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ABSTRACT OF THE DISSERTATION

The Molecular Evolution of Mammalian Vision:
Pseudogenes, Spectral Shifts and Their Historical
Significance

by

Christopher Allan Emerling

Doctor of Philosophy, Graduate Program in Evolution, Ecology and Organismal Biology
University of California, Riverside, June 2015
Dr. Mark S. Springer, Chairperson

Previous research on the evolution of vision in mammals has typically focused on the
duplication and loss of genes encoding opsins, the proteins that make up one moiety of
the retinal photopigment complex. These gains and losses are typically attributed to
invading new photic niches, with gains associated with bright light and losses with dim
light niches. Additionally, the adaptive significance of opsin spectral tuning (i.e.,
preferential absorption wavelength) has largely remained a mystery for terrestrial
mammals. For example, for almost 25 years researchers have been aware that some
mammals possess ultraviolet-sensitive opsins whereas others possess violet-sensitive
homologs. While scientists have proposed various explanations for this variation, there
have been no formal tests of these hypotheses. In this dissertation, I expand upon this

previous work in two ways: 1) exploring the loss of non-opsin visual genes in mammals
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occupying dim-light habitats, and 2) testing hypotheses of the evolution of an opsin’s
spectral tuning in terrestrial environments. I used genome- and PCR-generated DNA
sequence data in a comparative phylogenetic framework, and concluded the following: 1)
subterranean mammals have variable degrees of visual gene decay, especially to the
bright light visual system, as a result of their underground lifestyle, 2) armadillos, sloths
and anteaters likely descended from a subterranean ancestor, as evidenced by the loss of
genes encoding their bright light visual system, and 3) the ultraviolet/violet opsin in
mammals has evolved in response to an increase in eye length and light exposure during

mammalian history.
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Chapter 1: Introduction

Vision has been an important vertebrate sensory modality at least since the dawn of the
clade (Davies et al. 2012a). Its numerous crucial functions, including predator avoidance,
prey detection, and intraspecific communication, has made it indispensable to the vast
majority of vertebrate taxa. Vision begins as a photochemical reaction in the rod and cone
photoreceptors of the retina. Both photoreceptors bear photopigments composed of an
opsin, which is a G protein-coupled receptor, and a vitamin A-derived chromophore.
When a photon strikes the chromophore, it isomerizes, leading to transformation of the
opsin and subsequent activation of a phototransduction cascade. The result of this process
is the hyperpolarization of the photoreceptor cell, electrical activation of successive
retinal neurons and processing in the brain. In order for this entire process to function
properly, photoreceptors need 1) opsins tuned to absorb at least some of the light that
reaches the retina and 2) functional components of the phototransduction cascade.

The vertebrate ancestor probably had one class of rod opsin (RH1) and four
classes of cone opsins expressed in distinct cones (Davies et al. 2012). Each cone opsin
class differs in the wavelength of light it preferentially absorbs, allowing for comparisons
of light stimuli to discern color. Since the perception of color is dependent in part on the
number of opsin classes, rods, with only one pigment, cannot facilitate color vision. Rods
and cones also differ in light sensitivity and acuity. Rods have a higher surface area of the
opsin-laden outer segment than cones (Walls 1942), allowing for a lower threshold of

activation. A single illuminated rod opsin also activates more proteins of the



phototransduction cascade than cone opsins, leading to an amplification effect and
therefore more sensitive rods. Cones, by contrast, terminate the light response at a
quicker rate, allowing for greater temporal resolution (Kawamura and Tachibanaki 2008).
Additionally, many rods will connect to a single bipolar neuron, whereas cones typically
synapse with a single bipolar cell. This rod retinal summation leads to more sensitive
rods, since many rods can activate a single retinal neuron. However, this comes at the
expense of spatial acuity. Due to this trade-off between sensitivity and acuity, a higher
proportion of rods is typical of species that occupy dim-light niches whereas high cone
densities are often found in species inhabiting bright-light niches (Walls 1942).
Mammals descended from amniotes with more complex cone visual systems than
they currently possess today. It is likely that synapsids inherited all four cone opsin
classes from an amniote ancestor, leading to tetrachromatic color vision. Rod-like cone
opsin (RH2) was probably deleted in the stem mammal lineage, with the lineages leading
to crown monotremes and crown therians losing short-wavelength sensitive cone opsin 1
(SWS1) and short-wavelength sensitive cone opsin 2 (SWS2), respectively (Davies et al.
2012a), resulting in dichromatic (two cone opsins) color vision in modern mammals. The
loss of these opsins coincided with the elimination of various other features involved in
detecting light, including colored cone oil droplets with filtration properties (Walls 1942;
Ahnelt and Kolb 2000), extra-retinal opsins with nonvisual functions (e.g., circadian
regulation; Gerkema et al. 2013), and double cones in placental mammals (Walls 1942).
This reduction of photoreceptive traits is generally attributed to a bottleneck in which

Mesozoic mammals were adapted to dim-light conditions for an extended period of time,



a hypothesis supported by the typical rod dominated retinas and nocturnal-adapted eye
shape typical of mammals (Walls 1942; Hall et al. 2012; Davies et al. 2012a; Gerkema et
al. 2013). The most commonly accepted hypothesis is that mammals continued
occupying this nocturnal due to predation and/or competition pressures from dinosaurs
(Kemp 2005). Following the extinction of non-avian dinosaurs, mammals diversified into
various niches, likely including new light environments.

The hypothesized return to bright-light niches, as well as the persistence in or
secondary return to dim-light niches, has led to further evolution of the opsin complement
in mammals. A few mammalian lineages evolved an additional retinal opsin (Davies et
al. 2012a), allowing for an extra dimension of color vision (trichromacy). For example,
catarrhine Primates and howler monkeys, both of which possess a duplicated long
wavelength-sensitive (LWS) opsin with a shifted spectral sensitivity, are highly diurnal
species that encounter ample light for cone activation. These species probably benefit
from having an extra channel for color vision to detect the reds in fruits and nutritious
young leaves against a green background of mature foliage (Surridge et al. 2003). Many
other mammals have lost a third cone opsin, almost always SWS1. These species are
consistently nocturnal, subterranean or marine dwellers (Jacobs 2013), suggesting that
persisting in dim-light or monochromatic environments renders color vision superfluous.
Additionally, the invasion of deep marine environments, a habitat with a very narrow
spectrum of light, appears to have caused blue-shifts in the spectral sensitivity of RH1

and LWS in cetaceans (Meredith et al. 2013a).



While the loss of opsins in dim-light environments has been thoroughly
documented in the literature (Jacobs 2013), it is less clear to what extent other vision
genes degrade. The public release of three genomes of subterranean mammals, which are
rarely exposed to light, allowed me to investigate the amount, distribution and timing of
visual gene loss in such species in Chapter 2. I concluded that inhabiting a subterranean
environment has a strong influence on functionality of visual genes. Reports of poor
vision in xenarthrans (armadillos, sloths, anteaters) suggested that these species might
also exhibit broad loss of vision genes, particularly those that encode cone opsins and
cone phototransduction proteins. I explored the extent of photoreceptor gene reduction in
this ancient clade in Chapter 3, and came to the conclusion that the ancestral xenarthrans
occupied a dim-light, probably subterranean, habitat.

As stated above, opsins vary in the wavelengths of light they preferentially
absorb, a trait that is thought correlate with the ambient light environment. However, it is
not clear what causes spectral shifts in opsins in species adapted to terrestrial
environments where the available light spectrum is typically very broad. SWS1 opsin has
undergone radical spectral shifts in mammals, varying in their peak wavelength
sensitivity by as much as 107 nm. Though a focus on the spectral quality of available
light has often been invoked to explain spectral tuning of opsins, I tested alternative
hypotheses of predictors of SWS1 tuning in Chapter 4, discovering that eye length the

and amount of light exposure has probably driven SWS1 evolution.



Chapter 2: Eyes underground: Regression of visual protein networks in

subterranean mammals

1. Introduction

Regressive evolution, or vestigialization, is the degradation of formerly useful anatomical
structures, behaviors and/or genes in lineages over time (Fong et al. 1995). Regressive
evolution may occur when an organism enters a novel niche and one or more characters
degenerate either via relaxed selection, due to a lack of utility to the organism, or direct
selection against these characters if they are maladaptive. Regressive evolution is
widespread among the visual systems of vertebrates that have invaded dim-light niches,
including caves (Wilkens 2007), deep-oceans (Yokoyama et al. 1999; Meredith et al.
2013a), nocturnal activity patterns (Jacobs 2013), and subterranean habitats (Sweet 1906;
Sweet 1909; Sanyal et al. 1990; David-Gray et al. 2002; Mohun et al. 2010; Kim et al.
2011), and has previously been noted by prominent naturalists including Lamarck (de
Monet 2011), Darwin (1859) and even Aristotle (2004).

It is expected that morphological regression will be mirrored by the decay of
underlying genes whose functions are solely dedicated to the specification of formerly
useful morphological characters. This genetic decay results in the accumulation of
deleterious mutations that convert a formerly functional gene into a nonfunctional unitary
pseudogene (Meredith et al. 2009, 2011a, 2013b). Given that vision involves numerous
retina-specific proteins, degradation of these genes should be positively correlated with

the decay of the vertebrate eye in species that have secondarily lost one or more



components of vision. The public release of three subterranean mammal genomes
provides an opportunity to address questions relating to regression of the visual system
by evaluating the patterns of inactivation among retina-specific genes. These species,
Chrysochloris asiatica (Cape golden mole, Chrysochloridae), Heterocephalus glaber
(naked mole-rat, Bathyergidae) and Condylura cristata (star-nosed mole, Talpidae)
belong to three different superorders of mammals (Afrotheria, Euarchontoglires, and
Laurasiatheria, respectively; Murphy et al. 2001), represent convergent forays into
underground habitats, and provide independent natural experiments to assess the effects
of subterranean life on vision.

