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The subterranean catfish Phreatobius cisternarum provides
insights into visual adaptations to the phreatic environment
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ABSTRACT Vertebrate eyes share the same general organization, though species have evolved
morphological and functional adaptations to diverse environments. Cave-adapted animals are
characterized by a variety of features including eye reduction, loss of body pigmentation, and
enhanced non-visual sensory systems. Species that live in perpetual darkness have also evolved
sensory mechanisms that are independent of light stimuli. The subterranean catfish Phreatobius
cisternarum lives in the Amazonian phreatic zone and displays a diversity of morphological fea-
tures that are similar to those observed in cavefish and appear to be adaptations to life in the dark.
Here we combine histological and transcriptome analyses to characterize sensory adaptations of
P cisternarum to the subterranean environment. Histological analysis showed that the vestigial
eyes of P cisternarum contain a rudimentary lens. Transcriptome analysis revealed a repertoire of
eleven visual and non-visual opsins and the expression of 36 genes involved in lens development
and maintenance. In contrast to other cavefish species, such as Astyanax mexicanus, Phreatichthys
andruzzii, Sinocyclocheilus anophthalmusand Sinocyclocheilus microphthalmus, DASPEI neuromast
staining patterns did not show an increase in the number of sensory hair cells. Our work reveals
unique adaptations in the visual system of P cisternarum to underground habitats and helps to

shed light into troglomorphic attributes of subterranean animals.
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Introduction

Hypogean species are characterized by the reduction or loss
of eyes and pigments, accompanied by enhancement of other
sensory structures (Jeffery, 2009; Mohun et al., 2010; Partha et
al., 2017; Protas and Jeffery, 2012). In cave-adapted species, eye
degeneration appears to be controlled by at least three different
genetic programs. In the blind cavefish Astyanax mexicanus,
degeneration is triggered by, among other mechanisms, shh
overexpression and subsequent induction of lens cells apoptosis
(Yamamoto et al., 2004). Recent studies have shown that the
retinal pigment epithelium (RPE) is critical for eye maintenance
(Ma et al., 2020). In the blind cave-dwelling fish Phreatichthys
andruzzii, eye degeneration is controlled by the apoptosis of retinal

neurons, whereas in the eyeless golden-line fish Sinocyclocheilus
anophthalmus, transcriptome analysis showed that retinal degen-
eration is associated with downregulation of transcription factors
controlling opsin expression.

Surface fishes can detect moving and vibrating water objects
using the mechanosensory organs, the neuromasts. These units
are distributed alongside the lateral line and are also observed in
the head, where they compose the cephalic lateral line (Suppl.
Fig S2) (Soares and Niemiller, 2018). Notably, to offset the loss
of vision, other sensory functions have been enhanced in cavefish
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Fig. 1. Phreatobius cisternarum characterization. (A) A P cisternarum
adult specimen with miniaturization body, a slender head, and six long thin
barbels. (B) Map showing collecting site of P. cisternarum in Benevides-
Para-Brazil (the yellow circle indicates Benevides city). Scale bar: 0.5 cm.

species, including those involving neuromasts, barbels, and taste
buds (Meng et al., 2013; Stemmer et al., 2015).

The genus Phreatobius (Siluriformes) includes three species:
P. sanguijuela, P. dracunculus and P. cisternarum (Fernandez et
al., 2007; Muriel-Cunha and Pinna, 2005; Shibatta et al., 2007;
Trajano, 2007). These species occur in the Amazon and Paraguay
river basins, however, reports regarding their biology, reproduc-
tive cycle, ecology, and physiology remain scarce (Fernandez et
al., 2007; Muriel-Cunha and Pinna, 2005; Ohara et al., 2016).
Phreatobius cisternarum inhabits the superficial phreatic layer,
which corresponds to the upper saturated stratum of soil found in
hand-dug wells. This species is characterized by small eyes and
reduction in both body size and pigmentation (Fig. 1 A,B, Suppl.
Fig. S1 A,B). Besides the six protruding barbels characteristic
of catfishes, P. cisternarum has a paddle-shaped caudal region
formed by a caudal fin extended dorsally and ventrally by numer-
ous large procurrent rays, ventrally confluent with the anal fin, a
strongly prognathous lower jaw, hypertrophied jaw muscles, and
a bright red coloration (Shibatta et al., 2007).

