this approach, we identified 267 GO
terms associated with the 101 genes present on Astyanax
Scaffold KB882233.1, and 579 terms for the 167 genes
comprising the two syntenic blocks on chromosome 17 in
Danio. Here, we interrogated these gene ontology annotations
for any terms related to craniofacial processes and bone
formation. Interestingly, within this entire data set we only
detected one specific craniofacial-related GO term called
“regulation of ossification” (GO ID:0030278) associated with

Fig. 2. Emerging genomic resources reveal a
syntenic block informing the genomic positions of
candidate genes mediating bone fragmentation. A
genomic marker associated with SO3 fragmentation
in cavefish, 206A, resides on integrated linkage
group 23 (Gross et al. 2008). Five of the first-
generation map microsatellite markers from this
group map directly to Danio rerio chromosome 17.
Two markers from the critical fragmentation locus
(including 206A) are present on Astyanax draft
genomic scaffold KB882233.1. This approximately
6.5 Mb scaffold anchors strongly to the distal region
of chromosome 17 in zebrafish. This syntenic region
of chromosome 17 in Danio rerio harbors two
candidate genes (fgfb3 and bmp4) with previously
characterized roles in craniofacial biology. Arrows
represent the position of markers along Astyanax
integrated linkage group 23.

the gene #gfb3 in for both the Astyanax mexicanus and Danio
rerio orthologues. The candidate gene bmp4 is likely involved in
facial bone formation; however, it is not specifically associated
with terms related to bone and craniofacial formation in Danio
rerio or A. mexicanus. Instead, the assigned GO terms for bmp4
are quite broad, e.g., “growth” (GO ID:0040007), “growth
factor activity” (GO ID:0008083), and “protein binding” (GO
1D:0005515).

Gene expression pattern differences between
cave and surface forms

After identifying two candidate genes, we then evaluated
dynamic gene expression differences between morphotypes.
Tgfb3 demonstrated one of the most intriguing expression
patterns. We discovered significant differential expression
between surface (red, Fig. 3A) and cavefish (blue, Fig. 3A) at
every developmental stage. Expression differences ranged from
approximately 2-fold (at 24 hpf) to approximately 6-fold (at
10 hpf) through the embryonic stages we evaluated. Morpho-
type-specific expression of 7gfb3 was significantly different at
three of the stages, including: 10hpf (P=0.0479), 24 hpf
(P =0.0486), and 3 dpf (P=0.0365). The expression level of
tgfb3 was consistently lower for cavefish with the exception of
the first stage analyzed (10 hpf). The relevance of this “switched
polarity” of developmental expression is unclear.

Tgfb3 and bmp4 both demonstrated modest differences in
expression between cave and surface fish based on our RNA-seq
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Fig. 3. Expression level and structural analyses of the candidate genes 7gfb3 and bmp4. Gene expression analyses demonstrated that #gfb3 is
generally overexpressed in surface fish (red) compared to cave individuals (blue) throughout most of early development (A). In contrast, the
candidate gene bmp4 (B) is expressed at similar levels in both morphotypes. Sequence analysis of fgfb3 demonstrated a SNP present in the 5
region upstream of the translation start codon at —252 (SNP depth = 126; SNP% = 74.5%) that segregates between the surface-dwelling (red
circles) and Pachon cavefish tetra (blue circles; C). Interestingly, a single nucleotide polymorphism at C867T in exon 5 results in a
synonymous change in the D289D amino acid residue (SNP depth =201; SNP% = 74.4%). The contig coverage threshold and depth of
coverage lend strong support to the observed polymorphisms (green =above threshold, 100; red = exceeds threshold, four coverage
threshold + two minimum on each strand; thin green). Interestingly, the bmp4 coding sequence appears to be entirely conserved across both
surface and cave-dwelling individuals (D). qPCR analysis of 7gfb3 and bmp4 at 3 dpf failed to identify statistically significant differences in
gene expression (E), however the polarity of differential tgfb3 expression (lower in Pachdn cavefish compared to surface fish) was observed
with both qPCR (E) and qualitative PCR analysis (asterisks, F). In A and B, *P <0.05.
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studies. For instance, the pattern of bmp4 expression (Fig. 3B)
was largely conserved between morphotypes across each of the
four stages analyzed. At 3dpf, we observed the largest
difference in expression of approximately 10-fold higher
expression in cavefish compared to surface fish (P =0.00748).

