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Genomic evidence for rod monochromacy
in sloths and armadillos suggests early
subterranean history for Xenarthra

Christopher A. Emerling and Mark S. Springer

Department of Biology, University of California Riverside, 900 University Avenue, Riverside, CA 92521, USA

Rod monochromacy is a rare condition in vertebrates characterized by the

absence of cone photoreceptor cells. The resulting phenotype is colourblindness

and lowacuity vision in dim-light and blindness in bright-light conditions. Early

reports of xenarthrans (armadillos, sloths and anteaters) suggest that they are

rod monochromats, but this has not been tested with genomic data. We searched

the genomes of Dasypus novemcinctus (nine-banded armadillo), Choloepus hoff-
manni (Hoffmann’s two-toed sloth) and Mylodon darwinii (extinct ground

sloth) for retinal photoreceptor genes and examined them for inactivating

mutations. We performed PCR and Sanger sequencing on cone phototransduc-

tion genes of 10 additional xenarthrans to test for shared inactivating mutations

and estimated the timing of inactivation for photoreceptor pseudogenes. We

concluded that a stem xenarthran became an long-wavelength sensitive-cone

monochromat following a missense mutation at a critical residue in SWS1,

and a stem cingulate (armadillos, glyptodonts and pampatheres) and stem pilo-

san (sloths and anteaters) independently acquired rod monochromacy early

in their evolutionary history following the inactivation of LWS and PDE6C,

respectively. We hypothesize that rod monochromacy in armadillos and pilo-

sans evolved as an adaptation to a subterranean habitat in the early history of

Xenarthra. The presence of rod monochromacy has major implications for

understanding xenarthran behavioural ecology and evolution.
1. Introduction
Electrophysiological, molecular and genetic techniques have greatly increased our

knowledge of the retinal basis for vision in mammals [1–4]. Cone photoreceptors—

responsible for high acuity, colour vision in bright light—typically possess one of

four spectral classes of photopigment called opsins. The presence of multiple cone

opsins allows for the comparison of different wavelengths of light, whereas the

dim-light sensitive rod photoreceptors possess a single type of opsin, precluding

hue discrimination. The common ancestor of therian mammals probably possessed

dichromatic colour vision (two cone classes: short-wavelength sensitive opsin 1

(SWS1) and long-wavelength sensitive opsin (LWS)) following the loss of two

of four vertebrate cone types during a hypothesized ‘nocturnal bottleneck’ in

the Mesozoic [5]. The loss of additional cone classes is relatively common and

has evolved independently in assorted nocturnal, aquatic and subterranean mam-

mals [3,6,7]. These losses presumably are a consequence of inhabiting dim-light

niches in which colour discrimination is limited and provide well-documented

cases of convergent, regressive evolution [2,3,6,7].

Xenarthrans (armadillos (Cingulata), sloths (Folivora) and anteaters (Vermi-

lingua)) have been overlooked in vision research, despite being an ancient and

evolutionarily distinct lineage of mammals [8–11]. Most xenarthran species do

not occupy dim-light niches [12], but all three groups of xenarthrans are reported

in behavioural [13–18] and anatomical studies [19–22] to have vision consistent

with rod monochromacy wherein the retina lacks cones entirely. Rod monochro-

macy is characterized by low acuity and a complete lack of colour discrimination

in dim-light, and blindness during the day (hemeralopia), as rod cells become

saturated in bright light. Though pure-rod retinae have long been described in

mammals [20], these reports have typically been refuted by the results of
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molecular and genetic studies (e.g. contrast [20], p. 216 with

[7,23–25]). Only recently have genomic studies confirmed

rod monochromacy in mammals [6,7], suggesting that this is

a plausible phenotype for xenarthrans.