Opsins are a diverse group of G-protein-coupled receptors (GP-
CRs) broadly categorized as ‘visual’or ‘non-visual’. The bestknown
opsins are visual opsins found in the rod and cone photoreceptor
cells of the retina. These opsins detect light when their ligand, a
chromophore called 11-cis retinal, undergoes photoisomeriza-
tion. Fish are notable in having large visual and non-visual opsin
repertoires compared to other vertebrates (Beaudry et al., 2017;

Lin et al., 2017; Rennison et al., 2012). For example, the four-
eyed fish, Anableps anableps, and the distantly related zebrafish
(Danio rerio), have ten visual opsins (Davies et al., 2015; Owens
et al., 2009). Zebrafish also have 32 non-visual opsins (Davies et
al., 2015). It is clear that such a large repertoire is not essential
for vision or circadian rhythm regulation, as other animals have
much smaller repertoires (Scholtyssek and Kelber, 2017). By
surveying the transcriptome of P. cisternarum, we characterized
the molecular as well as the morphological response of the visual
system to life in perpetual darkness. Furthermore, we used a set
of histological analysis, immunofluorescence, and neuromast
staining approaches to study adaptations of the sensory system
in this subterranean species.

Results and Discussion

Opsin repertoire in P. cisternarum

The transcriptome assembly process generated 1,350,426
contigs with median length of 329 bp (N50 = 668 bp) (Suppl.
Tables S1 and S2). Our BLAST survey of this assembly using D.
rerio query sequences uncovered 11 P. cisternarum opsins: three
visual opsins (rh1.1, rh1.2, and Iws), and eight non-visual opsins
(exorh, va1, va2, parietopsin, tmt3a, opn4ma3, peropsin, and rgr1).

Twenty-three opsins were identified in Ictalurus punctatus, and
no additional P. cisternarum genes were detected when [. punc-
fatus opsins were employed as query sequences. The entire P.
cisternarum rh1.1gene (a single-exon gene) was contained in one
contig. The other ten P. cisternarum opsins were incomplete; each
was represented by one or more contigs that included between
44 bp and 747 bp of coding sequence that could be aligned to all
other opsins. Despite this length variation, P. cisternarum opsins
were placed into well-supported clades with /. punctatus orthologs
(Fig. 2, Suppl. File S1).

The observations that only rh1.1 was full-length and that in-
trons were present in all P. cisternarum opsins other than rh1.1
and rh1.2 suggest that most transcripts are not functional in the
specimen studied. However, it is possible that intron retention
(IR) is a form of translational regulation providing the potential to
generate opsin proteins rapidly in response to light stimulation by
splicing pre-existing transcripts. Another possibility is that opsin
IR in P. cisternarum influences eye development by generating
opsin mRNAs with premature termination codons (PTCs). Opsin

TABLE 1

LENS GENES EXPRESSED IN THE SURFACE POPULATION
OF ASTYANAX MEXICANUS AND RNASEQ FROM THE HEAD
OF PHREATOBIUS CISTERNARUM

Gene
ID symbol Gene name TPM

TRINITY_DN133315_c2_g7_i1 Rom1 0,11575

Retinal outer segment membrane protein 1

TRINITY_DN145112_c3_g7_i3 Gnat1  Guanine nucleotide-binding protein (G 0,30194
protein), alpha transducing activity poly-
peptide 1
TRINITY_DN138747_c6_g1_i2 Pde6 Phosphodiesterase 6G, cGMP-specific, rod 0,24273
TRINITY_DN139252_c5_g3_i1 Crygm1 Crystallin, gamma M1 0,13917
TRINITY_DN304038_c0_g1_i1 Crygm3 Crystallin, gamma M3 0,06959
TRINITY_DN131980_c0_g1_i2 Lhx1b  LIM class homeodomain protein 0,21923
TRINITY_DN146039_c1_g1_i1 Arr3a  Arrestin 3, retinal (X-arrestin), like 0,08267
TRINITY_DN143563_c2_g1_i9 Atp6ap1 ATPase, H+ transporting, lysosomal acces- 1,63144

sory protein 1




loss can lead to retinal degeneration in humans (Silverman et al.,
2020), thus nonsense-mediated decay (NMD) of intron-containing P.
cisternarumopsin transcripts might play arole in eye degeneration.

