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Organisms that are isolated into extreme environments often evolve extreme phenotypes. How-
ever, global patterns of dynamic gene expression changes that accompany dramatic environ-
mental changes remain largely unknown. The blind Mexican cavefish, Astyanax mexicanus, has
evolved a number of severe cave-associated phenotypes including loss of vision and pigmentation,
craniofacial bone fusions, increased fat storage, reduced sleep, and amplified nonvisual sensory
systems. Interestingly, surface-dwelling forms have repeatedly entered different caves through-
out Mexico, providing a natural set of “replicate” instances of cave isolation. These surrogate
"ancestral” surface-dwelling forms persist in nearby rivers, enabling direct comparisons to the
"derived” cave-dwelling form. We evaluated changes associated with subterranean isolation by
measuring differential gene expression in two geographically distinct cave-dwelling populations
(Pachdn and Tinaja). To understand the impact of these expression changes on development, we
performed RNA-sequencing across four critical stages during which troglomorphic traits first ap-
pear in cavefish embryos. Gene ontology (GO) studies revealed similar functional profiles evolved
in both independent cave lineages. However, enrichment studies indicated that similar GO profiles
were occasionally mediated by different genes. Certain "master” requlators, such as Otx2 and Mitf,
appear to be important loci for cave adaptation, as remarkably similar patterns of expression were
identified in both independent cave lineages. This work reveals that adaptation to an extreme en-
vironment, in two distinct cavefish lineages, evolves through a combination of unique and shared
gene expression patterns. Shared expression profiles reflect common environmental pressures,
while unique expression likely reflects the fact that similar adaptive traits evolve through diverse
genetic mechanisms. J. Exp. Zool. (Mol. Dev. Evol.) 328B:515-532,2017. © 2017 Wiley Periodicals,
Inc.

How to cite this article: Stahl BA, Gross JB. 2017. A comparative transcriptomic analysis of
development in two Astyanax cavefish populations. J. Exp. Zool. (Mol. Dev. Evol.) 328B:515-
532.

The dark and nutrient-poor cave environment has become unknown. The recurrent evolution of certain stereotypical phe-
home to a diverse array of taxa. Many cave-adapted organ- notypes, such as eye/pigmentation loss and nonvisual sensory
isms have thrived in this extreme environment; however, the expansion, suggests that selection is driving the evolution of
genetic changes governing their success have remained largely these phenotypes across different cave biomes (Jeffery, 2001).
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However, neutral mutation may also participate as a mechanism
driving trait degeneration (Wilkens, '88) based on the presence of
deleterious mutations found in various key pigmentation genes
(Protas et al., 2006; Gross et al., 2009).

The blind Mexican cavefish, Astyanax mexicanus, comprises
both surface-dwelling forms and numerous independently de-
rived cave adapted populations (Jeffery, 2001). Population ge-
netic studies suggest a complex evolutionary history resulting
from several cave invasions of “old” and a “young” stocks of
surface-dwellers that invaded NE Mexico, ~2-5 My and ~1-2
My, respectively (Bradic et al., 2012; Gross, 2012). This demo-
graphic history provides the opportunity to understand global
genetic changes accompanying repeated isolation into the sub-
terranean environment.

Data from prior studies do not uniformly support a universal
mechanism underlying cavefish isolation into subterranean cav-
erns. For instance, complementation studies between different
eyeless populations resulted in offspring with functional visual
systems (Wilkens and Strecker, 2003 ; Borowsky, 2008). This im-
plied that different cave populations produce the same eye-loss
phenotype through different sets of genes. Conversely, certain
Mendelian traits (albinism and brown) are caused by mutations
to the same genes (Oca2 and Mcl1r) in geographically distinct
populations (Protas et al., 2006; Gross et al., 2009). These dis-
parate results beg the question of whether repeated cave adap-
tation evolves principally through changes to the same sets of
genes or distinct genetic mechanisms.

A historical lack of genomic resources in Astyanax limited
prior analyses to candidate gene studies. The recent availability
of a draft Astyanax genome enables comprehensive quantifica-
tion of genome-wide expression patterns in both morphotypes
(McGaugh et al., 2014). Using a genomic reference template, we
performed mRNA-sequencing (RNA-seq) to directly compare
transcript abundance between surrogate “ancestral” surface
fish and two independent cave populations, Pachon and Tinaja
(Fig. 1). Both caves are in the same “El Abra” region, but each
was inhabited independently by subpopulations of the “older”
stock of surface-dwelling fish (Bradic et al., 2012). Since many
phenotypic differences between surface and cavefish emerge
throughout the first ~96 hr of development (Jeffery, 2009b), we
profiled expression at four embryonic time points within this
critical window to capture expression differences associated
with these dynamic morphological changes.

In this analysis, we discovered unexpectedly diverse patterns
of expression. For instance, Tinaja and Pachdn cavefish demon-
strated distinct transcriptomic responses to cave adaptation—
Tinaja cavefish harbored more upregulated genes than Pachdn
cavefish. Conversely, Pachon cavefish demonstrate nearly twice
as many downregulated genes compared to Tinaja. Gene ontol-
ogy (GO) term enrichment analyses revealed a complex pattern
of both shared and divergent gene processes in each cave pop-
ulation. Interestingly, several “shared” GO term functions were
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associated with different genes in the two cave populations, sug-
gesting selection for certain phenotypes occurs at the level of
gene function during cave adaptation.

Further, a bioinformatic pathway analysis revealed similar
levels of expression change for the genes Otx2 and Mitfin both
cave lineages. Thus, certain “master regulator genes” may be in-
timately linked to the process of cave adaptation. Shared patterns
of gene expression echo similarities in environmental pressures
of the two cave microenvironments (e.g., reduced light and
nutrition). Divergent expression patterns, however, may reflect
more subtle ecological differences between Pachon and Tinaja,
or demographic differences (timing of isolation, migration rates)
between the two populations. Additional natural history and
population genetic studies will further clarify the precise envi-
ronmental pressures and degree of relatedness between different
populations. This information will augment our ability to under-
stand these global transcriptomic changes (both similarities and
differences) in the context of the natural cavefish landscape. Col-
lectively, this work reveals a complex transcriptomic response
to cave adaptation in two ancient cave lineages that appears to
evolve through a mosaic of shared and divergent genes and gene
functions, as well as certain crucial “cave-associated” genes.

MATERIALS AND METHODS

Animal Husbandry and Rearing

Adult surface, Pachon and Tinaja cavefish were reared in a cus-
tom husbandry unit (Aquaneering, San Diego, CA) equipped with
automatic dosers to control pH (~7.4 £+ 0.2) and conductiv-
ity (~800 £ 50 wS/m) levels. Animals were maintained under
a stable 12 hr light:12 hr dark cycle at ~24°C in 10-gallon
glass tanks. Adults were fed a standard diet of TetraMin Pro
flake food. One week prior to breeding, adults were fed a di-
verse diet of liver paste, frozen blood worms, frozen Daphnia,
frozen brine shrimp, live black worms, and live Daphnia. Nat-
ural breedings were induced from groups of three to six adults
with an overnight increase (+2-3°C) in tank water temperature,
following 2 days of increased feeding and diversity of nutri-
tion. Breeding groups typically included more males than fe-
males. Astyanax mexicanus is an emerging model system, and
therefore are more challenging to breed in captivity compared
to “traditional” model systems (e.g., zebrafish). To address this
challenge, we pooled clutches of same-staged individuals from
multiple group breedings to achieve a collective representative
set of four developmental stages (below). We extensively pro-
filed a single RNA pool, in technical triplicate (see below), to
control for variability between sequencing runs. This approach
enabled us to reduce interindividual genotypic variability in or-
der to focus on expression differences across the Astyanax tran-
scriptome. All adult fish were generously provided by Dr. Richard
Borowsky (New York University). All procedures involving an-
imal were performed in accordance with the ethical standards
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Figure 1. Two geographically isolated Astyanax cavefish populations. To characterize gene expression changes associated with cave iso-
lation, we utilized cavefish derived from two independent lineages—Pachén and Tinaja localities—to compare with surface-dwelling from
nearby rivers and streams throughout the EI Abra region of northeastern Mexico (whole body images, right panels). Fish from the Pachdn
and Tinaja caves appear quite similar; however, higher magnification reveals clear differences between individuals. For example, Pachon
cavefish harbor albinism (complete absence of pigmentation), yet Tinaja cavefish maintain a low level of melanin coloration, which is
severely reduced compared to surface fish (head and dorsal square inset, left panels). Scale bars = 0.5 cm. [Color figure can be viewed at

wileyonlinelibrary.com]

of the National Institutes of Health Guidelines under a protocol
approved by the Institutional Animal Care and Use Committee
of the University of Cincinnati (Protocol Number 10-01-21-01).