Using genomic and phylogenetic methods, we tested the

hypotheses that xenarthrans are rod monochromats and that

this condition was inherited from a common ancestor. Our

results suggest that xenarthrans have a long historyof rod mono-

chromacy and that the most recent common ancestor of

Xenarthra was at most an LWS-cone monochromat. These find-

ings indicate that xenarthrans inhabited an extreme dim-light

niche early in their evolution, which we suggest was a sub-

terranean habit given fossorial adaptations in fossil and many

living xenarthrans.
oc.B
282:20142192
2. Material and methods
(a) Data collection
We used BLASTN to search the publically available genomes

of Dasypus novemcinctus (nine-banded armadillo) and Choloepus hoff-
manni (Hoffmann’s two-toed sloth) for DNA sequences of cone and

rod phototransduction genes, other cone- and rod-specific genes and

genes expressed in both rods and cones (electronic supplementary

material, dataset S1). We used mRNA transcripts from GenBank

for reference sequences. We also mined NCBI’s Sequence Read

Archive (SRA) for sequences from the genome of an extinct ground

sloth, Mylodon darwinii. The SRA sequences were converted into

FASTA format and imported into GENEIOUS v. 7.0.5 [26]. In

GENEIOUS, we gathered sequences with BLASTN using exons and at

least 60 bp of flanking intron/untranslated region (UTR) sequence

on each side for reference (Ensembl). Results were assembled into

contigs with the de novo assembly tool in GENEIOUS. For comparison,

we searched for cone phototransduction genes in the genomes of two

known rod monochromats (Physeter macrocephalus (giant sperm

whale) and Balaenoptera acutorostrata (minke whale)), a xenarthran

analogue (Manis pentadactyla (Chinese pangolin)) and an LWS-cone

monochromat (Tursiops truncatus (bottlenose dolphin)) (electronic

supplementary material, dataset S1). Individual exons and splice

acceptor/donor sites were manually aligned with Se-Al v. 2.0a11

[27] and inspected for inactivating mutations.

We used PCR and Sanger sequencing to confirm shared inacti-

vating mutations in SWS1 and PDE6C in six armadillos, three sloths

and three anteaters (electronic supplementary material, dataset S1).

After aligning exon sequences for D. novemcinctus and C. hoffmanni,
we designed primers based on the flanking introns/UTRs (elec-

tronic supplementary material, table S1). We performed PCR with

Ramp-Taq DNA polymerase (Denville Scientific Inc.) in 50 ml reac-

tions using the following thermal cycling parameters: template

denaturation at 958C for 7 min, followed by 45 cycles of 1 min at

958C (denaturation), 1 min at 508C (annealing) and 2 min at 728C
(extension), followed by an extension at 728C for 10 min. Genomic

DNA (500–750 ng) was used as the template for the initial PCR

reaction, and 1–1.5 ml of the PCR product was used in the nested

PCR reactions. PCR products were assayed on 1% agarose gels,

excised with razor blades and cleaned with a Bioneer AccuPrep

Gel Purification kit. Cleaned PCR products were sequenced in

both directions using an automated DNA sequencer (ABI 3730xl)

at the UCR Core Instrumentation Facility. Contig assembly was

performed in GENEIOUS using the MUSCLE alignment tool [28].

(b) Inactivating mutations and pseudogene dating
analyses

Three general types of inactivating mutations were searched for

manually in Se-Al: splice donor/acceptor mutations, premature
stop codons and frameshift indels. Owing to the relatively high

frequency of GC as an alternative splice donor in mammals

[29], this variant was not considered an inactivating mutation.

Sequences with splice site mutations alone were not considered

pseudogenes owing to the possibility of functional splice variants.

All putative mutations were compared to outgroups to determine

whether they were uniquely derived. Inactivation times of pseudo-

genes were estimated using previously described methods [7,30].

The alignments used for the analyses can be found in the electronic

supplementary material, dataset S2. We assumed phylogenetic

relationships and divergence time (global means) from [31] for

these calculations.
3. Results and discussion
Dasypus novemcinctus has seven inactivated cone-specific genes

(SWS1, LWS, GNAT2 (cone transducin alpha subunit), PDE6C
(cone phosphodiesterase 6C), PDE6H (cone phosphodiesterase