P. cisternarum retains a rudimentary lens and shows reduced
hair cells

Our histological analysis showed that the small eye of P. cis-
ternarum is composed of an RPE and a rudimentary lens, we did
not observe the cornea or sclera and the retina layers were absent

D. rerio KT008392.1 rh1.1
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in all specimens analyzed in this study. The lack of photoreceptor
cells is interesting considering that we found opsin expression in
the transcriptome. In addition to the histological analysis of RPE, we
found RPE transcripts encoding for proteins such as retinoidisomer
hydrolase (RPE65), GTP cyclohydrolase 1-like, L-dopachrome
tautomerase, RPE-retinal G protein-coupled receptor-like, among
others, in the transcriptome (Fig. 3A, Suppl. Table S3). Immunos-
taining revealed that among the lens-specific genes identified in
our transcriptome, gamma-crystallin, a typical lens protein, was
mainly expressed in border of the lens (Fig.
3B). In addition, our transcriptome analysis

52 D. rerio KT008393.1 rh1.2 shgwed the expression of 36 genes that are
I. punctatus critical forlens development and maintenance.
68 39 . . .
W: P cisternarum Thdl_s suggestls that P.dCIshternarulm retz(ajmeq a
D. rerio KT008391 1 exorh ru imentary lens, and that ocular re qctlon
929 I, punclatus might be due to lower levels of expression of
88 —{ pu these genes, however, to test this hypothesis,
98 Fegisiemariin we would need to perform additional gene
57 — | punctatus ‘ h12  expressionanalysis (Suppl. Table S4) (Alunni
| : ’
68 P. cisternarum et al., 2007; Atukorala and Franz-Odendaal,
ﬁ: D. rerio KT008400.1 /ws1 2018; Cavalheiro et al., 2017; Hooven et al.,
- D. rerio KT008401.1 Iws2 2004; Yamamoto et al., 2004).
100 I. punctatus Gross et al., have shown previously that a
W': P. cisternarum set of genes important for lens maintenance
D. rerio KT008402 1 va1 _and develgpment is exclusively .expresse_d
03 | in A. mexicanus surface population (lost in
. punctatus . : \
76 97 { ) ‘ vat cave population). Comparative analysis of A.
P. cisternarum . . . .
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those, we found 8 genes (Rom1, Gnat1, Pde6,
Crygm1, Crygm3, Lhx1b, Arr3aand Atp6ap1)
inthe transcriptome of P. cisternarum (Table 1,
Suppl. Files S2 - S9). These results suggest
that the genetic mechanism of ocular reduc-
tion in P. cisternarum may be different from
that described for A. mexicanus.

In cavefish, an increase in the number and
size of neuromasts is one of the mechanisms
used to offset eye degeneration (Soares and
Niemiller, 2018; Van Trump et al., 2010). Our
results showed the presence of hair cells
alongthereduced lateral line and onthe head,
however, not in abundance, as previously
reported for A. mexicanus (Van Trump et al.,
2010) (Fig. 3C,D). The lack of supernumerary
neuromasts in P. cisternarum could be linked
to low water currents in these confined water
streams of phreatic environments.

ternarum (in red), Danio rerio and Ictalurus punctatus. Maximum parsimony tree showing

relationships among Phreatobius cisternarum, Ictalurus punctatus and Danio rerio opsins. The

Conclusions

percentage of replicate trees in which the associated taxa clustered together in the bootstrap

test (1000 replicates) are shown. Sequences were truncated at the 5" and 3" ends as these
regions could not be aligned for all opsins with confidence. rh1.2 and val sequences from P
cisternarum clustered with orthologs from |. punctatus, but for these two genes the truncated
alignment (Table S1) contained insufficient data to show their respective relationships to D.
rerio orthologs. Monophyly of rh1.2 and val clades was wellsupported in analyses of longer
subfamily-only alignments (not shown). Danio rerio has 42 opsins (Davies et al., 2015) and |.
punctatus has 23 opsins. All were included in a preliminary analysis but only orthologs of P

cisternarum opsins were included in these analysis.