mRNA Extraction and Purification

Embryos were reared to the appropriate embryonic stage accord-
ing to the Astyanax developmental staging series in clean system
water (Hinaux et al., 2011). RNA pools were isolated for sur-
face fish, Pachon cavefish, and Tinaja cavefish for the following
four stages: 10 hr postfertilization (hpf), 24, 36, and 72 hpf. At

the 10 hpf stage, Astyanax embryos are beginning somitogen-
esis, and the 24 hpf stage represents the end of somitogenesis
(Hinaux et al., 2011). By the 36 hpf developmental stage, the
pectoral fin bud has emerged, and at the 72 hpf stage, the jaws
have begun formation (Hinaux et al., 2011). Under sterile condi-
tions, 50 embryos were collected from each developmental stage
and pooled for RNA extraction, according to manufacturer rec-
ommendations (RNeasy Plus Mini Kit; Cat. No. 74134; Qiagen,
Germantown, MD). Each pool was passed through a genomic
DNA “eliminator” column to render a pure extract of total RNA.
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Following purification, all samples were immediately quantified
and assessed for RNA quality (A260/280 ratio ~2.0-2.1) using
a NanoVue Plus Spectrophotometer (GE Healthcare, Chicago, IL,
Product No. 28-9569-62). Samples were diluted to a final con-
centration of 40 ug/mL in 50 L of RNAse-free water, and stored
at -80°C until sample submission.

mRNA Sequencing

RNA sequencing was carried out at the Cincinnati Children’s
Hospital Medical Center DNA Sequencing and Genotyping Core
(http://dna.cchmc.org) using an lllumina Hi-Seq 2500 sequenc-
ing instrument. Libraries were generated from ~1 ug of pu-
rified total RNA using the Illumina TruSeq (v.2) kit. All RNA
samples were checked for, and passed, the CCHMC Core quality
threshold prior to library preparation. Samples were sequenced
for ~10 million (single-end, 50-bp) reads. Each developmen-
tal stage was subdivided into three separate samples that were
each sequenced in technical triplicate. In total, we performed 36
RNA sequencing experiments: four developmental stages (each
sequenced in triplicate) for surface fish, Pachon cavefish, and
Tinaja cavefish. Following sequencing, raw data were retrieved
(fastq-formatted files) and used for subsequent sequence align-
ment and expression analyses. Surface fish and Pachdén cave-
fish sequencing reads were shared in advance of publication
to augment the available resources for the Astyanar genome
project (McGaugh et al., 2014) and are available through the
NCBI Sequence Reads Archive under BioProject accession #PR-
JNA258661. Tinaja cavefish sequencing reads have been de-
posited under the same BioProject ID (#PRINA258661).

RNA-seq Expression Analyses

RNA-sequencing reads from each of four developmental stages
(10, 24, 36, and 72 hpf in triplicate) were aligned to the draft
Astyanax genome template (Ensembl Genome Browser v.75)
comprising a comprehensive set of predicted cDNA sequences
(n = 23,719). The raw sequencing reads derived from 36 fastq
files were imported into ArrayStar (DNAStar.v.12.0, Madison,
WI) and aligned to the Astyanax global cDNA template. Repli-
cate sequencing runs were grouped and normalized read counts
were calculated for surface, Pachdén cavefish, and Tinaja cave-
fish at each of the four time points using the RPKM nor-
malization strategy (9) in ArrayStar (DNAStar.v.12.0; see Gross
et al., 2013). This normalization approach accounted for differ-
ences in gene length, variation in the depth of each sequencing
run, and reads aligning to more than one cDNA template se-
quence (Mortazavi et al., 2008). This software package has been
widely accepted for analysis of RNA-sequencing data (Leyva-
Pérez et al., 2014; Guaiquil et al., 2014). Expression differences
(fold change) were determined for every gene across devel-
opment in each cavefish population (“experimental”) relative
to the surrogate “ancestral” surface-dwelling form (“control”;
ArrayStar, DNASTAR.v.12.0) (Mortazavi et al., 2008). The sig-
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nificance of differential expression for each gene comparison
was determined using a Student’s t-test with FDR (Benjamini
and Hochberg, 2000) using ArrayStar (DNASTAR.v.12.0; see
Supplementary Table S1). This Student’s t-test, a widely used
approach to identify differentially expressed genes, was imple-
mented to compare the mean gene expression value (derived
from replicate sequencing) between each of two groups (cave
population vs. surface fish population) for a given gene. Ar-
rayStar software utilizes an unpaired, two-tailed, equal vari-
ance Student’s f-test. Genes of predicted biological relevance
for cave-associated phenotypes were further analyzed if they
reached a significance level of 0.05 or 0.10 (FDR adjusted P-
value; DNASTAR.v.12.0), consistent with other RNA-seq reports
(Warden et al., 2013; Love et al., 2014; Seo et al., 2016).

All downstream analyses stemmed from the pairwise tran-
scriptomic comparisons (Pachon cavefish vs. surface fish; Tinaja
cavefish vs. surface fish). However, we focused on the most ex-
treme differences in expression that were either shared or unique
to each cavefish population. We set a threshold for further eval-
uating expression differences as those genes expressed at >
10-fold in each cavefish lineage compared to surface fish. This
threshold yielded the following data set: Pachon (n = 1,248
genes) and Tinaja (n = 1,776 genes). We then compared gene
identities at each of four developmental stages in each data set
(Pachon vs. Tinaja) using Ensembl transcript IDs. We defined
“convergent” expression as genes with matching transcript IDs
that reached the > 10-fold threshold at a given time point in both
cavefish populations. Conversely, genes expressed at > 10-fold
difference in only one cavefish lineage were defined as “diver-
gent” in expression.

To mitigate the concern for reduced biological variability in
our RNA samples, we also performed expression-level validation
for a number of representative genes (see Results section). cDNA
pools utilized for this validation step were drawn from at least
five different lines of each morphotype from diverse pedigrees
and individuals. In total, four developmental stages were isolated
for each of three morphotypes (Pachon cavefish, Tinaja cavefish,
and surface fish) comprised of several different pedigrees that
were derived from the natural cave and surface populations.

GO Enrichment Analysis

GO enrichment studies were carried out using Blast2GO v.2
(www.blast2go.com). We evaluated multiple thresholds to
estimate an appropriate number of overexpressed (+) and
underexpressed (-) genes in Pachdén and Tinaja cavefish com-
pared to surface fish. Since each cave population demonstrated
different numbers (and fold-change levels) of overexpressed
and underexpressed genes, we defined a set number of genes
for comparison. This approach enabled us to directly com-
pare the “most” overexpressed or underexpressed genes in
each cave population, irrespective of minor differences in the
level of expression. These thresholds included the top 1%
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(n = 237), 2.5% (n = 592), 5% (n = 1,185), and 10% (n = 2,371)
differentially expressed genes. For each percent threshold, genes
were collated and assembled into “test sets,” and enrichment of
terms in each set were determined through comparison with all
ontology terms in the Astyanaxr genome (v.75) reference, using
Fischer’s exact test (P < 0.05; Blast2GO). The 2.5% threshold
(n = 592 genes) provided the most biologically informative
terms for downstream analyses (see Supplementary Table S2).