6H), CNGB3 (cone cyclic nucleotide-gated channel beta sub-

unit), GRK7 (cone G-protein-coupled receptor)) and two

pseudogenic rod and cone genes (GUCA1B (guanylate cyclase

activator 1B) and GUCY2F (guanylate cyclase 2F)) (figures 1

and 2). By contrast, all rod-specific genes are intact (electronic

supplementary material, table S1). In theory, inactivating

mutations in both cone opsins (SWS1 and LWS) and/or

any of the subsequent genes in the cone phototransduction cas-

cade (CNGA3 (cone cyclic nucleotide-gated channel alpha

subunit; [33–35]), CNGB3 [35–37], GNAT2 [38,39], GNGT2
(cone transducin gamma subunit; [40]), PDE6C [41–43])

should result in non-functional or absent cones. The exceptions

are PDE6H [44] and GNB3 (cone transducin beta subunit; [45]),

which lead to partial rod monochromacy and reduced light-

sensitivity in their respective absence. The inactivation of

both cone opsins (SWS1 and LWS), GNAT2, PDE6C and

CNGB3 all indicate that D. novemcinctus is a rod monochromat.

For C. hoffmanni, SWS1, PDE6C, PDE6H, GNGT2, GRK7 and

GUCY2F are pseudogenic (figures 1 and 2; electronic sup-

plementary material, table S2). A rod phototransduction

gene, PDE6B (rod phosphodiesterase 6B), has a 2 bp deletion

in exon 21, but this deletion is near the 30-end of this long

gene so it may not result in inactivation. The retention of all

other rod-specific genes in C. hoffmanni suggests this gene is

probably still functional. Mylodon darwinii’s low coverage

genome was examined only for genes that are pseudogenic

in C. hoffmanni, and we found inactivating mutations in

SWS1, PDE6C, GRK7 and GUCY2F, several of which are

shared with C. hoffmanni (electronic supplementary material,

table S3). A splice acceptor mutation in PDE6H shared between

Mylodon and C. hoffmanni suggests this gene may be inactivated

in Mylodon as well (figure 1). The inactivation of PDE6C in

C. hoffmanni and M. darwinii, as well as GNGT2 in the former,

confirm rod monochromacy in both taxa.

For the comparison groups, M. pentadactyla’s SWS1 gene is

inactivated, but all other cone phototransduction genes are func-

tional, as is the case for T. truncatus (figure 2; electronic

supplementary material, table S2). The rod monochromats

B. acutorostrata and P. macrocephalus both have inactivated

copies of CNGB3, B. acutorostrata has a PDE6H pseudogene

and P. macrocephalus has inactivated copies of CNGA3, GNAT2
and GNGT2 (figure 2; electronic supplementary material, table

S2). These results, combined with previous studies [7,32], con-

firm that rod monochromats are unique in having inactivated

cone phototransduction genes, with the exception of SWS1 in
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LWS-cone monochromats (figure 2). Rod monochromats show a

mosaic of pseudogenization with most of the phototransduction

genes inactivated in multiple lineages, including SWS1, LWS,

CNGB3, GNAT2, GNGT2, PDE6C and PDE6H. The pleiotropic

GNB3 [46,47] is the only gene that has remained functional in

all rod monochromats examined (figure 2).

Dasypus novemcinctus, C. hoffmanni and M. darwinii share a

large deletion in the cone-specific GRK7 (figure 1; electronic

supplementary material, table S3). We estimate that this was

inactivated in a stem xenarthran approximately 95 Ma

(figure 3; electronic supplementary material, table S4).

Dasypus novemcinctus and C. hoffmanni also share a unique

missense mutation in SWS1, possessing a leucine at residue

23 rather than a proline (bovine RH1 numbering; figure 1; elec-

tronic supplementary material, table S3). A proline is present

in all opsins across vertebrates [49], with missense mutations

in rod opsin (RH1) resulting in a non-functional pigment

in vitro (P23H [50]), progressive photoreceptor degeneration

in vivo (P23H [51,52]), reduction in chromophore yield

owing to a decrease in cell-surface transportation (P23H,

P23L [53]) and high amounts of misfolding, with P23L

having the highest degree of misfolding among seven RH1

mutants [54]. Consistent with these data, Kogia breviceps
(pygmy sperm whale [6]) and Megaderma lyra (greater

false vampire bat (AWHB01305061–AWHB01305064)) both

have SWS1 pseudogenes with L23. We confirmed that this

mutation is present in two additional sloths (Bradypus
tridactylus (pale-throated three-toed sloth), Choloepus
didactylus (Linnaeus’ two-toed sloth)) and five armadillos