Previous studies in cavefish have uncov-
ered genetic and developmental mechanisms
underlying eye degeneration in dark-adapted
fish. Here, we present evidence that eye de-
generation in P. cisternarum might occur via
mechanisms distinct from those described for
cavefish species. Histological and molecular
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Gamma crystallin

analyses in adult fish showed that P. cisternarum maintains eye
structures such as RPE and a small lens. Our RNA-seq analyses
revealed the visual and non-visual opsin repertoire in P. cisternarum,
we identified a set of transcripts implicated in the development and
maintenance of the RPE, retina as well as lens. Finally, adaptation
to a subterranean environment in P. cisternarum appears to have
occurred without concomitantenhancement of sensory neuromasts.
In sum, our results provide the groundwork for future studies aimed
at identifying the genetic and developmental underpinnings of eye
degenerationin P. cisternarumand dark-adapted speciesingeneral.

Material and Methods

Specimen collection

Fifteen P. cisternarum adults, ranging from 30 mm to 58 mm, were
collected from artificial wells in Benevides (Para, Brazil). In addition to
the light protected tanks, the light in the room was controlled to keep the
fish in the perpetual darkness. During daily feeding, tank protection was
removed and lights were kept off. Three specimens of Poecilia reticulata
were obtained in the pet trade and were maintained in individual tanks in
a recirculating freshwater system at 24 to 28 °C with aeration at the Ge-
nomics and Systems Biology Center. Experiments and animal care were
performed following animal care guidelines approved by the Animal Care
Committee at the Universidade Federal do Para (protocol no. 037-2015).

Library preparation and lllumina sequencing

One specimen of P. cisternarumwas anesthetized in 0.1% tricaine solu-
tion (Sigma-Aldrich). Total RNA was extracted from its head using TRIzol®
(Life Technologies), following manufacturer’s protocol. Paired-end 150bp
libraries were generated with NEXTSeq Mid Output, according to standard
protocol (lllumina) and sequenced on lllumina NEXTSeq 500 platform (NCBI
Sequence Read Archive project: PRINA491408 and run: SRR7878036).

De novo transcriptome assembly and gene annotation

Over 190 million raw sequence reads were obtained. Trimmomatic was
used with default parameters to remove adapters (Bolger et al., 2014). De
novo transcriptome assembly was performed using standard parameters

Fig. 3. Phreatobius cisternarum remain-
ing eye structures. Hematoxylin and eosin
staining of head sections of P. cisternarum
showing a retinal pigment epithelium (RPE)
and lens (A). Immunofluorescence assay
showing gamma crystallin expression on
the lens (green) and DNA staining with
DAPI (blue)(B). The distribution of superficial
neuromasts (yellow dots) on the anterior
lateral line (head) (C) and posterior lateral
line (trunk) (D) of P. cisternarum specimens
with DASPE| staining. Cryosections are 20
um thick. Scale bars: 200 um (A,B) and 2
mm (C,D).

in Trinity (Grabherr et al., 2011). The completeness of the assembled tran-
scripts was assessed through the Benchmarking Universal Single-Copy
Orthologs tool (BUSCO) (Seppey et al., 2019). Mapping was performed by
means of Bowtie (Langmead and Salzberg, 2012) using the constructed
transcriptome as a reference. StringTie (Pertea et al., 2015) was used to
estimate the abundance of transcripts in Transcripts Per Million (TPM). The
identification of lens and RPE genes was performed via tBLASTn search
tool, and each contig of interest was searched with manual queries of the
consensus sequences from Uniprot (Priyam et al.,, 2019), and Expasy
Translate predicted Open Reading Frames (ORFs) (Gasteiger etal., 2005).
BLASTp (NCBI) was performed to confirm protein homology.