As both genes demonstrated significant differential expression
based on RNA-seq at 3 dpf (Fig. 3, A and B), we evaluated mRNA
pools from this stage of development using quantitative PCR
(qPCR). Interestingly, although the polarity of gene expression
difference was validated for tgfb3, neither gene demonstrated
statistically significant differential expression (Fig. 3E). This
could be explained by any of a number of factors. For instance,
our RNA-seq data may be more sensitive, and therefore accurate,
identifying differences in expression of this gene that cannot be
validated using a (perhaps) less-sensitive qPCR approach.
Alternatively, the RNA-seq data may be spurious, and the
qPCR evidence may be reporting the absence of a significant
biological difference in expression at this stage between morphs.
Finally, these incongruent results may be attributed to a technical
error (e.g., slight differences in developmental staging of 3 dpf
embryos for our RNA-seq and qPCR experiments), extremely
low levels of expression (as suggested by our RNA-seq results),
or variable expression in diverse parts of the developing embryo.

Finally, we performed a qualitative analysis of expression
using routine PCR and observed a weaker band in 3 dpf embryos
and 4-month-old juveniles (Fig. 3F). We performed the same
analysis for bmp4, but did not identify a difference at either stage
(Fig. 3F). Future expression analyses using in situ hybridization
will help clarify its cellular of expression, and determine if #gfb3
is indeed reduced in developing craniofacial tissues in cave-
dwelling forms.

Sequence analyses reveal coding sequence
alterations in craniofacial candidate genes

To discover putative coding sequence alterations in our
candidate genes, we aligned our sequencing read libraries to
the Astyanax draft genome containing our two candidate genes.
The gene 7gfb3, which was identified based on close physical
genomic location to the peak LOD marker (206A) for
fragmentation, demonstrated two SNPs throughout the pre-
dicted transcript (Fig. 3C). The first SNP was an A-to-T
substitution 252 bp upstream from the translational start codon
(SNP depth =126, SNP% = 74.5%). This modification to the
5'UTR is intriguing as a similar mutation in the 5’UTR has also
been identified in a cardiomyopathic phenotype in humans
(Beffagna et al. 2005). We note, however, that this mutation is
associated with higher levels of #gfb3 expression compared to
controls (Beffagna et al. 2005). We also identified a silent
mutation in the coding sequence of exon 5 (D-to-D at position
289 in cavefish; SNP depth =201, SNP% = 74.4%). We tested
whether this SNP may introduce a cryptic splice site, and
consequently alter the length of the resulting transcript;

however, we did not observe a difference in amplicon lengths
between cave and surface fish (data not shown). We therefore
assume this SNP does not introduce a cryptic splice site and is
inconsequential for the encoded protein. The gene bmp4, which
has been previously implicated in craniofacial alterations in
several natural systems, revealed no structural differences
between cave and surface fish (Fig. 3D).

DISCUSSION

Genomic analyses identify two putative
candidate genes mediating natural bone
fragmentation in cavefish

One of the most promising candidate genes identified from this
analysis is 7gfb3. This gene encodes a member of the TGF-3
family of secreted proteins (Yang et al. 2008), which are involved
in diverse developmental processes (Oshima et al. 1996; Azhar
etal. 2009). Therefore, this encoded product likely plays a critical
role, shared deeply among vertebrates, in craniofacial morpho-
genesis (Yang and Kaartinen 2007; Aluwihare et al. 2009;
Brugmann et al. 2010). Tgfb3 null mouse studies demonstrate a
cleft palate phenotype (Proetzel et al., 1995; Kaartinen et al. 1997,
Yang and Kaartinen 2007; Juriloff and Harris 2008). Further, in
chickens deficient for 7gfb3, palatal shelves fail to fuse, and the
application of exogenous 7gfb3 can rescue clefting by stimulating
palatal fusion (Sun et al. 1998). In humans, several population
association studies have revealed a putative role for zgfb3 in non-
syndromic oral clefting phenotypes (Lidral et al. 1997, 1998;
Vieira et al. 2003). The fragmentation phenotype we observed
affecting the third suborbital bone may indicate a “failure-to-
fuse” phenotype. Therefore, a similar aberration involving the
molecular signaling of 7gfb3 may cause the persistence or
incomplete fusion of dermal bone condensations associated with
the cavefish SO3 bone. Alternatively, the fragmentation
phenotype may be the result of an imbalance in bone resorption
or mineralization later in life history.

We previously demonstrated that the SO3 fragmentation
phenotype is genetically asymmetric (Gross et al. 2014). It
remains unknown if this asymmetry reflects variable penetrance
of fragmentation across the left-right axis, a cryptic “handed-
ness” (Chase et al. 2004) that manifests itself through aberrant
ossification, or another unknown explanation. In any case, 7gfb3
has previously been implicated in gross asymmetrical differ-
ences (Antunes et al. 2012). Thus, this candidate gene is
particularly attractive as it impacts analogous structural defects,
in addition to asymmetrical phenotypes associated with
craniofacial morphogenesis.