Here, we address whether the degree of molecular regression mirrors the amount
of light available to the retina. Only light that is capable of reaching the retina can be
transduced into a signal to facilitate vision. Subterranean mammals are expected to have a
reduced amount of light reaching their retinas compared to their subaerial counterparts,
but even among the former there are differences in commitment to underground activity.
Species that spend more time underground are predicted to have progressively more
degraded eyes and a larger number of retinal pseudogenes. Additionally, some
subterranean mammals can open their eyelids whereas others possess eyes that are
completely subcutaneous. This difference is also predicted to influence the degree of
ocular degradation with more extensive regression occurring in species with
subcutaneous eyes. Condylura cristata has minute eyes with functional eyelids and
spends time below ground, above ground, and in the water (Hamilton 1931; Petersen and

Yates 1980). Heterocephalus glaber spends nearly all of its time underground, and



typically opens its tiny eyes only under illumination (Jarvis and Sherman 2002; Mills and
Catania 2004; Nikitina et al. 2004). Chrysochloris asiatica spends almost all of its time
below ground and possesses subcutaneous eyes (Sweet 1909; Gubbay 1956).
Accordingly, we predict that the level of retinal genomic regression should increase from
Condylura to Heterocephalus to Chrysochloris.

We also address whether retinal protein networks involved in vision degrade in a
predictable pattern. We focus on two major processes: 1) phototransduction, the
conversion of information encoded in photons to an electrical signal, and 2) the visual
cycle, the process that regenerates the vitamin-A-derived chromophores necessary for
photoreception. Phototransduction occurs in the highly sensitive, dim-light
photoreceptive retinal cells known as rods and the low-sensitivity, high-acuity cells that
are more useful in bright light known as cones. This process is initiated by the absorption
of photons by chromophores bound to opsin proteins. Rods and cones use separate but
paralogous proteins for their respective phototransduction cascades, and share several
proteins for regeneration, regulation and other processes (Fu 2011; Invergo et al. 2013).
For example, cones in most placental mammals contain SWS1 (short-wavelength
sensitive 1) and/or LWS (long-wavelength sensitive) opsins, whereas rods contain RH1
(rod-specific) opsin. Rods and cones also possess a shared visual cycle that takes place in
the retinal pigment epithelium, whereas a recently discovered cone-specific cycle appears
to utilize many of the same proteins (Saari 2012).

Given this information, we predict that inactivation of a gene that is crucial to the

rod or cone pathway will be accompanied by the inactivation of all other rod- or cone-



specific genes, respectively. Further, if only one pathway is disrupted, then all genes
encoding shared pathway proteins should be retained owing to maintenance of the
remaining phototransduction pathway. Finally, shared pathway proteins should only be
lost if cone and rod phototransduction are both abrogated. The exceptions to these
predictions involve any functionally redundant, or nearly redundant, proteins that occur
in these pathways. Presumably these extra proteins are useful in conditions with bright
light (e.g., higher rates of chromophore turnover), though in a subterranean habitat some,
but not all copies, may become nonfunctional.

Ocular regression is not limited to subterranean mammals and also occurs among
species that inhabit other dim-light niches (e.g., nocturnality; Jacobs 2013; Shen et al.
2013). A final question, therefore, is whether subterranean lifestyles, as opposed to other
selective pressures, have led to the regression of visual systems that are observed in
subterranean species. To address this question we can compare the timing of ocular
degradation to the origins of fossoriality in subterranean lineages. Soft tissues such as
eyes are rarely preserved in the fossil record, but inactivation times of vision pseudogenes
may be used as a proxy for eye degeneration. These estimates can then be compared to
ancestral state reconstructions of fossoriality and fossil record-based estimates of the
timing of deployment into subterranean habitats among different fossorial lineages.
Inactivation dates of vision genes should be similar to or younger than inferred dates for
fossoriality if life underground has led to the degradation of these genes. Conversely,
inactivation dates that are older than the origins of fossoriality would suggest that visual

regression commenced in response to other selective pressures in the earlier history of



such lineages, e.g., nocturnality. In addition to Condylura, Heterocephalus, and
Chrysochloris, we also estimate the timing of inactivation of published retinal
pseudogenes from two other subterranean taxa: the marsupial mole (Notoryctes typhlops;
Springer et al. 1997) and the Middle East blind mole rat (Spalax ehrenbergi; David-Gray
et al. 2002).

To address these questions, we collected complete or nearly complete protein-
coding regions of 65 retinal genes that are associated with phototransduction, the visual
cycle, circadian photoentrainment, photoreceptor development, and/or retinal diseases
(latter three collectively referred to as “other retinal proteins” below), performed
phylogenetic analyses, and reviewed the literature on the fossil records of these taxa. Our
results support the hypotheses that the amount of light reaching the retina is related to the
proportion of retinal genomic regression, that degradation of retinal protein networks is
largely predictable, and that the timing of retinal gene pseudogenization is broadly

consonant with the entrance of different subterranean taxa into their underground niches.

2. Materials and methods

2.1. Gene sampling

Genes were selected based on 1) their known or inferred function in the retinal
phototransduction cascade, visual cycle, circadian photoentrainment, or photoreceptor
development (Fu 2011; Saari 2012; Invergo et al. 2013), and/or 2) their implication in
retinal diseases (Wada et al. 2001; Grayson et al. 2002; Hattar et al. 2003; Liu et al. 2004;

Zangerl et al. 2006; Boon et al. 2009; Bandah-Rozenfeld et al. 2010; Collin et al. 2010;



Bujakowska et al. 2012; D1 Gioia et al. 2012; Davidson et al. 2013). Reference sequences
for mRNA transcripts were downloaded from GenBank.

DNA sequences were downloaded from the following sources: GenBank (GB),
which includes NCBI’s whole genome shotgun contig database (WGS); Ensembl (E);
and in the case of ABCA4, OrthoMAM (OM; Ranwez et al. 2007) (Supplemental File A,
Table S1). Sequences for Chrysochloris asiatica (Cape golden mole; 66x genome
coverage), Heterocephalus glaber (naked mole-rat; 90x [Broad, Kim et al. 2011]), and
Condylura cristata (star-nosed mole; 113.1x) were all derived from WGS. For H. glaber,
we gathered sequences from the Broad assembly and only included sequences from the
Kim et al. (2011) assembly when the former returned negative BLAST results. All genes
collected from the Broad assembly were BLASTed against the Kim et al. (2011)
assembly for comparison. In cases where an inactivated copy of a gene was discovered in
one or more subterranean taxa, gene sequences for representative outgroup taxa
(Laurasiatheria, Euarchontoglires, or Afrotheria, respectively) were also downloaded to
check for functionality versus inactivation and to perform pseudogene dating analyses
(see section 2.5). Laurasiatheria outgroups included Bos taurus (domestic cow; E, GB,
OM, WGS 7x), Canis lupus familiaris (domestic dog; E, GB, WGS 90x), Erinaceus
europaeus (European hedgehog; E, WGS 79x), Sorex araneus (common shrew; E, WGS
120x), and Equus caballus (domestic horse; E, GB); Euarchontoglires outgroups included
Cavia porcellus (guinea pig; E, GB, WGS 6.8x), Chinchilla lanigera (chinchilla; WGS
87x), Jaculus jaculus (lesser Egyptian jerboa; WGS 78x), Mus musculus (house mouse;

E, GB, WGS 121.5x), Octodon degus (degu; WGS 80x), and Spermophilus
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tridecemlineatus (thirteen-lined ground squirrel; E, GB, WGS 495.1x); Afrotheria
outgroups comprised Loxodonta africana (African bush elephant; E, GB, OM, WGS 7x),
Echinops telfairi (lesser hedgehog tenrec; E, OM, WGS 78x), Orycteropus afer
(aardvark; WGS 44x), Procavia capensis (rock hyrax; E, OM , WGS 2 .41x),
Elephantulus edwardii (Cape elephant shrew; WGS 62x), and Trichechus manatus (West
Indian manatee; GB, WGS 150x).

For WGS sequences, we BLASTed the entire coding region of a reference
sequence using the blastn algorithm against NCBI’s whole genome shotgun contig
database via Geneious ver. 5.6.5 (Drummond et al. 2012). Individual segments for each
taxon were then aligned to a reference sequence in succession using the Muscle
alignment tool (Edgar 2004) in Geneious. Alignments were then imported into Se-Al
v.2.0all (Rambaut 1996), adjusted manually and assembled into complete coding
sequences. To fill in gaps in gene sequences, we BLASTed individual exons against
NCBI's WGS database with more permissive search parameters, and used sequences
from the closest available living relative as the query sequence. For the three
subterranean taxa, splice acceptor and donor sites were also tabulated. For Ensembl
sequences, query sequences were BLASTed against subject sequences using the BLAT

algorithm. The individual exons were imported into Se-Al and aligned manually.

2.2. Taxon sampling
Sequences for Chrysochloris asiatica, Heterocephalus glaber, and Condylura cristata

were collected for all genes when possible. If all sequences were found to be functional,
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no further taxa were acquired for comparison. Whenever pseudogenes were identified in
a subterranean species, we downloaded sequences for all of the outgroup species from its
corresponding superorder as well as one representative from each of the other
superorders. For example, ABCA4 was found to be pseudogenic in C. asiatica but not in
H. glaber or C. condylura, so sequences were assembled for all afrotherian taxa but only
a single representative from Euarchontoglires and Laurasiatheria, respectively. When
assembling sequences for just one species to represent a superorder, we used the
following taxa: Afrotheria = Loxodonta, Euarchontoglires = Mus, and Laurasiatheria =

Bos.

2.3. PCR and DNA sequencing

We performed nested PCR amplification of genomic DNA and de novo sequencing to
confirm inactivating mutations in golden mole cone opsins. We sequenced exons 2 and 3
of LWS for Chrysochloris asiatica and Amblysomus hottentotus and exon 4 of SWS/ in A.
hottentotus. Reference sequences were aligned in Se-Al, and primers (Supplemental File
A, Table S2) were designed based on flanking intron sequences. PCR was performed
with Denville Scientific Inc. Ramp-Taq DNA polymerase in 50 pl reactions using the
following thermal cycling parameters: template denaturation at 95°C for seven minutes
followed by 45 cycles of one minute at 95°C (denaturation), one minute at 50°C
(annealing), and two minutes at 72°C (extension), ending with an extension at 72°C for
ten minutes. We used ~750 ng of genomic DNA as the template for the initial PCR

reaction, and 1.5 pl of the initial PCR product as the template for nested PCR reactions.
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PCR products were assayed on 1% agarose gels, bands of the expected size were excised
with a razor blade, and gel slices were cleaned with Bioneer AccuPrep Gel Purification

kits. Cleaned PCR products were sequenced in both directions using an automated DNA
sequencer (ABI 3730x1) at the UCR Core Instrumentation Facility. Contig assembly was

performed with Geneious 5.6.5 (Drummond et al. 2012) using the Muscle alignment tool.