(Euphractus sexcinctus (six-banded armadillo), Chaetophractus
villosus (big hairy armadillo), Tolypeutes matacus (southern

three-banded armadillo), Priodontes maximus (giant arma-

dillo), Zaedyus pichiy (pichi)) (figure 1). We were unable to

amplify the exon containing this mutation in two anteaters

(Myrmecophaga tridactyla (giant anteater) and Tamandua
tetradactyla (southern tamandua)), but confirmed that SWS1
is pseudogenic in these species (electronic supplementary

material, tables S2 and S3). Using a molecular phylogenetic
method to date gene inactivations [27], we estimated that

SWS1 was pseudogenized approximately 80 Ma in a stem

xenarthran (figure 3; electronic supplementary material,

table S4), rendering the earliest crown xenarthrans at most

LWS-cone monochromats. This provides evidence of the ear-

liest acquisition of LWS-cone monochromacy in mammals

(electronic supplementary material, table S5). Though LWS-

cone monochromacy is frequently associated with nocturnality

[3], the nocturnal bottleneck hypothesis posits that placental

mammals were nocturnal through the end of the Mesozoic

[5,20,55,56] owing to competition and/or predation pressures

from diurnal sauropsids. Yet xenarthrans represent the only

extant lineage of mammals that appear to have disposed of

SWS1 prior to the end of the Mesozoic approximately

65.5 Ma, (electronic supplementary material, table S5)

suggesting that factors other than nocturnality may explain

SWS1 and GRK7 inactivation in this lineage (see §4).

Dasypus novemcinctus, C. hoffmanni and M. darwinii share

one premature stop codon in exon 4 of PDE6C (TGA), and

the former two share a stop codon in exon 5 (TGA; no

BLAST results for M. darwinii). As inactivated PDE6C leads

to rod monochromacy in vertebrates [41–43], these shared

mutations suggest that rod monochromacy originated in an

ancestor to Xenarthra. To test this hypothesis, we performed

PCR and successfully sequenced exons 4 and 5 in 10 and 9

xenarthrans, respectively. PDE6C is inactivated in both

Choloepus species, B. tridactylus, D. novemcinctus, E. sexcinctus,

C. villosus, P. maximus and T. matacus (figure 1; electronic sup-

plementary material, table S2), indicating rod monochromacy

is present in all of these species. However, the putative shared

mutations appear to be convergent as they are absent in

all armadillos that were examined except D. novemcinctus
(electronic supplementary material, table S2). Nonetheless,

four sloth species share stop codons in PDE6C (figure 1; elec-

tronic supplementary material, table S3), and we estimate this

gene was inactivated in the common ancestor of Pilosa

(anteaters þ sloths) shortly after this lineage diverged from cin-

gulates near the Cretaceous–Palaeogene (K-Pg) boundary
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(figure 3; electronic supplementary material, table S4). This

estimate predates the earliest unambiguous pilosan fossils

(31.5 Ma, Pseudoglyptodon spp. [57]) and suggests that all

known extinct and extant sloths and anteaters were/are rod

monochromats (figure 3). However, exon 4 of PDE6C is

intact in Cyclopes didactylus and M. tridactyla (electronic sup-

plementary material, dataset S1), so complete sequences

from anteaters will be required to test this hypothesis. No

inactivating mutations in exons 4 and 5 of PDE6C were

shared by all armadillos (electronic supplementary material,

table S3), but our estimates for the inactivation of SWS1
(80.06 Ma), LWS (65.43 Ma), GNAT2 (59.55 Ma), PDE6C
(45.7 Ma) and CNGB3 (43.65 Ma; electronic supplementary

material, table S4) all predate crown armadillos (41.4 Ma

[48]) and the earliest fossils of the two major extinct cingulate

lineages: pampatheres (16 Ma, Scirrotherium; reviewed in

[58]) and glyptodonts (48.6 Ma, Glyptatelus [10], except

PDE6C and CNGB3). This suggests that rod monochromacy

was/is present in all of these taxa (figure 3).