Our coding sequence studies indicate #gfb3 does not harbor
loss-of-function or hypomorphic coding sequence errors
(Fig. 3C), but potentially reduced expression at key stages of
development (Fig. 3, A and F). Although our RNA-seq studies
provided a highly sensitive method to detect expression
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differences between surface- and cave-dwelling fish at 3 dpf, we
were unable to validate this modest variation in expression with
gPCR analyses for either #gfb3 (P=0.509024) or bmp4
(P=0.745742; Fig. 3E). We did, however, validate the polarity
of expression difference using both quantitative (Fig. 3E) and
qualitative (Fig. 3F) approaches.

Tgfb3 is widely expressed during development (Doetschman
et al. 2012), and harbors numerous pleiotropic roles in
physiological processes such as cardiac development (Azhar
et al. 2003) and wound healing (Galatz et al. 2006). Transgenic
mice that harbor mutated forms of this gene demonstrate
multiple phenotypic effects and die at birth. Therefore, it is not
surprising that we do not observe destructive coding sequence
alterations in this gene. In the context of craniofacial develop-
ment, normal #gfb3 signaling promotes mesenchymal conflu-
ence during late phase palatogenesis (Jalali et al. 2012). Thus,
the reduced expression we may be observing in cavefish could
contribute to insufficient fusion of CNC-derived mesenchymal
cells, and lead to the fragmented SO3 bone phenotype observed
in Pachon cavefish.

The gene bmp4 has a well-established role in craniofacial
morphology (Helms et al. 2005) and evolution (Trainor et al.
2003). In addition to the elucidated roles of this gene in traditional
model systems (Golden et al. 1999; Liu et al. 2005), a wealth of
research in natural systems (Streelman et al. 2003; Albertson and
Kocher 2006) indicates a deeply conserved set of processes
similarly mediated by this gene. For example, prior studies in
Darwin’s finches demonstrated increased expression of bmp4
during critical stages of development impacts beak depth and
breadth (Abzhanov et al. 2004). This increased bmp4 expression
experimentally induces similar changes when mis-expressed in
the cranial mesenchyme of chicken embryos (Abzhanov et al.,
2004). Similar to Darwin’s finches, we did not observe coding
sequence errors in Pachon cavefish (Fig. 3D). This was
unsurprising given the pleiotropic roles bmp4 plays in numerous
critical developmental processes. However, our RNA-seq and
gPCR analyses similarly did not indicate substantial expression
level differences between morphotypes across embryogenesis
(Fig. 3B), with the exception of 3 dpf. At this stage, however the
expression of bmp4 was counter-intuitively higher in cavefish
compared to surface fish, and this expression pattern could not be
validated using qPCR (Fig. 3E). Taken together, these results may
suggest this gene product is not implicated in the craniofacial
phenotype we present here. Overall, our approach illustrates the
ability to integrate multiple sources of information to inform the
nomination of the most promising candidate genes for diverse
processes evolving in the natural world.

Astyanax as an evolutionary mutant model for
craniofacial abnormalities

As a consequence of life in complete darkness, Astyanax
cavefish have evolved a series of striking phenotypes (Gross
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2012; Kowalko et al. 2013b; Rohner et al. 2013; Elipot et al.
2014). Among the most salient of these features are eye loss
(Pottin et al. 2011; Hinaux et al. 2013; O’Quin et al. 2013) and
albinism (McCauley et al. 2004; Protas et al. 2006; Bilandzija
et al. 2013; Gross and Wilkens 2013). As a consequence, these
traits have received a great deal of attention in the scientific
literature. However, craniofacial phenotypes were among the
first traits characterized in this model system (Alvarez 1946,
1947). Alvarez (1946) first characterized bony fragmentation,
which was subsequently used as a diagnostic feature for
particular cave populations by Mitchell et al. (1977). For several
decades, the basis for this fragmentation phenotype remained
unknown. Yamamoto et al. (2003) demonstrated, using
experimental embryonic lentectomy, that several craniofacial
features likely evolved as an indirect consequence of eye loss.
However, certain features—including suborbital bone fragmen-
tation—occur independently of eye loss (Yamamoto et al.
2003). This feature was discovered to be present in nearly every
member of particular cave populations, further implying that it
is genetically controlled (Mitchell et al. 1977). The first formal
evaluation of this trait indeed demonstrated a robust association
with two genomic regions (Gross et al. 2014). Furthermore, this
genetic association was asymmetric—only appearing when
scored on the right side in an experimental F, pedigree (Gross
et al. 2014).