Characterization of visual and non-visual opsins

Forty-two zebrafish (Danio rerio) opsins (Davies et al., 2015) were used
asquery sequencesinatBLASTx survey ofthe P. cisternarumtranscriptome
(E-value of 10'6). D. rerioopsins were also used to survey the transcriptome
of another species in the order Siluriformes, the channel catfish (/ctalurus
punctatus (accession GCF_001660625.1_IpCoco_1.2). Opsins from P.
cisternarum, I. punctatus and the 42 D. rerio opsins were aligned using
ClustalW in BioEdit (Hall, 1999; Thompson et al., 1994). Introns in the P.
cisternarum opsin transcripts that were obvious in this alignment were
removed; precise intron-exon boundaries could be identified by comparing
the P. cisternarum sequences to D. rerio orthologs on the NCBI Graphi-
cal Sequence Viewer. The alignment was then truncated at the 5’ and 3’
ends because the degree of sequence divergence in these regions made
alignments (even when translated into amino acids sequences) unreliable.
Maximum Parsimony (MP) phylogenetic trees were reconstructed using
MegaX version 10.1.8 (Stecher et al., 2020) and confidence in the topology
was evaluated by Bootstrap re-analyses.

DASPEI staining

The fluorescent dye 2-[4-(di-methylamino)styryl]-N-ethylpyridinium io-
dide (DASPEI; Invitrogen) was used as a vital dye to stain hair cells within
neuromasts. Three P. cisternarum and three P. reticulata specimens were
incubated in an embryo medium containing 0.005% DASPEI for 15 min,
anesthetized in 0.1% tricaine solution (Sigma-Aldrich) for 5 minutes, and
rinsed once in fresh embryo medium according to a previously established
protocol (Yoshizawa et al., 2010). The specimens were analyzed and



photographed with a NIKON-Eclipse 80i fluorescence microscope using
the NIS-Elements imaging software.

Histological analysis

Twelve specimens of P. cisternarum were anesthetized in 0.1% tric-
aine solution (Sigma-Aldrich). The heads were collected and flash-frozen
in TissueTek embedding medium (Sakura). Cryosections (20 um) were
obtained on a Leica CM1850 UV cryostat (Leica Biosystems), captured on
Color Frost Plus microscope slides (Thermo Fisher Scientific), fixed in 3%
paraformaldehyde, and stored at -80°C for further use. Slides were stained
with hematoxylin and eosin following standard protocol (Kiernan, 2008).

Immunostaining

Slides were incubated with gamma-crystallin antibody (a gift from Dr.
Martins) overnight at 4°C following previously established protocol (Cav-
alheiro et al.,, 2014). Immunofluorescence reaction was performed with
an anti-rabbit secondary antibody (1:200, Sigma-Aldrich, cat# F6005),
incubated for 2 hours at room temperature. Fluorescence nuclear coun-
terstaining was performed with DAPI (Sigma-Aldrich, cat# F6057). Images
were captured with a NIKONEclipse 80i fluorescence microscope and
NIS-Elements imaging software.

Ethics

This study was approved by IBAMA/SISBIO under license number
66015-1 and by the Ethics Committee for Animal Research at the Univer-
sidade Federal do Para (protocol number 037-2015).

Data accessibility
Sequence data have been deposited in GenBank with the following
BioProject accession number: PRINA491408 and SRA file: SRR7878036.

Authors’ contributions

PNS conceived the ideas and experimental design. LNP, BRM and JL
collected the data; LNP, JST, RAPM and PNS analyzed the data; MPS
and JT performed the transcriptome assembly, JT and AL performed opsin
analysis; PNS, BRM and LNP led the writing of the manuscript. All authors
contributed critically to the drafts, gave final approval for publication and
agree to be held accountable for the work performed therein.

Acknowledgements
We especially thank Igor Schneider and Sylvain Darnet for insightful
comments on this manuscript.

Conflict of Interest statement. None declared.