Rod monochromacy is characterized by the complete

absence of cones and results in complete colourblindness

with poor visual acuity in dim-light and total blindness in
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bright-light conditions. As a result, xenarthrans probably use

vision only at night, twilight and in burrows, though species

that dwell in the understory of South America’s rainforests

may experience low enough levels of light during the day

to facilitate limited vision. Extinct glyptodonts might have

compensated for their presumed inability to see approaching

predators with their tough carapace and enormous size.

Burrowing armadillos, ground sloths and pampatheres

might have been pre-adapted to the low-light conditions under-

ground. Additionally, as xenarthrans are frequently the victims

of vehicular collisions [17], awareness of their degenerate

vision should aid in their conservation.
4. The xenarthran subterranean bottleneck
Rod monochromacy represents an extreme retinal adaptation

to dim-light conditions because rods, not cones, are activated

when very few photons are available. Consistent with this

hypothesis, it has only been discovered in deep-sea fishes

[59], deep diving whales [6] and subterranean vertebrates

[7,60]. Therefore a long history of extreme dim-light con-

ditions is predicted to eliminate the function of cones via

directional selection for a higher density of rods or relaxed

selection on the maintenance of cones. We propose that the

loss of SWS1 and GRK7 in stem xenarthrans, and the subseq-

ent, independent loss of cones in pilosans and armadillos,

respectively, is a consequence of early xenarthrans passing

through a subterranean bottleneck.

To our knowledge, Simpson [61] was the first to suggest that

the last common ancestor of xenarthrans (‘edentates’) was fos-

sorial. Molecular timetrees suggest that xenarthrans last

shared a common ancestor near the K-Pg boundary [31,48]. Fos-

soriality in Mesozoic mammals is not without precedent and

several lineages of Mesozoic synapsids are inferred to have

exhibited burrowing behaviour [62–65]. Robertson et al. [66]

suggested that mammals survived the mass extinction event

at the K–Pg boundary, in part, by sheltering themselves from

stressful conditions (e.g. infrared radiation resulting from the
Chicxulub impact) in underground burrows. The earliest xenar-

thran fossils (Middle Palaeocene) show fossorial limb

adaptations [67] and extant armadillos and many extinct xenar-

thrans display(ed) fossorial behaviours and/or adaptations

[68–74]. Though extant anteaters and sloths are terrestrial to

arboreal, xenarthran synapomorphies include features that

reflect a fossorial ancestry: strongly curved claws; a secondary

scapular spine, allowing for a stronger retraction of the humerus

[75]; plus a synsacrum and lateral accessory articulations of the

lumbar vertebrae, which help stabilize the body while digging

[76,77]. Besides xenarthrans, the latter character is present only

in the subterranean Mesozoic mammal Fruitafossor [64].

The morphological and palaeontological evidence of ances-

tral fossoriality, coupled with the loss of SWS1 and GRK7 in a

stem xenarthran and rod monochromacy in early cingulates

and pilosans, argues for a subterranean lifestyle in the earliest

xenarthrans. We suggest that passage through this hypoth-

esized subterranean bottleneck is a historical contingency that

constrained xenarthran evolution. Specifically, rod monochro-

macy and modifications to the postcranium related to

fossoriality probably prevented diversification into various

locomotory types (e.g. gliding, flying, running) and feeding

habits (e.g. active predation), and canalized tree sloths to

convergently adopt a suspensory posture [77]. The presence of

rod monochromacy in xenarthrans should be taken into account

in future behavioural, ecological and conservation studies

involving this enigmatic lineage of mammals.
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alignments uploaded as electronic supplementary material, dataset S1.
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B, Vadalà M, Jacobson SG, Wissinger B. 2002
Mutations in the cone photoreceptor G-protein
alpha-subunit gene GNAT2 in patients with
achromatopsia. Am. J. Hum. Genet. 71, 422 – 425.
(doi:10.1086/341835)