At the morphological level, this phenotype provides a
powerful opportunity to explore fundamental problems in
contemporary craniofacial biology. For instance, dermal bone
fragmentation resembles, at the gross morphological level,
fusion abnormalities affecting sutural regions (Vij and Mao
2006; Wang et al. 2006). This failure-to-fuse phenotype may
serve as a model for understanding analogous issues affecting
common disorders such as non-syndromic cleft palate, which
arises from failed fusion of the palatal shelves during embryo-
genesis (Proetzel et al. 1995; Miettinen et al. 1999). At the
cellular level, this phenotype offers the opportunity to explore
how alterations to embryonic tissues can impact adult bone
patterning. The craniofacial complex is a highly integrated
organ system arising from multiple embryonic tissue sources
(Noden and Schneider 2006; Brugmann et al., 2010). The facial
bones of the dermal skeleton, however, arise from the cranial
neural crest (Gross and Hanken 2008). The presence of this
natural phenotype therefore enables us to evaluate aberrations at
all stages of cranial neural crest cell development, including
specification, delamination, migration, and differentiation.
Moreover, this aberrant phenotype is manifested in an
asymmetric fashion. Future studies will determine the genetic,
molecular, and cellular underpinnings of this breakage of
laterality. This remarkable model system evolved these
phenotypes following millions of generations in the complete
darkness of the cave (Ornelas-Garcia et al. 2008), allowing us to
determine how and why analogous features may have evolved in
humans. With the increasing availability of numerous genomic
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and transcriptomic resources, we will have unprecedented
ability to shed light on the biological basis for abnormal
craniofacial processes evolving in this natural model system.

Future directions

In this report, we integrated data from QTL analyses, genomic
positional information, gene ontology terms, and RNA-
sequencing expression data to identify candidate genes
mediating bone fragmentation. The analysis we present in this
report centers on the selection of candidate genes, specifically
using comparative genomics. However, it remains unclear
precisely when during development (or juvenilehood) the
fragmentation defect arises. Because of the nature of the
phenotype, it is unclear if fragmentation is rooted in an early
developmental aberration affecting specification of neural crest
progenitors, a neural crest migration defect, a defect at the level
of the bone differentiation (condensation, fusion failures of
ossification centers) or some combination of these processes.
Our RNA-seq studies were designed to capture differential
expression patterns between cave and surface fish at critical
stages of development during which extreme morphological
changes are first evident (e.g., eye and pigmentation regression).
However, this timing is prior to circumorbital bone ossification.
The SO3 bone commences ossification at the roughly 22 mm
body size stage of development from multiple primary foci, and
completes ossification over a period of approximately 3—4
weeks, by the approximately 40 mm-+ stage of development
(Yamamoto et al. 2003). Future transcriptional profiling across
these latter stages will identify expression level differences
between morphotypes during the ossification process and
possibly inform the molecular basis for the fragmentation
defect. Further, if the candidate genes #gfb3 and/or bmp4
mediate asymmetric fragmentation, then left-right asymmetric
expression of both genes may be predicted across early stages of
development. Future studies will focus on validating in situ
hybridization expression patterns across the protracted period
between 3 dpf and juvenile/adult stages. Further, in vivo and/or
in vitro functional validation studies are expected to elevate
these genes from “candidate” to “causative” genes. This work
will aim to clarify the roles of these genes, and the embryonic
cranial neural crest, in mediating aberrant bone differentiation
(e.g., fragmentation) using a natural model system for under-
standing the cellular, developmental, and genetic bases for
asymmetric craniofacial defects.

CONCLUSIONS

As a consequence of life in total darkness, cavefish have evolved
several craniofacial abnormalities. Unlike many cave-associ-
ated phenotypes, there seems to be a loss of left-right sided
constraint on certain aberrations such as dermal bone

fragmentation and fusions. In contrast, other craniofacial traits
such as bone area size remain constrained—exhibiting identical
genetic bases on both left and right sides of the head. Here, we
leverage emerging genomic resources in Astyanax to nominate
candidate genes mediating bony fragmentation. We identified
two key genes that may participate in incomplete ossification
(tgfb3 and bmp4) by integrating genomic positional informa-
tion, GO term annotation, RNA-seq expression, and transcript
structural studies. These genes are particularly attractive as they
have been implicated in similar failure-to-fuse phenotypes, such
as cleft palate, in other systems. Both genes have also been
implicated in asymmetric craniofacial abnormalities in other
systems. We propose that the blind Mexican cavefish is a
powerful emerging genomic model for understanding complex
trait evolution. Future studies, aimed at functional validation of
these candidate genes, will help inform how and why
craniofacial abnormalities evolve in the context of the natural
world. By understanding the fundamental mechanisms through
which these traits arise, we will inform how and why analogous
clinical phenotypes are present in humans.
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