2.4. Inactivating mutations

Manual searches were performed in Se-Al to identify three types of inactivating
mutations: splice donor/acceptor mutations, premature stop codons, and frameshift indels.
Due to the relatively high frequency of GC as an alternate splice donor in mammals
(Burset et al. 2000), we did not consider this to be a putative inactivating mutation. Genes
where only splice site mutations were found were not considered inactivated due to the
possibility of retained splice variants, but were deemed nonfunctional if the gene also
contained other distinct mutations, e.g., in-frame deletions or missense mutations in
regions that are conserved in all outgroup taxa (see PDE6H in Chrysochloris asiatica).
Putative inactivating mutations in the genes of subterranean taxa were compared to their
closest relatives with available genomic data to determine if the inactivating mutations

were uniquely derived in the subterranean lineages.

2.5. Pseudogene dating analyses
Methods described in Meredith et al. (2009), in conjunction with PAML v. 4.4 (Yang

2007), were used to estimate pseudogenization times based on dN/dS analyses. dN/dS
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ratios were calculated using codon frequency models 1,2 and 3. In most cases a
pseudogene branch category (see Meredith et al. 2009) could not be estimated. In these
instances the pseudogene dN/dS ratio was assumed to be 1. For SWS1, LWS, and RBP3,
we were able to include additional outgroup taxa with inactivated copies of these genes
(cetaceans: SWS1, LWS; bats: RBP3) and obtain empirical estimates of dN/dS for the
pseudogene branch category (Supplemental File A, Tables S1 and S3). Pseudogenization
dates were not estimated if mixed branches had higher dN/dS ratios than the pseudogene
branch (see CRBI). If a mixed branch had a lower dN/dS value than the background
ratio, the inactivation date was assumed to be O (i.e., Recent). In the case of GRK7, codon
frequency models 2 and 3 resulted in a mixed branch that had a dN/dS ratio slightly
greater than 1 in Chrysochloris asiatica (1.0082 and 1.0079), which was rounded to 1.
We used a species phylogeny from Meredith et al. (2011b). For analyses that
included Condylura cristata, dN/dS ratios were estimated with both the amino acid and
DNA trees due to the topological incongruence in Laurasiatheria. C. cristata was not
employed in Meredith et al.’s (2011b) analyses, but talpids are considered monophyletic
(e.g. Douady and Douzery 2003) and therefore C. cristata can be safely placed in the
tree. Divergence time estimates are based on global means reported in Meredith et al.

(2011b).

2.6. Ancestral state reconstructions
Locomotory habits among extant talpid species are diverse. Some species are fossorial,

others are ambulatory, and still others are semi-aquatic. Moreover, the phylogenetic
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position of Condylura cristata within Talpidae is controversial with different phylogenies
alternately placing C. cristata as a deep diverging or more crownward lineage (Whidden
2000; Shinohara et al. 2004; Motokawa 2004; Sanchez-Villagra et al. 2006). We
reconstructed fossoriality on each of the four phylogenies cited above to test if
phylogenetic uncertainty influences whether C. cristata descended from a fossorial or
subaerial ancestor. We used binary character coding (0 = fossoriality absent, 1=
fossoriality present) following Shinohara et al. (2004) with both semi-fossorial and fully
fossorial talpids coded as fossorial. Ancestral characters were reconstructed using

parsimony optimization in Mesquite v. 2.75 (Maddison and Maddison 2001).

3. Results

3.1. Inactivation of retinal genes

Different degrees of regression are evident in the retinal genes of Chrysochloris asiatica,
Heterocephalus glaber, and Condylura cristata (Fig. 1; Supplemental File A, Table S4,
Dataset Al). Of the 65 genes that were examined, we inferred C. asiatica to have 18
pseudogenes based on inactivating mutations: ten pertaining to phototransduction (PT),
three to the visual cycle (VC), and five to other retinal proteins (ORP). However, one of
these genes (CRB1) was lost in the common ancestor of Afrosoricida (Tenrecidae +
Chrysochloridae) based on a shared inactivating mutation, reducing the total number of
unique pseudogenes to 17 and ORP pseudogenes to four. We inferred H. glaber to have
12 pseudogenes (PT: eight, VC: one, ORP: three) whereas C. cristata has six (PT: three,

ORP: three). Some retinal genes may have been deleted from the genome based on
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Figure 1. Retinal protein networks in Chrysochloris asiatica (golden mole), Heterocephalus glaber (naked
mole-rat) and Condylura cristata (star-nosed mole). A.Phototransduction; B. Visual cycle. Networks
derived from Invergo et al. (2013), Fu (2011), and Saari (2012).

negative BLAST results (two in C. asiatica, four in C. cristata; Fig. 1; Supplemental File
A, Table S4), although these results may be artifacts of incomplete genome coverage and
await the completion of genome assemblies for further testing.

Retinal genes in outgroup species are retained in most cases, but several species
had negative BLAST results (NB) or possess inactivated copies (IC) of one or more
genes (Supplemental Dataset Al): ARR3 in Echinops telfairi (tenrec; NB), Elephantulus
edwardii (elephant shrew; NB), Orycteropus afer (aardvark; NB), Loxodonta africana

(elephant; IC), Trichechus manatus (manatee; 1C), Procavia capensis (hyrax; NB),



Erinaceus europaeus (hedgehog; IC), Sorex araneus (shrew; IC), Cavia porcellus (guinea
pig; IC), and Jaculus jaculus (jerboa; IC); BESTI in S. araneus (NB); CRBI in E. telfairi
(1-bp del shared with C. asiatica; IC), P. capensis (1C), E. europaeus (IC), and S.
araneus (IC); GRK7 in E. telfairi (IC) and Mus musculus (mouse; NB); GUCAIB in E.
telfairi (IC) and S. araneus (IC); GUCY2F in E. telfairi (IC), Spermophilus
tridecemlineatus (ground squirrel; IC), and 7. manatus (IC); RPILI in S. araneus (NB)
and 7. manatus (1C); RPB3 in E. telfairi (NB) and T. manatus (IC); and SLC24Al in E.

europaeus (1C).

3.2. Opsin genes

Condylura cristata (star-nosed mole) retains the typical opsin complement found in
placental mammals with intact copies of RH1, SWSI, and LWS. The latter two genes have
the potential to facilitate dichromatic color vision. SWS1 is predicted to have its

maximum sensitivity (A,,) in the ultraviolet range (~360 nm) and LWS is predicted to be

most sensitive to light at a wavelength between 557-564 nm (Supplemental Files, Table
AS5). RHI is identical to Mus musculus and Canis familiaris at nine tuning sites (Fasick
and Robinson 1998; Yokoyama 2008), suggesting peak sensitivity in the range of 498-
508 nm (Bridges 1959; Jacobs et al. 1993).

We confirmed that RHI and SWS1 are intact in Heterocephalus glaber (naked
mole-rat), and unlike Kim et al. (2011) were able to locate exon 6 of LWS in both their

and the Broad Institute’s Heterocephalus genomes. No remnants of other exons were

found, thus confirming the inactivation of LWS in this species (Peichl et al. 2004; Kim et
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al. 2011; though see section 4.4). Tuning sites for SWS1 predict a pigment that is most
sensitive to ultraviolet light (Supplemental Files, Table AS). H. glaber’s tuning sites for

RH1 were not identical to any taxa that have had A, ,,, measured, so we did not predict its

spectral tuning.

We inferred Chrysochloris asiatica (Cape golden mole) to be a rod monochromat
based on inactivating mutations in both cone pigments and the retention of an intact copy
of RH1.SWSI has a 2-bp deletion in exon 4, as well as a three-residue deletion that
includes the spectral tuning site at position 93 and its flanking amino acids. Exon 1 of
LWS was not found, but an intron splice acceptor mutation (AG—=>CA, intron 4),
premature stop codon (exon 2), and frameshift indels in exons 2, 3,5 and 6 all indicate a
nonfunctional transcript. To confirm these mutations, we amplified and sequenced
segments of both SWS1 and LWS in C. asiatica and Amblysomus hottentotus (Hottentot
golden mole). Both chrysochlorid species share a premature stop codon and a 1-bp
deletion in exon 2 of LWS (Fig. 2). A. hottentotus also exhibits unique inactivating
mutations in both LWS and SWS! including a premature stop codon in exon 4 of the latter
gene. C. asiatica’s RHI tuning sites are also identical to M. musculus and C. familiaris,
with peak sensitivity in the range of 498-508 nm.

Cone opsin complements and their predicted spectral tuning are reported for

several outgroup species in Supplemental File A, Table S5.
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Figure 2. Alignment depicting part of exon 2 of LWS in afrotherian taxa. Deleterious mutations are
highlighted with rectangular boxes. WGS = whole genome sequence; PCR = PCR sequence.

3.3. Phototransduction

The inactivated phototransduction genes in both Chrysochloris asiatica and

Heterocephalus glaber include several cone-specific and two shared (rod + cone) genes

(GUCAIB, GUCY2F). One rod-specific gene (SLC24A1) is inactivated in C. asiatica and

polymorphic for an inactivating frameshift mutation in H. glaber (frameshift present in

Kim et al. [2011] genome but not Broad Institute genome). Condylura cristata possesses

an inactivated rod + cone gene (GUCAIB) and a rod-specific (SLC24A1) gene. In

addition, a rod + cone (GRK1) and a rod-specific gene (PDE6B) had negative BLAST

results for C. cristata (Fig. 1A).

3.4. Visual cycle

Three visual cycle genes (ABCA4, RGR, RDHY) are inactivated exclusively in

Chrysochloris asiatica, whereas RBP3 is inactivated in Heterocephalus glaber (Fig. 1B).
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3.5. Other retinal proteins

We examined 19 other genes expressed in the retina that have known functions and/or
have been implicated in retinal diseases. Of these, BEST1, C2o0rf71, CRBI, IMPG2,
ROM1 and RPILI are all inactivated in at least one of the three subterranean species

(Supplemental File A, Table S4).