39. Chang B, Dacey MS, Hawes NL, Hitchcock PF, Milam
AH, Atmaca-Sonmez P, Nusinowitz S, Heckenlively
JR. 2006 Cone photoreceptor function loss-3, a
novel mouse model of achromatopsia due to a
mutation in Gnat2. Invest. Ophthalmol. Vis. Sci. 47,
5017 – 5021. (doi:10.1167/iovs.05-1468)

40. Akhmedov NB, Piriev NI, Pearce-Kelling S, Acland
GM, Aguirre GD, Farber DB. 1998 Canine cone
transducin-gamma gene and cone degeneration
in the cd dog. Invest. Ophthalmol. Vis. Sci. 39,
1775 – 1781.

41. Stearns G, Evangelista M, Fadool JM, Brockerhoff SE.
2007 A mutation in the cone-specific pde6 gene
causes rapid cone photoreceptor degeneration in
zebrafish. J. Neurosci. 27, 13 866 – 13 874. (doi:10.
1523/JNEUROSCI.3136-07.2007)

42. Thiadens AAHJ et al. 2009 Homozygosity mapping
reveals PDE6C mutations in patients with early-
onset cone photoreceptor disorders. Am. J. Hum.
Genet. 85, 240 – 247. (doi:10.1016/j.ajhg.2009.
06.016)

43. Chang B et al. 2009 A homologous genetic basis of
the murine cpfl1 mutant and human achromatopsia
linked to mutations in the PDE6C gene. Proc. Natl
Acad. Sci. USA 106, 19 581 – 19 586. (doi:10.1073/
pnas.0907720106)

http://dx.doi.org/10.1016/S1350-9462(00)00012-4
http://dx.doi.org/10.1016/S1350-9462(00)00012-4
http://dx.doi.org/10.1111/j.1365-294X.2012.05617.x
http://dx.doi.org/10.1111/j.1365-294X.2012.05617.x
http://dx.doi.org/10.1017/S0952523812000429
http://dx.doi.org/10.1017/S0952523813000242
http://dx.doi.org/10.1017/S0952523813000242
http://dx.doi.org/10.1098/rspb.2013.0508
http://dx.doi.org/10.1098/rspb.2013.0508
http://dx.doi.org/10.1371/journal.pgen.1003432
http://dx.doi.org/10.1016/j.ympev.2014.05.016
http://dx.doi.org/10.1126/science.1067179
http://dx.doi.org/10.1126/science.1067179
http://dx.doi.org/10.1016/S0169-5347(98)01457-8
http://dx.doi.org/10.1016/S0169-5347(98)01457-8
http://dx.doi.org/10.1890/08-1494.1
http://dx.doi.org/10.1086/279370
http://dx.doi.org/10.2307/1380987
http://dx.doi.org/10.1002/jmor.1050460202
http://dx.doi.org/10.1002/jmor.1050460202
http://dx.doi.org/10.1038/46947
http://dx.doi.org/10.1073/pnas.0813201106
http://www.geneious.com
http://www.geneious.com
http://tree.bio.ed.ac.uk/software/seal/
http://tree.bio.ed.ac.uk/software/seal/
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1093/nar/28.21.4364
http://dx.doi.org/10.1371/journal.pgen.1000634
http://dx.doi.org/10.1126/science.1211028
http://dx.doi.org/10.1186/1471-2148-13-52
http://dx.doi.org/10.1038/935
http://dx.doi.org/10.1016/j.ygeno.2009.10.003
http://dx.doi.org/10.1016/j.ygeno.2009.10.003
http://dx.doi.org/10.1136/jmg.2003.011437
http://dx.doi.org/10.1136/jmg.2003.011437
http://dx.doi.org/10.1093/hmg/9.14.2107
http://dx.doi.org/10.1093/hmg/9.14.2107
http://dx.doi.org/10.1093/hmg/11.16.1823
http://dx.doi.org/10.1093/hmg/11.16.1823
http://dx.doi.org/10.1086/341835
http://dx.doi.org/10.1167/iovs.05-1468
http://dx.doi.org/10.1523/JNEUROSCI.3136-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.3136-07.2007
http://dx.doi.org/10.1016/j.ajhg.2009.06.016
http://dx.doi.org/10.1016/j.ajhg.2009.06.016
http://dx.doi.org/10.1073/pnas.0907720106
http://dx.doi.org/10.1073/pnas.0907720106


rspb.royalsocietypublishing.org
Proc.R.Soc.B

282:20142192

7
44. Kohl S et al. 2012 A nonsense mutation in PDE6H
causes autosomal-recessive incomplete
achromatopsia. Am. J. Hum. Genet. 91, 527 – 532.
(doi:10.1016/j.ajhg.2012.07.006)