Funding
Funding from MCTIC/FINEP/FNDCT/AT Amazonia Legal to PNS sup-
ported this work.

References

ALUNNI A, MENUET A, CANDAL E, PENIGAULT J-B, JEFFERY WR, RETAUX S
(2007). Developmental mechanisms for retinal degeneration in the blind cavefi-
shAstyanax mexicanus. J Comp Neurol 505: 221-233.

ATUKORALAADS, FRANZ-ODENDAAL TA (2018). Genetic linkage between altered
tooth and eye development in lens-ablated Astyanax mexicanus. Dev Biol 441:
235-241.

BEAUDRY FEG, IWANICKI TW, MARILUZ BRZ, DARNET S, BRINKMANN H,
SCHNEIDER P, TAYLORJS (2017). The non-visual opsins: eighteenin the ances-
tor of vertebrates, astonishing increase in ray-finned fish, and loss in amniotes. J
Exp Zool Part B Mol Dev Evol 328: 685—696.

BOLGER AM, LOHSE M, USADEL B (2014). Trimmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics 30: 2114—2120.

CAVALHEIRO GR, MATOS-RODRIGUES GE, ZHAO Y, GOMES AL, ANAND D,

Visual adaptations of a subterranean catfish 249

PREDES D, DE LIMA S, ABREU JG, ZHENG D, LACHKE SA, CVEKL A, MAR-
TINS RAP (2017). N-myc regulates growth and fiber cell differentiation in lens
development. Dev Biol 429: 105-117.

DAVIES WIL, TAMAI TK, ZHENG L, FU JK, RIHEL J, FOSTER RG, WHITMORE D,
HANKINS MW (2015). An extended family of novel vertebrate photopigments is
widely expressed and displays a diversity of function. Genome Res25: 1666—1679.

FERNANDEZ L, SAUCEDO LJ, CARVAJAL-VALLEJOS FM, SCHAEFER SA (2007).
A new phreatic catfish of the genus Phreatobius Goeldi 1905 from groundwaters
of the Iténez River, Bolivia (Siluriformes: Heptapteridae). Zootaxa: 51-58.

GASTEIGER E,HOOGLAND C, GATTIKERA, DUVAUD S, WILKINS MR, APPELRD,
BAIROCHA (2005). Protein Identification and Analysis Tools on the ExPASy Server.
In The Proteomics Protocols Handbook Humana Press, Totowa, NJ, pp. 571-607.

GRABHERR MG, HAAS BJ, YASSOUR M, LEVIN JZ, THOMPSON DA, AMIT |,
ADICONIS X, FAN L, RAYCHOWDHURY R, ZENG Q, et al., (2011). Full-length
transcriptome assembly from RNA-Seq data without a reference genome. Nat
Biotechnol 29: 644—652.

GROSS JB, FURTERER A, CARLSON BM, STAHL BA (2013). An Integrated
Transcriptome-Wide Analysis of Cave and Surface Dwelling Astyanax mexicanus
Ed. D Soares. PLoS One 8: €55659.

HALL TA (1999). BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symp Ser 41: 95-98.

HOOVEN TA, YAMAMOTO Y, JEFFERY WR (2004). Blind cavefish and heat shock
protein chaperones: a novel role for hsp90alpha in lens apoptosis. Int J Dev Biol
48:731-738.

JEFFERY WR (2009). Evolution and development in the cavefish Astyanax. Curr
Top Dev Biol 86: 191-221.

KIERNAN JA (2008). Histological and histochemical methods: Theory and Practice,
4th ed. Scion Publishing Limited.

LANGMEAD B, SALZBERG SL (2012). Fast gapped-read alignment with Bowtie 2.
Nat Methods 9: 357-359.

LIN J-J, WANG F-Y, LI W-H, WANG T-Y (2017). The rises and falls of opsin genes in
59 ray-finned fish genomes and their implications for environmental adaptation.
Sci Rep 7: 15568.

MAL, NG M, WEELE CM, YOSHIZAWA M, JEFFERY WR (2020). Dual roles of the
retinal pigment epithelium and lens in cavefish eye degeneration. J Exp Zool Part
B Mol Dev Evol 334: 438-449.