3.6. Pseudogenization dates

Among the five lineages of subterranean mammals, inactivation dates were estimated for
one (Notoryctes typhlops) to 17 (Chrysochloris asiatica) genes (Supplemental File A,
Table S3, Dataset A2). Mean inactivation dates based on three codon models ranged from
63.54 Ma to Recent for 17 pseudogenes in C. asiatica (Fig. 3A). Nine of the 17 dates
occurred within an eight million year interval in the early to middle Miocene (21.86 -
13.74 Ma). Inactivation estimates for ten pseudogenes in Heterocephalus glaber range
from early Miocene (21.53 Ma) to the Pleistocene (1.19 Ma) (Fig. 3B). Five gene
inactivation dates were estimated in Condylura cristata (Fig. 3C) and range from the late
Eocene (36.04 Ma) to Recent. RBP3 was inactivated in N. typhlops (marsupial mole) at
12.23 Ma (middle Miocene; Fig. 3D), whereas SWS/ and RBP3 were inactivated in
Spalax ehrenbergi (blind mole-rat) in the Pliocene at 4.21 Ma and 2 Ma respectively (Fig.
3E). The median inactivation dates were as follows: C. asiatica = 17.46 Ma; H. glaber =

10.61 Ma; C. cristata = 21.91 Ma; S. ehrenbergi = 3.1.
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Figure 3. Retinal gene pseudogenization dates and inferences of subterranean history. A. golden mole;
CRBI and GRK7 not shown (Paleocene or earlier); B. naked mole-rat; C. star-nosed mole; D. marsupial
mole; E. blind mole-rat. Bars represent average estimates of inactivation dates based on analyses with three
different codon models. Nodes with asterisks indicate inferred transitions to subterranean habitats. Branch
lengths of fossil taxa (1) correspond with known stratigraphic ranges, and may underestimate true
divergence dates. Divergence times between extant taxa in B and E are based on Fabre et al. (2012). Plio =
Pliocene; P = Pleistocene to Recent. Paintings of golden mole and marsupial mole by Carl Buell (copyright
John Gatesy). Paintings of naked mole-rat, star-nosed mole, and blind mole-rat by Michelle S. Fabros.
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3.7. Ancestral state reconstructions

Given that chrysochlorids, bathyergids and spalacids (blind mole rats) are all
subterranean, the most parsimonious conclusion is that fossoriality arose on a single
occasion in the common ancestor of each family. Evidence from the fossil record,
however, suggests that spalacines acquired fossoriality separately from other spalacids
(see section 4.7).

Ancestral reconstructions for fossoriality in talpids indicate that Condylura
cristata descended from a fossorial ancestor (Supplemental Files, Dataset A3) near the
base of Talpinae. Three of four reconstructions indicate that C. cristata shares a fossorial
ancestor with all other fossorial talpids, whereas equally parsimonious reconstructions
based on Sanchez-Villagra et al.”s (2006) phylogeny suggest 1) a single origin of
fossoriality for Talpidae or 2) independent origins of fossoriality in the ancestor of

Urotrichus and Dymecodon and the ancestor of all other fossorial talpids.

4. Discussion

4.1. Degree of visual regression corresponds to retinal light exposure

We tested the hypothesis that a decrease in retinal exposure to light should lead to an
increase in the number of retinal pseudogenes. We used animal behavior and eye
morphology as a proxy for light exposure. Star-nosed moles (Condylura cristata) often
leave their burrows to forage in nearby water and possess functional eyelids, and were
considered to have the greatest retinal exposure to light. Naked mole-rats

(Heterocephalus glaber) are almost entirely subterranean, as are Cape golden moles
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(Chrysochloris asiatica), but the latter differ in that their eyes are subcutaneous, which
suggests that naked-mole rats have more light reaching their retinas than golden moles.
In agreement with these predictions, Condylura cristata has fewer unique retinal
pseudogenes (six) than both Heterocephalus glaber (12) and Chrysochloris asiatica (17).
Among subterranean taxa whose opsins were queried as part of this study, C. cristata is a
dichromat, H. glaber lacks LWS (also see Peichl et. al 2004 and Kim et al. 2011), and the
two golden moles (C. asiatica, Amblysomus hottentotus) lack both cone opsins, rendering
these taxa (chrysochlorids) rod monochromats. Given that Chrysochloris and
Amblysomus diverged at or near the base of crown Chrysochloridae (Asher et al. 2010),
rod monochromacy may be a synapomorphy for this family. Rod monochromacy has
historically been suggested as an extreme adaptation for mammals inhabiting low-light
conditions (Walls 1942), but molecular evidence for rod monochromacy in mammals is
limited to several lineages of deep-diving cetaceans (Meredith et al. 2013a).
Chrysochlorids are the first non-cetacean mammals confirmed to possess this condition.
To assess whether the number of inactivated retinal genes in subterranean species
is significantly different from the number of inactivated genes in subaerial species, we
used the Gnomon gene prediction tool (Souvorov et al. 2010) to obtain estimates of the
number of retinal pseudogenes for taxa that were included in our dataset. We included 13
genomes that were generated from high coverage Illumina sequencing. Of the 13 species,
Gnomon predicted 16, 11, and eight pseudogenes in Chrysochloris asiatica,
Heterocephalus glaber, and Condylura cristata, respectively. After correcting for

negative search results, the subterranean species had an average of 19.8% (range = 14.3-
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26.7%) of their retinal genes inactivated, whereas the mean percentage of inactivated
genes in subaerial taxa was only 4.7% (range = 0-9.4%) (two-tailed Fisher’s exact test, p
=<0.0001). Subaerial taxa are expected to have some inactivated retinal genes (see
section 3.1; Jacobs 2013; Shen et al. 2013), especially if they are adapted to a dim-light
niche, but these results indicate that subterranean mammals have accrued more retinal

gene inactivations than subaerial species.

4.2. Subterranean ultraviolet pigments
Condylura cristata and Heterocephalus glaber are predicted to have an SWS1 opsin that
preferentially absorbs ultraviolet light (~360 nm; Supplemental Files, Table AS). All
other subterranean mammals that have been examined also have SWS1 opsins that are
sensitive to ultraviolet light (Peichl et al. 2005; Williams et al. 2005; Glosmann et al.
2008; Schleich et al. 2010). The functional significance of ultraviolet sensitivity in
subterranean mammals remains unclear. One possibility is that subterranean taxa emerge
from their burrows most frequently during twilight, when short wavelengths are more
abundant. Alternatively, this condition may have been inherited from a boreoeutherian or
earlier mammalian ancestor (Yokoyama et al. 2006; Hunt et al. 2007) without subsequent
selective pressure to alter its sensitivity.

The retention of SWS1 in Heterocephalus glaber and Condylura cristata is
puzzling considering it is frequently lost in mammals that inhabit dim-light niches
(Jacobs 2013). Since C. cristata makes frequent forays into the water, it may have

retained SWS1 for color discrimination purposes. In H. glaber, it may be used to detect
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breaks in its burrows or for negative phototaxis to avoid damaging ultraviolet light.
Dichromatic color vision may also be possible in mesopic conditions due to interactions

between the cones and rods.

4.3. Retinal networks degenerate in a (mostly) predictable fashion

Retinal phototransduction in mammals relies on a complex network of proteins that
function in photoreception, phototransduction, photoreceptor inactivation, and retinoid
regeneration (Fu 2011; Saari 2012). We employed three categories to index the
expression of these genes: rod-specific, cone-specific, and shared pathway proteins. The
canonical visual cycle for both rods and cones takes place largely in the retinal pigment
epithelium (RPE) and interphotoreceptor matrix (IPM), so these tissues are crucial for the
function of both photoreceptor types.

The cellular specificity of these different proteins and their interconnectedness
through protein networks provides a framework for predicting which genes should
remain functional and which should become pseudogenic after the loss of key proteins.
The first prediction is that genes encoding photoreceptor, RPE, and IPM proteins should
remain intact as long as genes crucial for the rod and cone pathways are retained. An
important caveat is that functionally redundant proteins may be lost in low-light
conditions owing to a decreased need to regenerate photoreceptors quickly. Condylura
cristata, which is a cone dichromat with intact copies of both cone opsin genes, retains all
but one rod-specific (see section 4.5), one cone-specific (ARR3; see below), and one

shared pathway protein, GUCA1B (Fig. 1). Though the rod + cone protein GUCAIB is
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defective, its functions may be accomplished by GUCA1A, which is a functional paralog.
Mouse knockout studies have shown that GUCA1A and GUCAI1B are each capable of
facilitating vision, albeit with slightly abnormal sensitivity and kinetics (Mendez et al.
2001; Howes et al. 2002; Pennesi et al. 2003; Makino et al. 2008; Makino et al. 2012).
However, GUCAI1A is more efficient than GUCA1B for photoreceptor recovery,
suggesting an adaptive reason for the preferential inactivation of GUCAIB in multiple,
independent lineages (see below and section 3.1).

In addition to GUCAB, several other retinal protein genes (ARR3, GRK7,
GUCY2F, RBP3, SLC24A]) are inactivated in one or more cone subaerial taxa with
dichromatic color vision. ARR3’s loss may be rescued by SAG, which is expressed in
mouse cones in much higher (50x) quantities than ARR3 (Nikonov et al. 2008). Its
apparent absence in all afrotherians (section 3.1) attests to its probable redundancy.
GRK7 may have been lost due to its redundancy with GRK1, which is expressed in both
rods and cones. Consistent with this hypothesis, mouse cones only express GRK1
(Nikonov et al. 2008). Much like GUCA1A and GUCA1B, GUCY2D and GUCY2F are
both required for normal photoreception. Rod-based vision is only minimally impeded by
the loss of either of these paralogs, as is cone-based vision in GUCY2F" mice, whereas
cones degenerate in GUCY2D" mice (Baehr et al. 2007). GUCY2F has not been
associated with retinal disease in humans whereas disease phenotypes are associated with
the inactivation of GUCY2D. Additionally, GUCY2D is pleiotropic whereas GUCY2F is
retina-specific (Hunt et al. 2010). Together, these data suggest that GUCY2D loss has

greater consequences for organismal fitness than GUCY2F loss. RBP3 is nonfunctional
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in many lineages of mammals occupying dim-light niches (Meredith et al. 2011b; Shen et
al. 2013), which suggests that it is not crucial for the visual cycle and photoreceptor
function. The loss of SLC24A1 is discussed below (section 4.5). No crucial
phototransduction or visual cycle genes are inactivated in the subaerial dichromats that
were included in this study, consistent with the findings of Invergo et al. (2013).