Qualitative and Quantitative PCR Validation
A subset of gene expression patterns observed in RNA-seq stud-
ies were confirmed using quantitative PCR (described in Gross
and Wilkens, 2013). Total RNA free of genomic DNA contamina-
tion was prepared from stage-matched Pachon (n = 50), Tinaja
(n = 50), and surface fish (n = 50) embryos at 72 hpf using
the RNeasy extraction kit (Qiagen). cDNA templates were syn-
thesized from 1 ug of high-quality RNA annealed with oligo dT
primers (Invitrogen) at 65°C for 10 min. After cooling for 5 min
on ice, a mixture of 4 uL 5 x RT buffer, 0.5 uL protector RNase
inhibitor, 2 uL. ANTP mixture and 0.5 uL Transcriptor RT was
added to each reaction, incubated at 50 °C for 1 hr, and then in-
activated at 85°C for 5 min. We note that cDNA pools used for
validation were drawn from at least five different group breed-
ings to determine the degree to which biological variability may
skew the results we obtained from RNA-sequencing. Of note,
RNA pools utilized for qPCR validation are distinct biological
samples from the pools sequenced. For the representative set of
genes that were profiled, we found highly consistent results de-
spite having been evaluated across a diverse set of cDNA pools.
We amplified six test genes in sextuplet across using
a MiniOpticon light cycler (Bio-Rad, Hercules, CA). Quan-
tification cycle (C,) values were determined from each
sample and normalized by comparison to the reference
gene ribosomal protein s18 (Rps18; ENSAMXT00000008147)
(primers: forward = 5-ACACGAACATCGATGGTAGGAG-3,
reverse = 5-TTGTTGAGGTCGATGTCTGC-3’, 112 bp; (McCurley
and Callard, 2008). Experimental gene primer sets included
slc5a8 (ENSAMXT00000021731) (forward = 5-AGGCACACTTT
CTGGACTATCC-3, reverse = 5-AACAGGGACTTGCAAGACAC-
3/, 107 bp); Orl15-15 (ENSAMXT00000025780) (forward =
5'-CAGCGGTTTTACTTGGATCTTCC-3/, reverse = 5-TGCTGC
AGGTTTTCAAAGCC-3', 120 bp); itln1 (ENSAMXT00000003604)
(forward = 5'-AACCGGGCTACATTTGGAAC-3, reverse = 5'-TT
ATTGGGAACGTGCCACAC-3', 110 bp); sb:cb1081 (ENSAMXT
00000018849) (forward = 5'-GCAGCAGCTGTTTGCATATG-3’,

reverse = 5-AAGCCAAGGAAGAAGGAAGC-3’, 99 bp); and
Or101-1 (ENSAMXT00000025777) (forward = 5- GAAC-
CGACTCCAAGCTGAATTC -3/, reverse = 5- TGAAAGCAT-

GTTGGGGACTG -3/, 101 bp). Primer sets amplified fragments
using EvaGreen Supermix dye (Bio-Rad) using the following cy-
cling parameters: step 1: 95°C for 30sec, step 2: 95°C for 5 sec,
step 3: 55.1°C for 10sec, plate read, repeat step 2 for 39 addi-
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tional cycles. qPCR data were collected and analyzed for normal-
ized fold expression values (A AC,) using Bio-Rad CFX Manager
v.3.1 software (Bio-Rad). Qualitative expression was also mea-
sured using routine PCR on pooled 72 hpf cDNA libraries (de-
scribed above). The gene Rpsi8, ribosomal protein S18, was
used as an internal standard for all qualitative PCR experiments.
We amplified fragments in our target genes ~300-600 bp in
length for Rpsi18 (forward = 5-TGGCTGGTTAGATGGGTAGC-
3/, reverse = 5'-AGCCCTTGGCGGTTTACTAT-3’, 470 bp), sic5a8
(forward = 5'-AGATCTCTGGGGAGCTGTGA-3/, reverse = 5'-GG
CATTAGCTGGTCTTGAGC-3', 492 bp), Orii5-15 (forward =
5'-CAGTGGAAAGGAACCTGCAT-3’, reverse = 5'-TGTGCTGCAG
GTTTTCAAAG-3/, 584 bp), itinl (forward = 5-CTACCTGACA
ACGGAGAGTGG-3/, reverse = 5-GTCTCGGCGTTATTGGGAAC-
3/, 306 bp), sb:cb1081 (forward = 5-CCTCACTGAGCACACC
AAGA-3', reverse = 5'-GCTGGAGCAGGAGTTACAGG-3/, 643
bp), and Or101-1 (forward = 5'-AGAACCGACTCCAAGCTGAA-
3/, reverse = 5'-GCTGATGGCTTTCCCAATTA-3/, 531 bp). Bands
were visualized using standard (2%) gel electrophoresis under
UV transillumination.

Ingenuity Pathway Analysis

We performed an ingenuity pathway analysis (IPA; Qiagen.v.1.0;
www.ingenuity.com/products/ipa) to uncover relevant functions
and pathways in our global RNA-seq data set. The IPA anal-
ysis package only provides annotation for a few mammalian
genomes, so all Astyanax Ensembl transcript IDs were converted
to the corresponding human, mouse, or rat Ensembl protein or-
thologs using BioMart (www.ensembl.org/biomart/). Using these
identifiers, the output from our RNA-seq analysis was then up-
loaded (see Methods section; fold change and P-value for each
population—Pachon and Tinaja relative to surface—by develop-
mental stage) using the “flexible format” utilizing default set-
tings and a fold change cutoff of 2.0.

We implemented the “IPA Upstream Regulator” tool, which
predicts prospective gene regulators based upon two statistical
measures. The first “overlap P-value” identifies any statistically
significant overlap between the observed expression changes in
our RNA-seq data set and genes known to be governed by the
regulator (from the Ingenuity® Knowledge Base) using Fisher’s
exact test (P < 0.01; IPA Qiagen.v.1.0). We utilized a second met-
ric, the “activation z-score,” which quantifies the regulation di-
rection (i.e., activating or inhibiting). This information is based
on relationships and experimentally observed results within a
given molecular network. Using this combined information, the
program predicts the state of the transcriptional regulator. Since
some genes within a network can show expression patterns in-
consistent with the predictions, the program provides a statis-
tical measure (i.e., an activation z-score) that determines if a
regulator has significantly more “activated” predictions than in-
hibited predictions (z-score > 0). Conversely, a regulator that
has a predicted inhibition state should have significantly more
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“inhibited” downstream targets (z-score < 0; IPA Qiagen.v.1.0).
These z-scores provide a metric for “sorting” each data set to
identify upstream genetic regulators most affected and best sup-
ported by observed RNA-seq expression changes affecting pu-
tative gene targets. Regulators yielding significant results, and
their corresponding gene networks, were visualized using the
“My Pathway” analysis tool (IPA Qiagen.v.1.0).

RESULTS AND DISCUSSION

Cave Adaptation is Mediated by Different Gene Expression Patterns

in Two Ancient Cavefish Lineages

Numerous populations of surface-dwelling fish have become
isolated in the vast subterranean caverns of northeastern Mexico
(Mitchell et al., '77). Since related surface-dwelling fish persist
in the rivers and streams surrounding the El Abra cave network,
Astyanax cavefish provide the opportunity to compare derived
cave forms to a surrogate “ancestral” form. The historical liter-
ature has revealed numerous changes at the morphological, be-
havioral, and molecular levels between morphs (Mitchell et al.,
'77; Jeffery and Strickler, 2003; Strickler and Jeffery, 2009; Pot-
tin et al., 2011; Gross et al., 2013; 0’Quin et al., 2013; Kowalko
et al.,, 2013; McGaugh et al., 2014). Two prior transcriptomic
analyses have been performed in Astyanar. Hinaux et al. (2013)
constructed a de novo transcriptome, derived from embryonic
and larval RNA pools in cave and surface fish, using Sanger se-
quencing. This approach revealed a large number of mutations
in visual system genes in the cavefish lineage. Gross et al. (2013)
generated an integrated transcriptome, derived from adult pools
of RNA from cave and surface fish, using next-generation se-
quencing technology. This study revealed numerous informative
SNPs for genetic mapping, and provided insight to the function
of uniquely expressed genes in each adult morphotype. In this
report, we sought to explore dynamic transcriptomic alterations
across development in surface fish and two distinct cave popu-
lations.