MENG F, ZHAO Y, POSTLETHWAIT JH, ZHANG C (2013). Differentiallyexpressed
opsin genes identified in Sinocyclocheilus cavefish endemic to China. Curr Zool
59: 170-174.

MOHUN SM, DAVIES WL, BOWMAKER JK, PISANI D, HIMSTEDT W, GOWER DJ,
HUNT DM, WILKINSON M (2010). Identification and characterization of visual
pigments in caecilians (Amphibia: Gymnophiona), an order of limbless vertebrates
with rudimentary eyes. J Exp Biol 213: 3586-3592.

MURIEL-CUNHA J, PINNA M de (2005). New data on cistern catfish, Phreatobius
cisternarum, from subterranean waters at the mouth of the Amazon River (Siluri-
formes, Incertae Sedis). Papéis Avulsos Zool (Sdo Paulo) 45: 327-339.

OHARA WM, DA COSTA ID, FONSECA ML (2016). Behaviour, feeding habits and
ecology of the blind catfish Phreatobius sanguijuela (Ostariophysi: Siluriformes).
J Fish Biol 89: 1285-1301.

OWENS GL, WINDSOR DJ, MUI J, TAYLOR JS (2009). A Fish Eye Out of Water:
Ten Visual Opsins in the Four-Eyed Fish, Anableps anableps Ed. J Welch. PLoS
One 4: e5970.

PARTHA R, CHAUHAN BK, FERREIRA Z, ROBINSON JD, LATHROP K, NISCHAL
KK, CHIKINA M, CLARK NL (2017). Subterranean mammals show convergent
regression in ocular genes and enhancers, along with adaptation to tunneling.
Elife 6: 1-26.

PERTEA M, PERTEA GM, ANTONESCU CM, CHANG T-C, MENDELL JT, SALZ-
BERG SL (2015). StringTie enables improved reconstruction of a transcriptome
from RNA-seq reads. Nat Biotechnol 33: 290-295.

PRIYAM A, WOODCROFT BJ, RAI V, MOGHUL |, MUNAGALAA, TER F, CHOWD-
HARY H, PIENIAK I, MAYNARD LJ, GIBBINS MA, etal., (2019). Sequenceserver:
A Modern Graphical User Interface for Custom BLAST Databases. Mol Biol Evol
36: 2922-2924.

PROTAS M, JEFFERY WR (2012). Evolution and development in cave animals: from
fish to crustaceans. Wiley Interdiscip Rev Dev Biol 1: 823— 845.



250 L.N. Perez et al.

RENNISON DJ, OWENS GL, TAYLOR JS (2012). Opsin gene duplication and diver-
gence in ray-finned fish. Mol Phylogenet Evol 62: 986—-1008.

SCHOLTYSSEK C, KELBERA (2017). Farbensehen der TiereColor vision in animals.
Der Ophthalmol 114: 978-985.

SEPPEY M, MANNIM, ZDOBNOV EM (2019). BUSCO: Assessing Genome Assembly
and Annotation Completeness. In Nagapattinam to Suvarnadwipa pp. 227-245.

SHIBATTA OA, MURIEL-CUNHA J, PINNA MCC de (2007). A new subterranean
species of Phreatobius Goeldi, 1905 (Siluriformes, Incertae sedis) from the
Southwestern Amazon basin. Pap Avulsos Zool 47: 191-201.

SILVERMAN D, CHAI Z, YUE WWS, RAMISETTY SK, BEKSHE LOKAPPAS, SAKAI
K, FREDERIKSEN R, BINA P, TSANG SH, YAMASHITA T, CHEN J, YAU K-W
(2020). Dark noise and retinal degeneration from D190N-rhodopsin. Proc Natl
Acad Sci USA 117: 23033-23043.

SOARES D, NIEMILLER ML (2018). Extreme Adaptation in Caves. Anat Rec 303:
15-283.

STECHER G, TAMURAK, KUMAR S (2020). Molecular evolutionary genetics analysis
(Mega) for macos. Molec. Biol. Evol. 37: 1237-1239.