A second prediction is that cone-specific genes, but not rod-specific or shared
pathway genes, should become inactivated in rod monochromats such as Chrysochloris
asiatica. Consonant with this prediction, most cone-specific phototransduction genes
have been inactivated including those that encode proteins involved in cone signal
transduction (GNAT2, PDE6C, PDE6H, CNGB3) and cone-deactivation (GRK7; Fig.
1A). However, four cone-specific proteins remain intact including three that are involved
with signal transduction (GNGT2, GNB3, CNGA3) and one that is involved in ion
regulation (SLC24A2; Fig. 1A). The genes encoding these proteins may exhibit
mutations in non-coding regions (e.g., promoter) that were not examined in this study.
Alternatively, these genes may be pleiotropic and have additional functions that are
separate from cones, which is certainly true for GNB3 (Keers et al. 2011; Kumar et al.
2013). We performed dN/dS ratio analyses and found no evidence of relaxed selection,
which favors the pleiotropy hypothesis (data not shown). Two shared pathway proteins
are inactivated (GUCA1B, GUCY2F; Fig. 1A), but are functionally redundant. Among
the inactivated proteins in the visual cycle (Fig. 1B), one is functionally redundant
(RDHS; Parker and Crouch 2010), a second (ABCA4) is not crucial for function in dim-

light conditions (Tsybovsky et al. 2010), and a third (RGR) is likely involved in
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regulation of the visual cycle but is poorly understood. As predicted, the visual cycle in
C. asiatica appears fully functional, as protein-coding genes that are crucial in

regenerating retinoids for rod-based phototransduction remain intact.

4.4. The naked mole-rat: SWS1-cone monochromat or rod monochromat?
Heterocephalus glaber retains functional copies of SWS/ and RH1, and an inactivated
copy of LWS, which is confirmed by immunohistochemistry (Peichl et al. 2004). LWS-
cone monochromats are relatively common among vertebrates, especially mammals (e.g.,
cetaceans, nocturnal mammals), but to our knowledge H. glaber is the only SWS1-cone
monochromat. The occurrence of this unique trait in H. glaber may reflect the
relationship between photoreceptor development and thyroid function in naked mole rats.
SWS1-cones are the developmental default photoreceptor, but the binding of
trioodothyronine (T;) to thyroid hormone receptor b2 induces LWS expression and SWS/
suppression (Swaroop et al. 2010). H. glaber is unusual among mammals in exhibiting
poikilothermy (Buffenstein et al. 2001). This trait and inactivation of LWS are associated
with the naked mole-rat’s subterranean lifestyle, both of which may result from decreased
production of the thyroid hormone thyroxine (T,). T, concentrations in H. glaber are an
order of magnitude lower than in mammals of comparable size and instead are more
similar to certain reptiles (Buffenstein et al. 2001). T; levels have not been directly
measured in H. glaber, but most T; is derived directly from T, and it is probable that low
levels of T, result in low levels of T, in this species (Buffenstein et al. 2001). Reduction

of thyroid hormone levels in the evolutionary history of H. glaber may have suppressed
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LWS expression, leading to relaxed selection and inactivation of this gene. LWS-cone
reduction and SWS1-cone expansion are also evident in other bathyergid species that
have been investigated (Peichl et al. 2004), but LWS inactivation is limited to the
poikilothermic H. glaber with its highly reduced thyroid hormone levels.

Heterocephalus glaber also has inactivated copies of several genes encoding
proteins that are crucial for cone phototransduction (GNAT2, PDE6C, PDE6H; Fig. 1A).
Mutations in GNAT2 and PDEG6C are associated with complete rod monochromacy in
humans and mice (Kohl et al. 2002; Chang et al. 2006; Chang et al. 2009), and mutations
in PDE6H induce at least partial rod monochromacy in humans (Kohl et al. 2012),
suggesting that the cone pathway has been abrogated in naked mole-rat. However, H.
glaber is similar to other bathyergids that have been investigated and retains fully
segregating populations of rods and cones based on RH1 versus SWS/ expression (Peichl
et al. 2004). Moreover, the presumed cones in H. glaber exhibit a retina-wide distribution
as in two species of Cryptomys (Peichl et al. 2004). The retention of functional SWS1-
cones in H. glaber would seemingly require co-option of rod-specific paralogs of both
cone phosphodiesterase subunits (PDE6C, PDE6H) and the alpha subunit of transducin
(GNAT?2) that are inactivated in H. glaber.

Another possibility is that SWS1-cones are present but nonfunctional in
Heterocephalus glaber, rendering this species a functional rod monochromat. Mills and
Catania (2004) demonstrated that the retinal wiring of H. glaber is unusual and may be
consistent with functional rod monochromacy. Rods typically synapse to rod bipolar

cells, which then synapse to cone bipolar cells via AIl amacrine cells before ultimately
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connecting to retinal ganglion cells. By contrast, rod bipolar cells in H. glaber appear to
break the canonical mammalian rule of making exclusive contact with AIl amacrine cells,
the connections with which are diminished, and some cells instead make direct contact
with retinal ganglion cells (Mills and Catania 2004). These findings suggest that H.
glaber has retinal wiring for rods that effectively diminishes the need for cone bipolar
cells. If cones are morphologically present but nonfunctional, it may be expected that
intact cone-specific genes are under relaxed selection, though we did not find evidence of
this in H. glaber (data not shown). To discriminate between alternate hypotheses wherein
H. glaber retains functional versus non-functional SWS1-cones, future studies should
employ 1) electrophysiological methods to determine if SWS1-cones are capable of
hyperpolarization and 2) immunolabeling and/or mRNA expression methods to
determine which genes are expressed in these putative SWS1-cones.

By contrast with cone-specific proteins, all shared and rod-only phototransduction
pathway proteins remain intact in H. glaber with the exception of two shared pathway
proteins (GUCA1B, GUCY?2F; Fig. 1A) that have redundant functions. Only RBP3 was

inactivated in the visual cycle (Fig. 1B).

4.5. SLC24A1: The sole inactivated rod gene

The only rod-specific gene with inactivating mutations is SLC24A1, which encodes a rod-
specific ion exchanger (Fig. 1A). Mutations in this gene are associated with night
blindness in humans (i.e. rod dysfunction; Riazuddin et al. 2010), but this gene is

inactivated in Chrysochloris asiatica, Condylura cristata and the European hedgehog
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(Erinaceus europaeus). The functional implications of SLC24A1 inactivation in these
species are unclear. The cone-specific paralog (SLC24A2), which is functional in all of
the subterranean taxa, is also expressed in the brain and retinal ganglion cells

(Schnetkamp 2013), raising the possibility that its function has been co-opted in rod cells.

4.6. Other retinal proteins and retinal diseases

Melanopsin (OPN4), an opsin found in intrinsically photosensitive retinal ganglion cells,
is thought to be important in both entraining the circadian rhythm and controlling the
pupillary reflex (Hattar et al. 2003). Melanopsin is functional in all three subterranean
species, supporting the hypothesis that the retention of a functional eye in fossorial
mammals may be related to circadian photoentrainment (e.g., Hannibal et al. 2002;
Glosmann et al. 2008; Carmona et al. 2010). Several of the “other” retinal proteins were
found to be nonfunctional in one, two, or all three of the subterranean species (BEST1,
C2orf71,CRBI1,IMPG2,ROMI1,RPILI), and each has been implicated in vision diseases
in humans (Clarke et al. 2000, Liu et al. 2004, Boon et al. 2009, Collin et al. 2010,
Bandah-Rozenfeld et al. 2010, Bujakowska et al. 2012, Davidson et al. 2013),
particularly retinal dystrophies such as retinitis pigmentosa. As a result, these species

may be of value in studying the developmental progression of these disorders.

4.7. Fossoriality and the loss of retinal genes
Dating gene inactivations is not without error and is dependent upon several assumptions

including accurate timetree estimation, an accurate model of codon evolution, and a
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dN/dS ratio of 1 subsequent to gene inactivation. We employed divergence dates from the
most heavily calibrated timetree available for mammals (Meredith et al. 2011b) and
averaged the results of several models of codon evolution. Moreover, previous studies
have recovered a dN/dS ratio of ~1 for fully pseudogenic branches (Meredith et al. 2009,
2011a). Together, these circumstances suggest that our pseudogenization estimates are
generally reliable.

Meredith et al. (2011b) estimated that Chrysochloris and Amblysomus diverged
from each other 12.04 Ma (contrast with Gilbert et al. 2006), and this split may index the
origin of crown Chrysochloridae (Asher et al. 2010). All chrysochlorids are highly
subterranean (Nevo 1999), so it is probable that the most recent common ancestor of this
group possessed this trait. The oldest chrysochlorid fossil with putative adaptations for
fossoriality is Prochrysochloris miocaenicus from the early Miocene of Kenya (Butler
1984). A stem chrysochlorid from the early Oligocene of Egypt (Eochrysochloris
tribosphenus) is too incomplete to infer a possible subterranean lifestyle since
chrysochlorids are head-lift diggers and the E. tribosphenus fossils consist only of
mandibles and teeth (Seiffert et al. 2007). Based on the available information,
chrysochlorids likely invaded the subterranean habitat between 23 and 16 Ma.
Pseudogenization dates for Chrysochloris asiatica range from 63.54 Ma to Recent, with
13 of the 17 dating from the Miocene or later (median = 17.46 Ma), supporting the
hypothesis that massive pseudogenization of vision genes is associated with fossoriality
(Fig. 3A). GRK7 was inactivated in the Paleocene, GUCY2F and C2orf71 in the Eocene,

and RDH5’s pseudogenization coincides with E. tribosphenus in the early Oligocene.
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These inactivation dates may point to a pre-Miocene adaptation to a subterranean niche in
stem-chrysochlorids, though the concentration of pseudogenizations (nine of 17) in the
early to middle Miocene points to this period as a more probable origin of fossoriality.
We await the discovery of more complete pre-Miocene fossils to test these hypotheses.