The El Abra cavefish populations, including Pachén and
Tinaja cavefish, are believed to have arisen from the same an-
cestral surface fish stock in NE Mexico ~3-5 MYa (Gross et al.,
2012). Comparisons across the broader landscape have revealed
substantial convergence at the level particular genes for traits
like albinism (Protas et al., 2006) and reduced melanization
(brown; Gross et al., 2009). This may indicate adaptation to the
extreme cave environment is accomplished through a limited
set of genes. To evaluate this question in the context of gene ex-
pression changes, we developmentally profiled two independent
Astyanax cave populations—Pachoén and Tinaja—and compared
them to extant surface-dwelling fish (Fig. 1). We aligned and
quantified reads derived from stage-matched Pachoén, Tinaja,
and surface embryos at four key developmental stages using
a genome-wide template. We discovered substantial differen-
tial expression between lineages, including many genes demon-
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strating > 10 fold-level changes in one or both cavefish popu-
lations (Pachdn or Tinaja) compared to surface fish. However,
many genes were also expressed at nearly equivalent levels (less
than onefold difference) between cave and surface fish. We de-
termined the “average fold change” across four developmental
stages for Pachon cavefish versus surface and Tinaja cavefish
versus surface. Interestingly, the majority of genes in both cave-
fish populations exhibited minimal expression difference rela-
tive to surface fish (~19,000 of 24,000 total genes). However,
roughly 5,000 genes demonstrated a fold change difference of
2 or greater in each cavefish population (compared to surface
fish; Supplementary Table S3). Stringent filtering limited our
data set to those genes demonstrating dramatic expression dif-
ferences in both cave populations: including fourfold (Pachon
vs. surface: 2,729; Tinaja vs. surface: 3,352), sixfold (Pachon vs.
surface: 1,948; Tinaja vs. surface: 2,553), eightfold (Pachdn vs.
surface: 1,516; Tinaja vs. surface: 2,080), and 10-fold (Pachon
vs. surface: 1,248; Tinaja vs. surface: 1,776).

Compared to surface fish, Pachon and Tinaja cavefish “over-
express” similar numbers of genes at each threshold level:
twofold (Pachdn vs. surface: 3,000; Tinaja vs. surface: 2,032),
fourfold (Pachon vs. surface: 1,536; Tinaja vs. surface: 1,124),
sixfold (Pachon vs. surface: 1,087; Tinaja vs. surface: 858),
eightfold (Pachdn vs. surface: 829; Tinaja: 698), and eight-
fold (Pachdn vs. surface: 683; Tinaja vs. surface: 594). How-
ever, Tinaja cavefish demonstrate reduced expression of nearly
twice as many genes at each fold change threshold compared
to Pachon: twofold (Pachdn vs. surface: 2,115; Tinaja vs. sur-
face: 3,674), fourfold (Pachon vs. surface: 1,193; Tinaja vs. sur-
face: 2,228), sixfold (Pachdn vs. surface: 861; Tinaja vs. surface:
1,695), eightfold (Pachon vs. surface: 687; Tinaja vs. surface:
1,382), and 10-fold (Pachon vs. surface: 565; Tinaja vs. surface:
1,182; Supplementary Table S4).

Collectively, these data demonstrate that recurrent cave adap-
tation does not proceed through expression changes affecting
identical genes, or identical numbers of genes, in different lin-
eages. Importantly, many of the gene expression differences we
observed were likely not present at the time that these two pop-
ulations were established. Many of the observed transcriptomic
alterations we observed most likely accumulated as the two cave
populations adapted to the cave environment. Although Tinaja
and Pachon cavefish are descended from the “old” El Abra stock
of epigean ancestors, Pachdn fish are regarded as older and more
“troglomorphic” (cave-adapted) compared to Tinaja fish (Gross,
2012). Our results may indicate that cavefish evolving from more
recent (and less geographically isolated) cave entry events, such
as Tinaja cavefish, may adopt troglomorphic phenotypes more
frequently through expression-level changes. In contrast, cave-
fish from the isolated Pachdn locality may lose traits more often
through accumulation of loss-of-function (LOF) mutations as a
consequence of a longer period of isolation. For instance, Pachon
cavefish may harbor more LOF mutations, assuming they have
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arisen in response to more extended periods of relaxed selection
(Protas et al., 2006; Gross, 2012).

Given the large number of expression differences in both cave
forms compared to surface fish, we next evaluated genes demon-
strating the most extreme expression changes. We assumed that
those genes demonstrating the highly polarized expression pat-
terns would be more crucial for adaptation to the cave environ-
ment. We captured all genes differentially expressed > 10-fold
(4 or -) at each of four embryonic stages, as well as the mean
(fold) expression difference across development. Genes catego-
rized as “convergent” in expression had matching transcript IDs
that reached the > 10-fold threshold at a given developmen-
tal stage in both cavefish populations. In contrast “divergent”
genes were expressed at >10-fold difference in only one cave-
fish lineage at a given developmental stage. Certain orthologous
genes were expressed similarly in both lineages; however, many
genes were expressed in a divergent (unique), cave-specific fash-
ion (Supplementary Table S2). Of the 10-fold or greater “under-
expressed” genes in Pachon (n = 724) and Tinaja (n = 597) at 72
hpf, 188 genes were shared in both populations. This indicates
a substantial level of transcriptomic convergence, at the level of
specific genes, in subterranean isolation.

A large number of genes at the 72 hpf stage, however,
demonstrated individual cave-specific patterns of expression
(=10-fold) in Pachén (n = 536) and Tinaja (n = 409). Surpris-
ingly, at 72 hpf, ~300% of differentially genes (>10-fold) in
Pachdén and Tinaja showed convergent levels of reduced ex-
pression. The remaining genes (~70%) demonstrated divergent
expression patterns (Supplementary Table S5). This complex
mosaicism of convergence and divergence was observed at all
stages of development for both under- and overexpressed genes
(Supplementary Tables S2 and S3).

The divergent patterns of gene expression we observed are
consistent with results of complementation studies demonstrat-
ing that different loci mediate visual system loss in distinct eye-
less populations. Alternatively, these divergent expression pat-
terns may reflect different environmental pressures in each cave
(e.g., presence/absence of nutrition resulting from bat roosts)
that, in turn, could influence the evolution of distinct pheno-
types. Gene expression changes associated with different ecolog-
ical conditions may be manifested during development, explain-
ing differential expression patterns observed at 72 hpf. Although
transcriptomic responses are not identical for independent caves,
genes of similar function may participate in recurrent adaptation
to the cave microenvironment. To evaluate this possibility, we
explored ontology terms associated with genes demonstrating
extreme differences between cave and surface fish.

GO Enrichment Reveals Convergence and Divergence for
Cave-Associated Traits

We characterized biological functions associated with differen-
tially expressed genes across four stages of development. We
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tested several thresholds (see Methods section); however, the
top 2.5% of over- and underexpressed genes included those
with morphological and/or behavioral relevance, and provided
a manageable number of genes for further analysis (Stricker and
Jeffery, 2009; Gross et al., 2013). GO enrichment analyses (Fig.
2; Supplementary Table S2) revealed a suite of terms associated
with well-known regressive (loss of pigmentation, eye reduction,
altered circadian rhythms) and constructive changes (metabolic
efficiency, acute nonvisual sensation, starvation resistance) af-
fecting troglomorphic animals.