45. Nikonov SS et al. 2013 Cones respond to light in the
absence of transducin b subunit. J. Neurosci. 33,
5182 – 5194. (doi:10.1523/JNEUROSCI.5204-12.2013)

46. Keers R et al. 2011 Variation in GNB3 predicts
response and adverse reactions to antidepressants.
J. Psychopharmacol. 25, 867 – 874. (doi:10.1177/
0269881110376683)

47. Kumar R, Kohli S, Alam P, Barkotoky R, Gupta M,
Tyagi S, Jain SK, Pasha MAQ. 2013 Interactions
between the FTO and GNB3 genes contribute to
varied clinical phenotypes in hypertension. PLoS
ONE 8, e63934. (doi:10.1371/journal.pone.0063934)

48. Delsuc F, Superina M, Tilak M-K, Douzery EJP,
Hassanin A. 2012 Molecular phylogenetics unveils
the ancient evolutionary origins of the enigmatic
fairy armadillos. Mol. Phylogenet. Evol. 62,
673 – 680. (doi:10.1016/j.ympev.2011.11.008)

49. Carleton KL, Spady TC, Cote RH. 2005 Rod and cone
opsin families differ in spectral tuning domains but
not signal transducing domains as judged by
saturated evolutionary trace analysis. J. Mol. Evol.
61, 75 – 89. (doi:10.1007/s00239-004-0289-z)

50. Davies WIL et al. 2012 Next-generation sequencing
in health-care delivery: lessons from the functional
analysis of rhodopsin. Genet. Med. 14, 891 – 899.
(doi:10.1038/gim.2012.73)

51. Naash MI, Hollyfield JG, Al-Ubaidi MR, Baehr W.
1993 Simulation of human autosomal dominant
retinitis pigmentosa in transgenic mice expressing a
mutated murine opsin gene. Proc. Natl Acad. Sci.
USA 90, 5499 – 5503. (doi:10.1073/pnas.90.12.
5499)

52. Dryja T, McGee T, Reichel E, Hahn L, Cowley G,
Yandell D, Sandberg M, Berson E. 1990 A point
mutation in the rhodopsin gene in one form of
retinitis pigmentosa. Nature 343, 364 – 366. (doi:10.
1038/343364a0)

53. Kaushal S, Khorana HG. 1994 Structure and function
in rhodopsin. 7. Point mutations associated with
autosomal dominant retinitis pigmentosa.
Biochemistry 33, 6121 – 6128. (doi:10.1021/
bi00186a011)

54. Krebs MP, Holden DC, Joshi P, Clark CL, Lee AH,
Kaushal S. 2010 Molecular mechanisms of
rhodopsin retinitis pigmentosa and the efficacy
of pharmacological rescue. J. Mol. Biol. 395,
1063 – 1078. (doi:10.1016/j.jmb.2009.11.015)
55. Heesy CP, Hall MI. 2010 The nocturnal bottleneck
and the evolution of mammalian vision. Brain.
Behav. Evol. 75, 195 – 203. (doi:10.1159/
000314278)

56. Hall MI, Kamilar JM, Kirk EC. 2012 Eye shape and
the nocturnal bottleneck of mammals. Proc. R. Soc.
B 279, 4962 – 4968. (doi:10.1098/rspb.2012.2258)

57. McKenna M, Wyss A, Flynn J. 2006 Paleogene
pseudoglyptodont xenarthrans from central Chile
and Argentine Patagonia. Am. Museum Novit. 3536,
1 – 18. (doi:10.1206/0003-0082(2006)3536[1:
PPXFCC]2.0.CO;2)
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