Fabre et al. (2012) estimated an Oligocene age of 28.72 Ma for the origin of
crown Bathyergidae (compare with Huchon and Douzery 2001). All extant bathyergids
are subterranean (Nevo 1999) and we inferred that this trait was inherited from a common
ancestor. The earliest bathyergid fossils, Bathyergoides, Paracryptomys and
Proheliphobius, all occur in the early Miocene (Lavocat 1978; reviewed in Faulkes et al.
2004) and therefore do not push the origin of fossoriality prior to 28.72 Ma. Our
estimates for the inactivation of Heterocephalus glaber vision genes range from 21.53 to
1.19 Ma or 16.97 to 0.93 Ma assuming that the split between Phiomorpha and
Caviomorpha occurred 47.22 Ma (Meredith et al. 2011b) or 37.2 Ma (Fabre et al. 2012),
respectively (Fig. 3B). These dates (median = 10.61 Ma) are consistent with the
expression of LWS in two species of Cryptomys and GNAT2 in Cryptomys anselli (Peichl
et al. 2004) and post-date the inferred origin of fossoriality in Bathyergidae, pointing to
unique losses in the Heterocephalus lineage.

Extant talpids span various locomotory types (Nevo 1999) and it is unclear if
fossoriality evolved in the common ancestor of this family or convergently within
members of this clade. The fossil record for Condylurini is scant and is restricted to the
late Miocene and Pliocene (reviewed in Petersen and Yates 1980; Hutchison 1984) even

though the earliest talpid fossils are of late Eocene age (Sige et al. 1977; Lloyd and
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Eberle 2008). However, the earliest known talpid humeri are from talpines belonging to
the tribes Urotrichini and Talpini in the early Oligocene, both of which are described as
having fossorial modifications (Ziegler 2012). This suggests that the ancestor of
Talpinae, but not Talpidae, may have been subterranean. This is consistent with our
ancestral state reconstructions, which indicate that Condylura cristata (star-nosed mole)
descended from a fossorial ancestor near the base of Talpinae. Douady and Douzery
(2003) estimated the origin of Talpidae at 52 Ma and Talpinae at 42 Ma, although they
did not include C. cristata in their phylogeny. He et al. (2014) estimated that C. cristata
diverged from Talpini ~34 Ma. These dates combined with the fossil record suggest that
fossoriality likely arose in the lineage leading to C. cristata between 42 and 34 Ma.
Consistent with this bracketing, ARR3 was inactivated in the late Eocene (36.04), with the
inactivation of ROM1 and GUCAIB following in the next 15 million years (28-21.91
Ma). BESTI was inactivated in the Pliocene and SLC24A1 more recently suggesting both
are unique to Condylura. We await a more taxonomically complete phylogeny with
divergence estimates to more accurately date ancestral state reconstructions. Until then,
we can only confidently date the origins of fossoriality to the early Oligocene based on
the fossil record (Ziegler 2012), after which four of the five retinal genes were inactivated
(median = 21.91 Ma; Fig. 3C)).

Notoryctemorphia is represented by two extant species of marsupial mole.
Despite an early-middle Paleocene divergence from Peramelemorphia + Dasyuromorphia

(Meredith et al. 2011b), the only fossil notoryctid that has been described is the putatively

34



fossorial Naraboryctes philcreaseri from the early Miocene (Archer et al. 2011). Our
pseudogenization date for RBP3 is 12.23 Ma and post-dates Naraboryctes (Fig. 3D).

All spalacids are subterranean, but Flynn (2009) argued that Spalacinae,
Myospalacinae and Rhizomyinae entered this niche independently. Fabre et al. (2012)
estimated that spalacines and myospalacines diverged in the late Oligocene (26.1 Ma).
The oldest spalacine fossils are Heramys and Debruijnia from the early Miocene, but
neither appears to have been fossorial, whereas the late Miocene Sinapospalax and
Pliospalax have both been interpreted as subterranean (Flynn 2009). Sarica and Sen’s
(2003) cladistic analysis provides additional support for this hypothesis. Our
pseudogenization estimates for Spalax SWS1 and RBP3 are 4.21 and 2 Ma (median = 3.1
Ma), respectively, and post-date fossil-based estimates for the origin of fossoriality in
Spalacidae (Fig. 3E).

In summary, most estimates of retinal gene pseudogenization (30 of 35) post-date
inferred entrances of fossorial taxa into their subterranean habitats (Fig. 3). These results

suggest that fossoriality is intimately linked to ocular regression in these mammals.

4.8. Sensory trade-offs?

Since vision has been de-emphasized in many subterranean species, it raises the question
as to whether other senses compensate for this reduction of visual input. The use of tactile
cues is important for many subterranean species, including the mostly hairless
Heterocephalus glaber, which benefits from vibrissal hairs that cover distinct portions of

their bodies (Kimchi and Terkel 2002). Condylura cristata possesses thousands of
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Eimer’s organs on its star-shaped nose, which are highly specialized tactile sensory
structures (Catania 1999). Auditory, vestibular, and olfactory cues also remain important
for many subterranean species, while extra sensory modalities such as geomagnetic
reception (Kimchi and Terkel 2002) and seismic wave detection (Mason and Marins

2001) appear to be used by several groups.
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Chapter 3: Genomic evidence for rod monochromacy in sloths and armadillos

suggests early subterranean history for Xenarthra

1. Introduction

Electrophysiological, molecular and genetic techniques have greatly increased our
knowledge of the retinal basis for vision in mammals (Ahnelt and Kolb 2000; Davies et
al. 2012a; Jacobs 2013; Hunt and Peichl 2013). Cone photoreceptors —responsible for
high acuity, color 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 likely possessed dichromatic color 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 (Gerkema et al. 2013). The loss of
additional cone classes is relatively common and has evolved independently in assorted
nocturnal, aquatic, and subterranean mammals (Jacobs 2013; Meredith et al. 2013a;
Emerling and Springer 2014). These losses presumably are a consequence of inhabiting
dim-light niches in which color discrimination is limited, and provide well-documented
cases of convergent, regressive evolution (Davies et al. 2012a; Jacobs 2013; Meredith et

al. 2013a; Emerling and Springer 2014).
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Xenarthrans (armadillos [Cingulata], sloths [Folivora], anteaters [Vermilingual])
have been overlooked in vision research, despite being an ancient and evolutionarily
distinct lineage of mammals (Murphy et al. 2001; Gaudin and McDonald 2008; McKenna
and Bell 1997; Flynn and Wyss 1998). Most xenarthran species do not occupy dim-light
niches (Jones et al. 2009), but all three groups of xenarthrans are reported in behavioral
(Newman 1913; Goffart 1971; Mendel et al. 1985; Eisenberg and Redford 1999; de
Carvalho Oliveira et al. 2006, de Sampaio et al. 2006) and anatomical studies (Wislocki
1928; Walls 1942; Watillon and Goffart 1969; Piggins and Muntz 1985) to have vision
consistent with rod monochromacy wherein the retina lacks cones entirely. Rod
monochromacy is characterized by low acuity and a complete lack of color
discrimination in dim-light, and blindness during the day (hemeralopia), since rod cells
become saturated in bright light. Though pure-rod retinae have long been described in
mammals (Walls 1942), these reports have typically been refuted by the results of
molecular and genetic studies (e.g., contrast Walls 1942, p. 216 with Emerling and
Springer 2014, Tan and Li 1999, Parry and Bowmaker 2002, Zhao et al. 2009a). Only
recently have genomic studies confirmed rod monochromacy in mammals (Meredith et
al. 2013a; Emerling and Springer 2014), 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 history of rod monochromacy,

and that the most recent common ancestor of Xenarthra was at most an LWS-cone
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monochromat. These findings indicate xenarthrans inhabited an extreme dim-light niche
early in their evolution, which we suggest was a subterranean habit given fossorial

adaptations in fossil and many living xenarthrans.

2. Materials and methods

2.1. Data collection.

We used BLASTN to search the publically available genomes of Dasypus novemcinctus
(nine-banded armadillo) and Choloepus hoffmanni (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 (Supplemental Dataset B1). 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 version 7.0.5 (Drummond et al. 2012). In Geneious, we gathered sequences
with BLASTN using exons and at least 60-bp of flanking intron/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], Balaenoptera acutorostrata [minke whale]), a xenarthran analog (Manis
pentadactyla [Chinese pangolin]) and an LWS-cone monochromat (Tursiops truncatus

[bottlenose dolphin]) (Supplemental Dataset B1). Individual exons and splice
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acceptor/donor sites were manually aligned with Se-Al v2.0all (Rambaut 1996) and
inspected for inactivating mutations.

We used PCR and Sanger sequencing to confirm shared inactivating mutations in
SWS1 and PDEG6C in six armadillos, three sloths, and three anteaters (Supplemental
Dataset B1). After aligning exon sequences for Dasypus novemcicntus and Choloepus
hoffmanni, we designed primers based on the flanking introns/UTRs (Supplemental File
B, Table S1). We performed PCR with Ramp-Taq DNA polymerase (Denville Scientific
Inc.) in 50 ul reactions using the following thermal cycling parameters: template
denaturation at 95°C for seven minutes, followed by 45 cycles of one minute at 95°C
(denaturation), one minute at 50°C (annealing), and two minutes at 72°C (extension),
followed by an extension at 72°C for ten minutes. 500-750 ng of genomic DNA was used
as the template for the initial PCR reaction, and 1-1.5 pl 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
3730x1) at the UCR Core Instrumentation Facility. Contig assembly was performed in

Geneious using the Muscle alignment tool (Edgar 2004).

2.2. 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. Due to the

relatively high frequency of GC as an alternative splice donor in mammals (Burset et al.
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2000), this variant was not considered an inactivating mutation. Sequences with splice
site mutations alone were not considered pseudogenes due to the possibility of functional
splice variants. All putative mutations were compared to outgroups to determine if they
were uniquely derived. Inactivation times of pseudogenes were estimated using
previously described methods (Meredith et al. 2009; Emerling and Springer 2014). The
alignments used for the analyses can be found in Supplemental Dataset B2. We assumed
phylogenetic relationships and divergence time (global means) from (Meredith et al.

2011) for these calculations.