Several cave-associated terms were present in both Pachén
and Tinaja enrichment sets. Among those in the “convergent
underexpressed” category (Fig. 2, blue), GO terms relating to vi-
sion loss are included (“absorption of visible light,” “G-protein
coupled photoreceptor activity,” “photoreceptor outer segment”).
Enrichment analyses of overexpressed genes in both popula-
tions (Fig. 2, red) revealed GO terms such as “determination of
left/right asymmetry in lateral mesoderm” and “sensory percep-
tion of taste.” These terms are consistent with previous stud-
ies reporting evolved differences in lateral craniofacial asymme-
try (Gross et al., 2014) and behavioral modifications for feeding
(Kowalko et al., 2013) in obligate cave-dwellers.

Genes demonstrating unique reduced expression in Pachdén
cavefish were enriched for the term “eye pigmentation,” con-
sistent with the absence of pigmentation and eyes in this pop-
ulation (Jeffery, 2001, 2005). Among the overexpressed genes
unique to Pachdn cavefish were a number of metabolism and
appetite-related processes (e.g., “adult feeding behavior,” “en-
ergy reserve metabolic process,” “negative regulation of ap-
petite,” “cellular response to starvation”). This is consistent with
previous studies documenting highly efficient metabolic rates in
Pachdn cavefish compared to surface fish, as well as other cave
populations (Moran et al., 2014, 2015; Aspiras et al., 2015).

The underexpressed gene set in Tinaja included GO terms
for “sensory perception of smell,” “melanocyte-stimulating hor-
mone receptor activity,” “lens fiber cell differentiation,” and
“lysozyme activity.” These “enriched” eye-related terms and
functions differed from those identified in Pachén and could in-
dicate that Tinaja cavefish evolved certain cave-associated traits
through different genetic changes. Terms derived from the Tinaja
uniquely overexpressed gene set included enrichment for “adi-
pose tissue development,” “negative regulation of intrinsic apop-
totic signaling pathway in response to oxidative stress,” and
“9,10 (9’, 10’)-carotenoid-cleaving dioxygenase activity.” These
results reflect well-characterized cave-associated traits includ-
ing increased fat content (Aspiras et al., 2015), lens apoptosis
during early development (Yamamoto and Jeffery, 2000), and
abundance of yellow-orange carotenoids in cave lineages (Cul-
ver and Wilkens, 2000).

Convergence in GO terminology did not always signal expres-
sion changes in the same genes. For instance, Pachon and Tinaja
cavefish data sets were enriched for “detection of chemical stim-
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Figure 2. GO enrichment studies reveal shared and unique gene functions in Pachdn and Tinaja lineages. RNA-seq studies identified
dramatic gene expression differences in Pachon and Tinaja cavefish relative to the surface form. We described the biological functions and
processes associated with the most differentially expressed genes in our data set. Many of the same gene ontology terms were enriched
in the top 2.5% of differentially overexpressed (red) or underexpressed (blue) genes in Pachdn cavefish (left side) and Tinaja (right side).
However, this gene ontology enrichment study also revealed a number of terms unique to Pachon and Tinaja cavefish lineages (left and
right sides, respectively). [Color figure can be viewed at wileyonlinelibrary.com]

ulus” and “pheromone receptor activity.” Interestingly, Tas217l,
a gene encoding a taste receptor, was upregulated in both caves.
However, the gene V1r1l, which encodes a putative pheromone
receptor, contributed to this enrichment only in Pachon cavefish.
Conversely, upregulation of another gene associated with tastant
detection, Tas2r202, was uniquely detected in Tinaja cave. This
may indicate that selection for cave-associated phenotypes oc-
curs at the level of gene function, which may or may not include
the orthologous gene in different cavefish lineages.

We discovered several unexpected GO terms enriched in both
cave populations. For instance, in the underexpressed gene sets,
we identified “negative regulation of type B pancreatic cell
development,” “heme binding,” “tetrahydrofolate biosynthetic
process,” and “lactose binding.” In the overexpressed gene sets,
we observed “DNA (cytosine-5-)-methyltransferase activity,”
“histone H3-K36 methylation,” “thyroid-stimulating hormone
signaling pathway,” and “neurotransmitter: sodium symporter
activity.” Future studies will clarify how these unpredicted
ontology terms are associated with adaptation to the cave
environment.

Convergence at the Level of Individual Genes in two Distinct
Cavefish Lineages

We identified shared genes in both cave populations demon-
strating the highest fold-change differences (>10-fold; Methods

section). Several of the identified genes impact on visual system
development, maintenance, and function. Interestingly, in both
cave populations, an eye begins to form, but begins to degener-
ate at ~24 hpf (Jeffery, 2009b). Our cross-developmental results
reflect this degeneration. For instance, early on (~ 10 hpf) only
one eye-related gene, Bcmol, demonstrates substantial reduced
expression. However, beginning at 24 hpf additional vision-
related genes demonstrate substantial reduction in expression
(Table 1; Supplementary Table S6), including Irbp. By 36 hpf,
Lim2 and Mipa similarly show reduced expression. By the
last developmental timepoint (72 hpf), the genes Crx, Hsp5,
Vsx1, Nrl, and Impg2 were reduced in expression in both cave
populations. Many of these genes (Lim2, Mipa, and Crx) have
been previously characterized in the context of aberrant eye de-
velopment/size in cavefish (Jeffery and Strickler, 2003; Strickler
and Jeffery, 2009; Pottin et al., 2011; Gross et al., 2013; 0’Quin
et al., 2013; McGaugh et al., 2014). However, this study is the
first to demonstrate reduced expression of these genes in two
geologically distinct eyeless cavefish populations. Moreover,
our dynamic expression profiles revealed that as the eye is lost
over the course of development, the numbers of genes with
altered expression mirrors this morphological degeneration.
Two of the genes identified, Nrl and Impg2, may play key
roles in Astyanax eye loss. For instance, the gene Nrl, involved
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Table 1. Genes demonstrating convergent and divergent patterns of expression in both Pachén and Tinaja cavefish compared to surface-

dwelling fish.

Physiological Pachon cavefish Tinaja cavefish
Expression pattern Gene Transcript ID function(s)? (fold change)® (fold change)®
10 hpf
Convergent reduced Fads2 ENSAMXT00000016443 Fatty acid biosynthetic 20.832 down*® 40.975 down®
process
Convergent reduced Bemot ENSAMXT00000010290 Eye photoreceptor; 21.458 down® 10.005 down®
hindbrain
Convergent increased Tas2r1/ ENSAMXT00000006165 Sensory perception of 70.497 up® 234.314 up®
taste
Convergent increased Bco2a ENSAMXT00000003245 Pigmentation 14.021 up® 17.053 up°©
Divergent—Pachon Shisa6 ENSAMXT00000016152 Eye; retina 78.748 down® 2.057 up
reduced
Divergent—Pachén Btk ENSAMXT00000002400 Eye; whole organism 92.641 down? 1.551 down
reduced
Divergent—Tinaja Mchria ENSAMXT00000009888 Pigmentation 1.713 up 23.202 down*
reduced
Divergent—Tinaja Mhcf10la ENSAMXT00000012479 Immune response 4.165 up 118.172 down*®
reduced
Divergent—Pachdn Trpala ENSAMXT00000008706 Sensory perception 115.042 up* 3.185 down
increased
Divergent—Pachén Dfnb59 ENSAMXT00000004928 Auditory system; inner  37.118 up® No change
increased ear
Divergent—Tinaja Bco2l ENSAMXT00000005225 Pigmentation No change 111.277 up©
increased
Divergent—Tinaja AdcyapTa  ENSAMXT00000007454 Eye development; 4.948 up 18.826 up!
increased brain development
24 hpf
Convergent reduced Soul4 ENSAMXT00000004688 Digestion 367.405 down* 3192.621 down*®
Convergent reduced Oca2 ENSAMXT00000013137 Pigmentation 16.356 down* 11.361 down?
Convergent increased Topl ENSAMXT00000019646 Oxidative stress; heme 89.712 up! 50.468 up*
binding
Convergent increased Trim35 ENSAMXT00000002908 Zinc ion binding 624.919 up© 184.620 up°©
Divergent—Pachon Vsx2 ENSAMXT00000011986 Eye; retina 17.223 down*® 6.633 down
reduced
Divergent—Pachén Clgalt1 ENSAMXT00000016160 Transferase activity 528.520 down® 1.710 up
reduced
Divergent—Tinaja Pmchl ENSAMXT00000026184 Pigmentation 2.445 down 492.004 down®
reduced
Divergent—Tinaja Hsf4 ENSAMXT00000021068 Lens morphogenesis in ~ 3.417 down 60.965 down*®
reduced camera-type eye
Divergent—Pachdn Dig4b ENSAMXT00000020555 Retina; olfactory bulb;  245.106 up® No change
increased midbrain
Divergent—Pachon Crygm4 ENSAMXT00000008090 Eye; lens constituent 177.556 up® No change
increased
(Continued)