STEMMERM, SCHUHMACHERL-N, FOULKES NS, BERTOLUCCIC,WITTBRODT
J (2015). Cavefish eye loss in response to an early block in retinal differentiation
progression. Development 142: 743-752.

THOMPSON JD, HIGGINS DG, GIBSON TJ (1994). CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence weight-
ing, position-specific gap penalties and weight matrix choice. Nucleic Acids Res
22: 4673-4680.

TRAJANO E (2007). The Challenge of Estimating the Age of Subterranean Lineages:
Examples from Brazil. Acta Carsologica 36: 191-198.

VAN TRUMP WJ, COOMBS S, DUNCAN K, MCHENRY MJ (2010). Gentamicin
is ototoxic to all hair cells in the fish lateral line system. Hear Res 261: 42-50.

YAMAMOTO Y, STOCK DW, JEFFERY WR (2004). Hedgehog signalling controls
eye degeneration in blind cavefish. Nature 431: 844-847.

YOSHIZAWA M, GORICKI S, SOARES D, JEFFERY WR (2010). Evolution of a
Behavioral Shift Mediated by Superficial Neuromasts Helps Cavefish Find Food
in Darkness. Curr Biol 20: 1631-1636.



Further Related Reading, published previously in the Int. J. Dev. Biol.

Blind cavefish and heat shock protein chaperones: a novel role for hsp90alpha in lens apoptosis
Thomas A. Hooven, Yoshiyuki Yamamoto and William R. Jeffery

Int. J. Dev. Biol. (2004) 48: 731-738

http://www.intjdevbiol.com/web/paper/041874th

Retinal homeobox genes and the role of cell proliferation in cavefish eye degeneration.
Allen G Strickler, Kuburat Famuditimi and William R Jeffery

Int. J. Dev. Biol. (2002) 46: 285-294

http://www.intjdevbiol.com/web/paper/12068949

Retinal stem cells in vertebrates: parallels and divergences
Marcos A. Amato, Emilie Arnault and Muriel Perron

Int. J. Dev. Biol. (2004) 48: 993-1001
http://www.intjdevbiol.com/web/paper/041879ma

Development vs. behavior: a role for neural adaptation in evolution? THE INTERNATIONAL JOURNAL OF
Alain Ghysen and Christine Dambly-Chaudiére
Int. J. Dev. Biol. (2016) 60: 77-84

https://doi.org/10.1387/ijdb.160097ag BIO OG I

Volume 61 Nos. 10/11/12 Special Issue

Historical perspective on the development and evolution of eyes and photoreceptors
Walter J. Gehring

Int. J. Dev. Biol. (2004) 48: 707-717

http://www.intjdevbiol.com/web/paper/041900wg

Regulation of vertebrate eye development by Rx genes

Travis J. Bailey, Heithem EI-Hodiri, Li Zhang, Rina Shah, Peter H. Mathers and Milan Jamrich
Int. J. Dev. Biol. (2004) 48: 761-770

http://www.intjdevbiol.com/web/paper/041878tb

Genetics of photoreceptor development and function in zebrafish
Motokazu Tsujikawa and Jarema Malicki

Int. J. Dev. Biol. (2004) 48: 925-934
http://www.intjdevbiol.com/web/paper/041890mt

THE INTERNATIONAL JOURNAL 0)3 THE INTERNATIONAL JOURNAL OF THE INTERNATIONAL JOURNAL OF

BIOLOGY Psi@ssiexd BIOLOGY

Volume s. 10/11/12 Special Issue Volume 48 Nos. 8/9 Special Issue Volume 58 Nos. 6/ 2014

Eye Development 5 Spiralian Model Systems



http://www.intjdevbiol.com/web/issues/contents/vol/61/issue/10-11-12
http://www.intjdevbiol.com/web/issues/contents/vol/58/issue/6-7-8
http://www.intjdevbiol.com/web/issues/contents/vol/48/issue/8-9
http://www.intjdevbiol.com/web/issues/contents/vol/58/issue/10-11-12