3. Results and discussion

3.1. Distribution of gene inactivations

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 subunit],
GRK?7 [cone G-protein coupled receptor]) and two pseudogenic rod and cone genes
(GUCAIB [guanylate cyclase activator 1B], GUCY2F [guanylate cyclase 2F]) (Figures 4-
5). By contrast, all rod-specific genes are intact (Supplemental Files, Table B1). In
theory, inactivating mutations in both cone opsins (SWS1 and LWS) and/or any of the
subsequent genes in the cone phototransduction cascade (CNGA3 [cone cyclic nucleotide
gated channel alpha subunit; Kohl et al. 1998; Johnson et al. 2004; Reicher et al. 2010),
CNGB3 [Kohl et al. 2000; Sidjanin et al. 2002; Johnson et al. 2004], GNAT2 [Kohl et al.

2002; Chang et al. 2006], GNGT2 [cone transducin gamma subunit; Akhmedov et al.
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Figure 4. Examples of inactivating mutations for all retinal genes found to be inactivated in one or more
xenarthrans. Green = frameshift deletion; yellow = frameshift insertion; blue = premature stop codon;
purple = splice site mutation; red = P23L missense mutation. The numbering of the nucleotide positions
corresponds to those in Supplemental Dataset Al and includes artificial gaps after frameshift insertions to
maintain the original reading frame. Choloepus = Choloepus hoffmanni, unless otherwise noted.
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1998], PDEOGC [Stearns et al. 2007; Thiadens et al. 2009; Chang et al. 2009]) should
result in nonfunctional or absent cones. The exceptions are PDE6H (Kohl et al. 2012) and
GNB3 [cone transducin beta subunit; Nikonov et al. 2013], which lead to partial rod
monochromacy and reduced light-sensitivity in their respective absence. The inactivation
of both cone opsins (SWS1, LWS), GNAT2, PDE6C and CNGB3 all indicate that D.
novemcinctus is a rod monochromat. For Choloepus hoffmanni, SWS1, PDE6C, PDE6H,
GNGT2, GRK7 and GUCY2F are pseudogenic (Figures 4-5; Supplemental File B, Table
S2). A rod phototransduction gene, PDE6B (rod phosphodiesterase 6B), has a 2-bp
deletion in exon 21, but this deletion is near the 3’ end of this long gene and may or may
not cause inactivation. The retention of all other rod-specific genes in C. hoffmanni
suggests this gene is likely 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 SWSI, PDE6C, GRK7 and GUCY2F, several of which are shared with C.
hoffmanni (Supplemental File B, 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 4). The inactivation of PDE6C in C. hoffmanni and M. darwinii, as well as
GNGT?2 in the former, confirm rod monochromacy in both taxa.

For the comparison groups, Manis pentadactyla’s SWS1 gene is inactivated, but
all other cone phototransduction genes are functional, as is the case for Tursiops
truncatus (Figure 5; Supplemental File B, Table S2). The rod monochromats

Balaenoptera acutorostrata and Physeter macrocephalus both have inactivated copies of
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Figure 5. Patterns of protein loss in the phototransduction cascades of various mammals. Black symbols
correspond to rod phototransduction proteins. All mammals investigated so far retain the entire rod
pathway (though see note about sloth PDE6B in section 3). Blue and red symbols correspond to intact and
inactivated cone phototransduction genes, respectively. Arrows indicate the directionality of the
phototransduction cascade beginning with the absorption of light by the opsins (RH1, SWS1,LWS),
activation of transducin (GN proteins), activation of phosphodiesterase (PDE proteins), and
hyperpolarization of the photoreceptor by cGMP-gated channels (CNG proteins). The absence of an arrow
indicates the predicted disruption of that portion of the cascade. Species not reported on in this paper are
from Emerling and Springer (2014) and Invergo et al. (2013). All paintings by Carl Buell (copyright John
Gatesy) except star-nosed mole and naked mole-rat (Michelle S. Fabros).
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CNGB3, B. acutorostrata has a PDE6H pseudogene and P. macrocephalus has
inactivated copies of CNGA3, GNAT2, and GNGT2 (Figure 5; Supplemental File B,
Table S2). These results, combined with previous studies (Invergo et al. 2013; Emerling
and Springer 2014), confirm that rod monochromats are unique in having inactivated
cone phototransduction genes, with the exception of SWS/ in LWS-cone monochromats
(Figure 5). 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 PDEG6H. The pleiotropic GNB3 (Keers et al. 2011; Kumar
et al. 2013) is the only gene that has remained functional in all rod monochromats

examined (Figure 5).

3.2. Timing of gene inactivations

Dasypus novemcinctus, Choloepus hoffmanni and Mylodon darwinii share a large
deletion in the cone-specific GRK7 (Figure 4; Supplemental File B, Table S3). We
estimate that this was inactivated in a stem xenarthran ~95 Ma (Figure 6; Supplemental
File B, Table S4). D. novemcinctus and C. hoffmanni also share a unique missense
mutation in SWS/, possessing a leucine at residue 23 rather than a proline (bovine RH1
numbering; Figure 4; Supplemental File B, Table S3). A proline is present in all opsins
across vertebrates (Carleton et al. 2005), with missense mutations in rod opsin (RH1)
resulting in a non-functional pigment in vitro (P23H [Davies et al. 2012b]), progressive
photoreceptor degeneration in vivo (P23H [Dryja et al. 1990; Naash et al. 1993]),

reduction in chromophore yield due to a decrease in cell surface transportation (P23H,
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P23L [Kaushal and Khorana 1994]), and high amounts of misfolding, with P23L having
the highest degree of misfolding among seven RH1 mutants (Krebs et al. 2010).
Consistent with these data, Kogia breviceps (pygmy sperm whale [Meredith et al. 2013a])
and Megaderma lyra (greater false vampire bat [AWHBO01305061- 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 armadillo], Zaedyus
pichiy [pichi])(Figure 4). We were unable to amplify the exon containing this mutation in
two anteaters (giant anteater [Myrmecophaga tridactyla], Tamandua tetradactyla
[southern tamandua]), but confirmed that SWSI is pseudogenic in these species
(Supplemental File B, Tables S2 and S3). Using a molecular phylogenetic method to date
gene inactivations (Meredith et al. 2009), we estimated that SWS/ was pseudogenized
~80 Ma in a stem xenarthran (Figure 6; Supplemental File B, Table S4), rendering the
earliest crown xenarthrans at most LWS-cone monochromats. This provides evidence of
the earliest acquisition of LWS-cone monochromacy in mammals (Supplemental File B,
Table S5). Though LWS-cone monochromacy is frequently associated with nocturnality
(Jacobs 2013), the nocturnal bottleneck hypothesis posits that placental mammals were

nocturnal through the end of the Mesozoic (Walls 1942; Heesy and Hall 2010; Hall et al.
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Figure 6. A timetree depicting the loss of photoreceptor genes in xenarthrans. The origins of crown
armadillos, sloths, and anteaters are indicated by the vertical widening of the branches leading to their
representative taxa. Dates for crown Xenarthra, Pilosa (anteaters and sloths), Vermilingua (anteaters), and
Folivora (sloths) are derived from Meredith et al. (2011); date for crown armadillos is from Delsuc et al.
(2012). Small vertical bars correspond to the averaged inactivation estimates for each gene (Supplemental
File B, Table S4). Horizontal bars indicate geological ranges of the oldest xenarthran (Riostegotherium),
glyptodont (Glyptatelus), and pilosan fossils (Pseudoglyptodon). Dashed branches arbitrarily connect to the
earliest occurrence of extinct taxa and should not be interpreted as divergence time estimates. Colors of
horizontal and vertical bars correspond to the colors of the geological strata at the bottom of the figure.
Daggers indicate extinct taxa. Note: GUCAIB was demonstrated to be inactivated only in Dasypus
novemcinctus, not other armadillos. Paintings by Carl Buell (copyright John Gatesy).
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2012; Gerkema et al. 2013) due 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 ~65.5 Ma, (Supplemental File B,
Table S5) suggesting that factors other than nocturnality may explain SWS/ and GRK7
inactivation in this lineage (see section 3.4 below).

Dasypus novemcinctus, Choloepus hoffmanni, and Mylodon 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). Since inactivated PDE6C leads to
rod monochromacy in vertebrates (Stearns et al. 2007; Thiadens et al. 2009; Chang et al.
2009), 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 ten and nine xenarthrans, respectively. PDE6C is inactivated in both
Choloepus species, Bradypus tridactylus, Dasypus novemcinctus, Euphractus sexcinctus,
Chaetophractus villosus, Priodontes maximus and Tolypeutes matacus (Figure 4;
Supplemental File B, 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 (Supplemental File
B, Table S2). Nonetheless, four sloth species share stop codons in PDE6C (Figure 4;
Supplemental File B, Table S3), and we estimate this gene was inactivated in the
common ancestor of Pilosa (anteaters + sloths) shortly after this lineage diverged from
cingulates near the Cretaceous-Paleogene boundary (Figure 6; Supplemental File B,

Table S4). This estimate predates the earliest unambiguous pilosan fossils (31.5 Ma,
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Pseudoglyptodon spp. [McKenna et al. 2006]), and suggests that all known extinct and
extant sloths and anteaters were/are rod monochromats (Figure 6). However, exon 4 of
PDEGC is intact in Cyclopes didactylus and Myrmecophaga tridactyla (Supplemental
Dataset B1), 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 (Supplemental File B, 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; Supplemental File B, Table S4) all predate crown armadillos (41.4 Ma
[Delsuc et al. 2012]) and the earliest fossils of the two major extinct cingulate lineages:
pampatheres (16 Ma, Scirrotherium; reviewed in [Scillato-Yané et al. 2005]) and
glyptodonts (48.6 Ma, Glyptatelus [McKenna and Bell 1997], except PDE6C and
CNGB3). This suggests that rod monochromacy was/is present in all of these taxa (Figure

6).

3.3. Implications of rod monochromacy for extant xenarthrans

Rod monochromacy is characterized by the complete absence of cones, and results in
complete colorblindness with poor visual acuity in dim-light and total blindness in bright
light conditions. As a result, xenarthrans probably utilize 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
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armadillos, ground sloths and pampatheres might have been pre-adapted to the low-light
conditions underground. Additionally, since xenarthrans are frequently the victims of
vehicular collisions (de Caralho Oliveira et al. 2006), awareness of their degenerate

vision should aid in their conservation.