J. Exp. Zool. (Mol. Dev. Evol.)




524

STAHL AND GROSS

Table 1. Continued

reduced

Physiological Pachon cavefish Tinaja cavefish
Expression pattern Gene Transcript ID function(s)? (fold change)® (fold change)®
Divergent—Tinaja Hla-F10al ~ ENSAMXT00000003617 Immune response 2.726 up 88.106 up*
increased
Divergent—Tinaja H2-IEbl ENSAMXT00000005358 Immune response; No change 700.042 up°©
increased MHC class Il protein
36 hpf
Convergent reduced Mipa ENSAMXT00000004665 Lens development 29.444 down® 2691.257 down*®
Convergent reduced Lim2 ENSAMXT00000004471 Lens constituent 21.287 down* 25.195 down*®
Convergent increased RNF213 ENSAMXT00000006372 Metabolic process, 59.725 up© 64.117 up®
protein
ubiquitination
Convergent increased Plb1 ENSAMXT00000025263 Lipid metabolic 179.225 up°© 76.688 up®
process
Divergent—Pachon Six7 ENSAMXT00000016345 Embryonic 59.027 down® 4.105 down
reduced camera-type eye
Divergent—Pachon Itin2 ENSAMXT00000003593 Defense response 470.848 down® 1.063 up
reduced
Divergent—Tinaja ChordcTla  ENSAMXT00000003933 Hsp90 protein binding  4.997 down 3610.523 down®
reduced
Divergent—Tinaja 0r128-10  ENSAMXT00000026303 Olfaction 1.295 up 183.637 down®
reduced
Divergent—Pachon Phf20a ENSAMXT00000002218 Zinc ion binding 234.814 up® 5.453 up
increased
Divergent—Pachdn Gxylt1b ENSAMXT00000017058 Transferase activity, 151.277 up® No change
increased transfer glycosyl
Divergent—Tinaja Endo1 ENSAMXT00000004210 Nucleic acid binding; 4124 up 466.036 up©
increased hydrolase activity
Divergent—Tinaja 0r104-2 ENSAMXT00000021297 Odorant receptor No change 91.607 up®
increased
72 hpf
Convergent reduced Visx1 ENSAMXT00000011754 Visual system 32.800 down*® 15.161 down®
Convergent reduced Crx ENSAMXT00000001606 Visual perception 31.387 down® 13.068 down®
Convergent increased Or115-15  ENSAMXT00000025780 Sensory perception of 204.065 up© 323.993 up©
smell
Convergent increased Mr1 ENSAMXT00000009606 Immune response; 68.836 up’ 62.073 up*
antigen processing
Divergent—Pachén Agrp ENSAMXT00000005977 Pigmentation 382.851 down® 1.038 up
reduced
Divergent—Pachon Impgla ENSAMXT00000010962 Photoreceptor 100.072 down*® 3.291 down
reduced
Divergent—Tinaja Crygn2 ENSAMXT00000018569 Lens constituent 2.900 up 1791.267 down®
reduced
Divergent—Tinaja Irx7 ENSAMXT00000000343 Retina morphogenesis 1.526 down 17.011 down®

(Continued)
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Table 1. Continued

traits.

indicates overexpression.
¢P-value < 0.05.

Physiological Pachon cavefish Tinaja cavefish

Expression pattern Gene Transcript ID function(s)? (fold change)® (fold change)®

Divergent—Pachén Sb:cb1081  ENSAMXT00000018849 Eye; lens constituent 880.522 up°© 2.117 down
increased

Divergent—Pachén Tas2ril ENSAMXT00000006165 Sensory perception of 38.398 up© 5.496 up
increased taste

Divergent—Tinaja 0lfm4 ENSAMXT00000014744 Olfaction 2.633 down 164.740 up®
increased

Divergent—Tinaja Gh1 ENSAMXT00000015091 Adipose tissue 5.171 down 143.272 up®
increased development

@Physiological functions are determined by a combination of gene ontology and known literature. Functions in bold may be associated with troglomorphic

®Genes are under- or overexpressed 10-fold or greater in both Pachon and Tinaja cavefish compared to surface. Blue indicates underexpressed, and red

dp-value < 0.10. Statistics calculated using Student's t-test with FDR, as the difference of normalized reads between Pachon or Tinaja to surface fish.

in opsin expression, is also downregulated the Chinese cavefish
species Sinocyclocheilus (Meng et al., 2013). Similarly, the retinal
gene Impg?2 is inactivated (a pseudogene with two splice accep-
tor mutations and a frameshift deletion) in the subterranean-
dwelling Cape golden mole, Chrysochloris asiatica (Emerling
and Springer, 2014). Further, Impg2 variants are associated with
autosomal recessive forms of retinitis pigmentosa in humans
(Bandah-Rozenfeld et al., 2010). Thus, many of the same genes
participate in normative and disease-associated eye loss across
deep vertebrate lineages of subterranean animals and humans.

Two genes involved in pigmentation were convergently un-
derexpressed, including Oca2 at 24 hpf and Mitfa at 36 hpf.
The reduced-expression of Oca2 was unsurprising as it was pre-
viously identified as the locus governing albinism in Pachén,
Molino, and Japonés cave populations (Protas et al., 2006). In-
terestingly, Pachon cavefish harbor both destructive coding se-
quence alterations as well as reduced expression of Oca2 (16.356
down); while Tinaja cavefish demonstrate solely reduced expres-
sion (11.361 down), but an unaltered Oca2 coding sequence. This
result is consistent with prior research directly demonstrating
reduction of Oca2 transcriptional abundance using in situ hy-
bridization (Bilandzia et al., 2013).

The gene Mitfa shows reduced expression in both cave popu-
lations. This is a highly conserved transcription factor involved
in the melanocortin signaling pathway, and reduced expres-
sion of Mitfa causes a reduction in expression of several down-
stream pigmentation genes (Shibara et al., 2001; Levy et al,
2006). We also observed convergent, reduced expression in genes
for which a functional role in cave evolution is unknown. For
instance, the gene Soul4 (predicted to function in heme binding)

demonstrates significantly lower expression across development
in Pachon and Tinaja. Future studies will clarify the precise role
of Soul4 in cave adaptation.

Cave animals also evolve constructive traits that facilitate life
in complete darkness. Constructive characters include expan-
sion of nonvisual sensory systems such as enhanced lateral line,
increased numbers of taste buds, heightened odorant sensitiv-
ity, increased fat reserves, and resistance to starvation (Jeffery,
2009a). Our analyses revealed increased expression of a gene
encoding a taste receptor (Tas2r1l) in both Pachon and Tinaja
cavefish populations. Studies in other systems such as humans,
Drosophila, and zebrafish suggest that Tas2r genes are related
to bitter taste receptors, and therefore abundance of this recep-
tor type may enable cavefish to detect aversive tastants and di-
verse organic compounds at a very low threshold (Oike et al.,
2007; Aihara et al., 2008). Similarly, the odorant receptor gene,
Or115-15 (involved in odorant perception), was overexpressed
in both cavefish lineages at 72 hpf. The heterologous expres-
sion of this receptor protein in a baculovirus/Sf9 cell system
showed that Or115 receptor types responded to the potent odor-
ant pyrazine (Breer et al., '98; Lévai et al., 2006). These gene
expression changes are consistent with a recent study demon-
strating that embryonic cavefish have larger olfactory placodes
and higher sensitivity to amino acids compared to surface fish
(Hinaux et al., 2016). Thus, selection for increased expression of
these odorant receptors may enable cavefish to detect low lev-
els of nutritive substrate (or aversive chemicals) in the complete
darkness of the cave.

Increased deposition of yellow-orange carotenoid pigments
has been previously documented in Pachén (Culver and Wilkens,
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2000) and observed at a modest level in Tinaja cavefish relative
to surface fish (pers. obs.; Fig. 1). Interestingly, we detected con-
vergent patterns of increased expression in Bco2a across embry-
onic development. This gene encodes an enzyme (beta-carotene
dioxygenase), which asymmetrically cleaves carotenoids to ren-
der a colorless compound. Numerous examples of “yellow” phe-
notypes are observed in cow (Tian et al., 2012), sheep (Vage
and Bowman, 2010), chicken (Eriksson et al., 2008), and rabbits
(Strychalski et al., 2016) as a consequence of alterations affect-
ing Bco2. The fact that Pachon cavefish demonstrate a yellowish
coloration, but also express abundant transcripts of Bco2 is curi-
ous. Future studies will clarify if this upregulation is persistent in
all tissues (or, perhaps downregulated in the skin). Alternatively,
despite upregulation at the level of the transcript, this enzyme
may be rapidly degraded, leading to the yellowish appearance
in Pachodn.

Unique Gene Expression Patterns are Observed in Each Cavefish
Population

The gross appearance of Astyanax cavefish drawn from different
caves are highly similar (Fig. 1). However, cavefish lineages dif-
fer substantially in terms of their evolutionary histories (Gross,
2012), identity of the genes mediating eye loss (Borowsky, 2008)
and melanophore pigmentation (Gross et al., 2009). Phenotypic
and physiological differences are frequently accompanied by ge-
netic changes including alterations in gene expression. Pachon
and Tinaja cave populations demonstrated divergent expression
patterns in numerous vision-related genes. Across the four stages
assayed, several genes showed reduced expression unique to
Pachdn cavefish, including Btk and Shisa6 at 10 hpf, Vsx2 at
24 hpf, Irbp and Six7 at 36 hpf, and Opn4.1, Rgrb and Impgla
at 72 hpf (Table 1; Supplementary Table S6).

Our analyses also revealed new candidate gene expression
profiles that provide a clue to the genetic basis for eye loss in
cavefish. For example, Six7 demonstrated uniquely reduced ex-
pression in Pachon cavefish (59.027 down at 36 hpf), but not
Tinaja cavefish. Six7 is expressed during embryonic retinal mor-
phogenesis in camera-type eyes and rod cells of zebrafish (Saade
et al., 2013). The loss of both Six7 and Six3b results in microph-
thalmia or anophthalmia in zebrafish mutants (Inbal et al., 2007).
Additional functional analysis will help discern the role of Six7
in the naturally occurring anophthalmia of Pachoén cavefish.

Several lens-related genes demonstrated reduced expression
in cavefish, including members of the crystallin family (e.g.,
Cryball). These expression changes may not directly cause vi-
sual system loss in cavefish, but reflect a consequence of reduced
lens size due to apoptosis at ~36 hpf (Hinaux et al., 2015). In-
terestingly, Tinaja cavefish showed reduced expression in 11 dif-
ferent eye-related genes, varying by developmental stage. These
included Opn4b, Hsf4, and Opnlmw4 at 24 hpf, and Elavli,
Crygn2, Irx7, and Ndr2 at 72 hpf (Table 1; Supplementary Ta-
ble S6). Crygn2 has been implicated in other Pachdn eye loss
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studies (Gross et al., 2013; 0’Quin et al., 2013). Our expression
analyses indicate that Pachon and Tinaja harbor a mix of both
shared and distinct eye genes, demonstrating differential expres-
sion across development. This supports the notion that Pachén
and Tinaja cavefish are more closely related than other cavefish
lineages owing to the lower percentage of individuals demon-
strating complementation of the visual system (Borowsky, 2008).
Thus, assuming early gene expression patterns predict the ab-
sence of a visual system by juvenilehood, we would expect a
mixture of both shared and distinct genes mediating this eye
loss phenotype.

Body pigmentation loss is present widely across the Astyanax
cavefish landscape. The genetic basis for two degenerative
pigmentation traits are Oca2 (albinism) in Pachoén, Molino,
and Japonés caves; and MclIr (brown) in Pachén and Yer-
baniz/Japonés subterranean lineages (Protas et al., 2006; Gross
et al., 2009). The genes causing reduced pigmentation in other
cave populations (e.g., Tinaja) remain largely unknown. In
Pachon cavefish, we discovered reduced expression of five pig-
mentation genes, including Smtlb and Pomca at 36 hpf, and
Mec4r (Aspiras et al., 2015), Agrp, and Tyr at 72 hpf (Table 1;
Supplementary Table S6). Although Pachon cavefish are albino
owing to a large exon deletion in Oca2, our findings show that
many other genes such as Tyr (12.772 down) involved in the
melanogenesis pathway are also affected (Garcia-Borron et al.,
2005; Protas et al., 2006). This may suggest that the accumula-
tion of mutations in multiple genes contributing to pigmentation
in Pachon cavefish occurs as a consequence of neutral mutation
(Protas et al., 2007).

Interestingly, Tinaja cave-dwelling fish show reduced expres-
sion in distinct pigmentation genes across development, includ-
ing Mchlra at 10 hpf, Mlpha and Pmchl at 24 hpf, McIr at
36 hpf, and Mchr2 at 72 hpf (Table 1; Supplementary Table S6).
Similar to Oca2, the gene Mc1r (58.100 down) harbors both cod-
ing sequence mutations and reduced expression in Pachdn cave-
fish (Gross et al., 2009; Stahl and Gross, 2001). Another candi-
date gene, Mipha (102.456 down), plays a key role in melanocyte
differentiation and melanosome localization. This gene is linked
to aggregated melanosomes/disrupted pigment granule disper-
sion in zebrafish (Thisse and Thisse, 2004), dilute coat color in
cats (Ishida et al., 2006), and Griscelli syndrome type 3 (light hair
and skin color) in humans (Ménasché et al., 2005). Thus, Mipha
may play a role in cave-associated pigmentation loss analogous
to other distantly related vertebrate species. Finally, we charac-
terized additional uniquely impacted genes associated with life
in total darkness (Table 1; Supplementary Table S6).

Pachon and Tinaja cavefish also demonstrated uniquely di-
vergent patterns of gene overexpression. Pachén cavefish har-
bor increased gene expression associated with nonvisual sen-
sory traits, such as taste: VnlIrl at 10 hpf and Tas2r1l at 72 hpf;
mechanical stimulus/neuromast development: Trpala at 10 hpf;
olfaction: DIg4b at 24 hpf; and auditory sensation: Dfnb59 at 10
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Figure 3. Qualitative and quantitative PCR analyses validate a subset of genes representing diverse expression profiles at 72 hpf. To
confirm diverse expression profiles observed in our RNA-seq comparison, we validated the normalized expression pattern (top graphs) for
a subset of experimental genes at 72 hpf using both qualitative (gel images) and qPCR analyses (bottom graphs). Two genes Slc5a8 (A)
and Or115-15 (B) demonstrated convergent expression in Pachon and Tinaja. The gene it/n1 (C) showed higher expression in surface fish
and Tinaja cavefish, but reduced expression in Pachon cavefish. Conversely, the gene Sb:cb 1087 (D) was expressed at high levels in Pachon
cavefish, but reduced in expression in surface and Tinaja cavefish. Finally, the gene Or707-1 (E) demonstrated an expression profile in
which the highest level was found in Tinaja cavefish, the lowest level was observed in surface fish, and an intermediate level of expression
was found in Pachon cavefish. For all experiments, we utilized the reference gene Rps18 as a control gene demonstrating the same level
of expression in all groups (F). Each “representative” gene evaluated in this experiment demonstrated significant expression differences
across each of the three morphotypes. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 4. Pathway analysis reveals Otx2 is a crucial upstream regulator governing regressive vision and pigmentation loss in different cave
populations. We employed ingenuity pathway analysis (IPA) to identify upstream gene regulators that may explain the observed expression
patterns across our experimental data set. Using this analysis, we detected Otx2 as a potential upstream regulator inhibited in both Pachdn
(A) and Tinaja (B) cavefish at 36 hpf. [Color figure can be viewed at wileyonlinelibrary.com]
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hpf (Table 1; Supplementary Table S6). Pachon also overexpress
the gene Trpala (115.042 up), a known regulators of chemosen-
sation in zebrafish (Prober et al., 2008), thermal nociception in
Drosophila (Neely et al., 2011), and episodic pain syndrome fa-
milial 1 in rats and humans (Kremeyer et al., 2010; Chen et al.,
2011). The gene Dfnb59 (37.118 up), also uniquely overexpressed
in Pachén, and when inhibited in humans and mice results in au-
ditory loss through inner ear hair cell dysfunction (Delmaghani
et al., 2006; Ebermann et al., 2007). Tinaja cavefish also demon-
strate heightened extravisual sensation; however, different genes
likely underlie these constructive adaptations (Table 1; Supple-
mentary Table S6). For instance, overexpression of several ol-
faction genes, including Or104-2 at 36 hpf and Or101-1, Olfm4,
Or132-5, and Orl115-15 at 72 hpf, and taste-associated genes,
such as Tas2r202 and TasIr3 at 72 hpf, was found exclusively
in the Tinaja data set. Finally, genes related to adipose tissue
storage, response to starvation, and visual perception showed
profiles of increased expression within each cave (Table 1; Sup-
plementary Table S6). We confirmed several of these profiles for
a subset of genes at 72 hpf using qualitative and quantitative
PCR (Fig. 3).

Pathway Analysis Reveals Otx2 and Mitf as Crucial Upstream
Regulators Selected in Two Ancient Cavefish Lineages

To determine if key upstream regulators may have been se-
lected in both cave lineages, we utilized IPA to evaluate global
expression profiles. We mapped extensive annotation informa-
tion to a total of 17,897 of 23,719 Astyanax genes in our data
set. We used the “IPA regulator” tool to reveal upstream tran-
scriptional regulators explaining global patterns of expression
change in our data set. We concentrated our efforts on identify-
ing regulators affecting eye degeneration and reduced pigmen-
tation.

Putative regulators were identified based upon expression pat-
terns in both cave lineages, relative to surface fish, at 36 hpf. At
this developmental time point, melanin begins to appear in sur-
face fish but remains absent in cave. In addition, by 36 hpf, cave-
fish eyes have begun to degenerate (Jeffery, 2005, 2009b). Thus,
an altered upstream regulator at this developmental stage would
impact both pigmentation and vision in cavefish. In Pachén
cavefish, our analysis identified 40 prospective upstream reg-
ulators as “activated” (activation z-score > 2.0) and 53 potential
“inhibited” regulators (activation z-score < -2.0). Similarly, we
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Figure 5. Pathway analysis implicates Mitfas a potential upstream regulator in Pachon and Tinaja cavefish at 36 hpf. We used ingenuity
pathway analysis (IPA) to nominate potential upstream genetic regulators that could explain expression changes in downstream target
genes. In our parallel studies, we detected Mitf~which encodes a critical transcription factor for numerous pigmentation-related processes-
as a potential regulator that is inhibited in both Pachon (A) and Tinaja (B) cavefish lineages at 36 hpf. [Color figure can be viewed at

wileyonlinelibrary.com]

identified 86 “activated” and 56 “inhibited” regulators in Tinaja
cavefish.

The same gene was the top predicted upstream “inhibited” reg-
ulator in both cave populations. The gene Otx2 was identified in
both Pachdn cavefish (fold change = -2.759, predicted activa-
tion state = inhibited, z-score = -3.873, P-value < 0.0001; Fig.
4A) and Tinaja cavefish (fold change = -1.543, predicted activa-
tion state = inhibited, z-score = -2.673, P-value < 0.0001; Fig.
4B). Otx2 is a well-characterized transcriptional regulator that,
when altered in humans and zebrafish, results in retinal dystro-
phy and microphthalmia (Wyatt et al., 2008; Chassaing et al.,
2012; Vincent et al., 2014). A whole-mount in situ hybridiza-
tion series (10-48 hpf) in A. mexicanus revealed an overall de-
crease in Ofx2 gene expression in Pachdn cavefish compared to
surface fish. Further, in situ sections of both morphs at 48 hpf
revealed significantly reduced Otx2 expression in the cavefish
lens (McGaugh et al., 2014). Downstream targets of Otx2 include
other eye-related genes and several genes with known roles in
melanization, including Oca2 (Fig. 4A and B).

We further screened our results to identify inhibited tar-
gets relevant to pigmentation. We uncovered Mitf, a transcrip-
tion factor governing diverse pigment-related processes, in both
Pachon (fold change = -116.285, predicted activation state = in-
hibited, z-score = 2.237, P-value < 0.0001; Fig. 5A) and Tinaja
(fold change = -116.285, predicted activation state = inhibited,
z-score = -2.937, P-value < 0.0001; Fig. 5B) including several
downstream targets (e.g., Mc1r). Interestingly, the recently pub-
lished draft genome for cavefish predicts a severe truncation in
the coding structure of Mitf. At present, this truncation has not
been confirmed, and therefore it may represent an artifact of
genome assembly or annotation. Irrespective, it will be interest-
ing to determine if the observed downregulation of numerous
downstream genes is attributable to this putative genetic lesion
in Mitf, and if the same genetic lesion is present in other cave
populations.

Overall, these results suggest that certain key genes and path-
ways are repeatedly altered, albeit at different levels, in inde-
pendent cavefish lineages. Further, the pleiotropic consequences
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of inhibited upstream factors could contribute to the numerous
cave-adapted traits observed in Astyanax cave-dwelling fish.

CONCLUSIONS

This study assessed that global gene expression changes accom-
panying cave isolation for two geographically distinct cavefish
populations. From these comparisons, we discovered that Pachon
and Tinaja cavefish evolved dramatic changes in gene expres-
sion in several of the same genes, perhaps as a result of gene
flow or selective pressure. For certain traits, this may reflect
a common genetic basis for certain shared morphologies be-
tween Astyanax cavefish populations, despite geographic and
phylogenetic differences. However, our analyses also revealed
many expression differences exclusive to each cavefish popula-
tion, suggesting subtle differences in subterranean habitats and
phylogenetic histories lead to cave-specific gene expression dif-
ferences. This study further indicates that these remarkable ani-
mals manifest a spectrum of cave-adapted traits through a com-
bination of both convergent and divergent genetic mechanisms,
and identifies numerous genes that contribute to extreme trait
evolution in natural populations. Although this study highlights
an array of intriguing genes with prospective roles in cave evo-
lution based on the convergent and divergent expression pro-
files in Pachon and Tinaja cavefish populations, future func-
tional studies will be crucial for clarifying their precise roles in
cave-dwelling Astyanax. Finally, although this report character-
izes a subset of genes with polarized differences in expression, it
is likely many additional genes with modest expression changes
likely contribute to the diverse troglomorphic traits in Astyanax
cave lineages.
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