3.4. 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 (Douglas et al. 1995),
deep diving whales (Meredith et al. 2013a) and subterranean vertebrates (Mohun et al.
2010; Emerling and Springer 2014). Therefore, a long history of extreme dim-light
conditions is predicted to eliminate the function of cones via negative or relaxed
selection. We propose that the loss of SWS/ and GRK?7 in stem xenarthrans, and the
subsequent, independent loss of cones in pilosans and armadillos respectively, is a
consequence of early xenarthrans passing through a subterranean bottleneck.

To our knowledge, Simpson (1931) was the first to suggest that the last common
ancestor of xenarthrans (“edentates”) was fossorial. Molecular timetrees suggest that
xenarthrans last shared a common ancestor near the Cretaceous-Paleogene boundary
(Meredith et al. 2011b; Delsuc et al. 2012). Fossoriality in Mesozoic mammals is not
without precedent and several lineages of Mesozoic synapsids are inferred to have
exhibited burrowing behavior (Groenewald 1991; Damiani et al. 2003; Luo and Wible

2005; Fernandez et al. 2013). Robertson et al. (2004) suggested that mammals survived
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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 xenarthran fossils (middle Paleocene) show fossorial
limb adaptations (Bergqvist et al. 2004) and extant armadillos and many extinct
xenarthrans display(ed) fossorial behaviors and/or adaptations (Bargo et al. 2000;
Vizcaino and Zarate 2001; Vizcaino et al. 2006; Dondas et al. 2009; Blanco and
Rinderknecht 2012; Genise and Farina 2012; Toledo et al. 2012). 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 (McDonald 2003); plus a synsacrum and lateral
accessory articulations of the lumbar vertebrae, which help stabilize the body while
digging (Gaudin and Biewener 1992; Nyakatura 2012). Besides xenarthrans, the latter
character is present only in the subterranean Mesozoic mammal Fruitafossor (Luo and
Wible 2005).

The morphological and paleontological evidence of ancestral fossoriality, coupled
with the loss of SWSI 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 hypothesized subterranean bottleneck is a historical
contingency that constrained xenarthran evolution, prevented diversification into
numerous niches (e.g., gliders, flyers, cursors, active predators), and canalized tree sloths

to convergently adopt a suspensory posture (Nyakatura 2012). The presence of rod
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monochromacy in xenarthrans should be taken into account in future behavioral,

ecological and conservation studies involving this enigmatic lineage of mammals.
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Chapter 4: The evolution of mammalian ultraviolet- and violet-sensitive visual

pigments (SWS1) correlates with eye length and photic niche

1. Introduction

Vision is crucial for the survival and reproduction of most mammals, aiding in foraging,
predation, migration, intraspecific recognition, and other critical behaviors.
Photosensitive pigments embedded in rod and cone retinal cells initiate vision by
absorbing light and activating a phototransduction pathway. These pigments are
composed of G protein-coupled receptors called opsins bound to chromophores. The
three visual opsins found in therian mammals (short wavelength-sensitive 1 [SWS1], long
wavelength-sensitive [LWS], and rod opsin [RH1]) differ in their peak absorption

wavelength (A

‘max.

), with SWS1 ranging from ultraviolet-sensitive (350-370 nm; UVS) to
violet-sensitive (400-457 nm; VS).

UVS pigments are typically considered rare in mammals, having been directly
measured in only ten rodents (Jacobs et al. 1991; Calderone and Jacobs 1999; Jacobs et
al. 2003; Williams et al. 2005; Peichl et al. 2005; Schleich et al. 2010) and four
marsupials (Arrese et al. 2002; Hunt et al. 2009; Palacios et al. 2010). Predictions based
on SWS1 opsin sequences suggest that UVS pigments may be more widespread,
occurring in an additional four rodents (Gaillard et al. 2009; Arbogast et al. 2013;
Emerling and Springer 2014) and five marsupials (Strachan et al. 2004; Arrese et al.
2005; Hunt et al. 2009; Deeb 2010), as well as bats (Wang et al. 2004; Zhao et al. 2009a;

Miiller et al. 2009; Feller et al. 2009), eulipotyphlans (Glosmann et al. 2008; Emerling
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and Springer 2014), and afrotherians (Emerling and Springer 2014). The utility of UVS
versus VS pigments may be related to the detection of specific stimuli, particularly cues
for foraging and communication (Honkavaara et al. 2002; Zhao et al. 2009b; Melin et al.
2012), though this potentially leads to the formulation of numerous ad hoc hypotheses
where specific functions of the SWS1 pigment are proposed for each species. By
contrast, broader selection pressures may govern the evolution of SWS1 spectral tuning.
For example, UVS pigments would facilitate the detection of a wider spectrum of light

than VS pigments, assuming a fixed A,,,, for LWS (Jacobs 1992). Additionally, UVS

SWS1 pigments may allow for greater chromatic contrast than VS SWS1 pigments
because of increased spectral separation from LWS (Chiao et al. 2000; Vorobyev 2003;
Gouras and Ekesten 2004). The widespread presence of UVS pigments in various
vertebrates and the likelihood that a UVS SWSI1 is the ancestral condition (Hunt and
Peichl 2013) suggests UVS pigments may be optimal for most vertebrate species. If
correct, this raises the question of why most mammals have VS SWS1 pigments.

Prior to the discovery of UVS pigments in mammals by Jacobs et al. (1991),
Goldsmith (1990) suggested that mammals lack UV receptors because their eyes have
lenses that filter out ultraviolet light. Indeed, some diurnal mammal lenses transmit little
to no UV light (Cooper and Robson 1969; Hut et al. 2000), but the lenses of certain
nocturnal (Cooper and Robson 1969; Hut et al. 2000; Miiller et al. 2009) and
subterranean (Williams et al. 2005; Glosmann et al. 2008) mammals transmit UV light

effectively, suggesting that photic niche (i.e., overall amount of light encountered by a

species) may be influencing lens transmittance and ultimately SWS1 spectral tuning.
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Diurnal species may evolve to reduce UV lens transmittance to limit the retina’s exposure
to damaging UV light (Zigman and Vaughan 1974; Ham et al. 1982; Van Norren and
Schellekens 1990) and minimize chromatic aberration to improve visual acuity, but at the
cost of reducing the available light spectrum and color discrimination. This hypothesis
predicts that species that occupy dim-light niches have UVS pigments, diurnal species
have VS pigments, and cathemeral/crepuscular mammals, which experience a moderate
amount of light, may have UVS or VS pigments. The hypothesis that UV-induced
damage is a selection pressure driving lens evolution implies that longevity may also
influence SWS1 spectral tuning. Long-lived mammals experience greater amounts of UV
light on average and therefore a higher likelihood of ocular damage than short-lived
species. Consistent with this hypothesis, several species show a reduction in lens short-
wavelength transmittance as they age (Cooper and Robson 1969; Douglas and Jeffery
2014), suggesting that longer-lived mammals are more likely to have VS pigments. A
third hypothesis is that eye length influences SWS1 spectral tuning (Hart 2001). The
ocular media as a whole (i.e., cornea, aqueous humour, lens, vitreous humour) can
attenuate UV transmittance, likely due to higher Rayleigh scattering of shorter
wavelengths as they pass through the ocular media. Longer eyes are predicted to have an
increased amount of scattering due to the longer optical path length, reducing the amount
of UV light that reaches the retina, a hypothesis supported by Lind et al.’s (2014) analysis
of avian eyes. Retaining UVS pigments in longer eyes would reduce the overall photon

catch of SWSI1 cones, therefore leading to selection for VS pigments.
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Here we test whether increases in photic niche brightness, longevity and eye
length lead to increased SWS1 A, and therefore a higher frequency of VS pigments. We
predict that the evolution of SWS1 spectral sensitivity in mammals is directly driven by
the evolution of the ocular media, which in turn is influenced by the evolution of photic
niche, longevity and eye length. Our results suggest that mammalian SWS1 was
ancestrally UVS and shifted to VS on at least 12 occasions in association with increases

in light exposure and eye length.

2. Materials and methods

2.1. Data collection

We collected data on the presence/absence of SWS1 cones and spectral tuning of SWS1
opsin from the literature, GenBank, in silico assemblies of SWS/ from published
genomes (Ensembl, PreEnsembl, NCBI whole genome shotgun database [WGS]), and de
novo sequences of SWS/ exon 1 generated from PCR amplification (Supplemental File C,
Table S1). We deemed SWS1 cones as present in a species under the following
conditions: positive immunostaining of cones with SWS1-opsin antibodies,
electrophysiological or microspectrophotometric recordings of the retina/individual cones

with a A, consistent with SWS1 (~350-450 nm), SWSI mRNA expression in retinal

max
extracts, and/or SWS1 DNA sequences lacking inactivating mutations. We concluded that
SWSI1 cones are absent when there were negative results from any of the above methods.

When more than one A, estimate was reported in the literature, we selected the largest

max

value for phylogenetic generalized least squares (PGLS) analyses. We assembled
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sequences from genomes after BLASTing query mRNA sequences from GenBank
against the genome databases using the BLAT algorithm for Ensembl/PreEnsembl and
BLASTN for WGS and relaxing search parameters if we had negative results. For de
novo sequences, we designed primers based on the 5’ UTR and intron 1 of SWS/ genome
sequences of closely related taxa (Supplemental File C, Table S2). We performed nested
PCR with Ramp-Taq DNA polymerase (Denville Scientific Inc.) in 50 ml reactions with
the following thermal cycling parameters: template denaturation at 95°C for 7 min
followed by 45 cycles of 1 min at 95°C (denaturation), 1 min at 50°C (annealing) and 2
min at 72°C for 10 min. We used genomic DNA (500-750 ng) for the template of the
initial PCR reaction and 1-1.5 ml of the PCR product in the nested PCR reaction. We
assayed the final PCR products on 1% agarose gels, excised bands of interest with razor
blades, and cleaned them with the Bioneer AccuPrep Gel Purification kit. Purified PCR
products were sequenced in both directions at the UCR Core Instrumentation Facility
with an automated DNA sequencer (ABI 3730x1). We performed contig assembly in
GENEIOUS (Drummond et al. 2012) using the MUSCLE alignment tool (Edgar 2004).
All sequences were aligned manually with Se-Al version 2.0al1 (Rambaut 1996).

We collected data (Supplemental File C, Table S3) for eye length (=axial
diameter) from various sources, longevity from PanTHERIA (Jones et al. 2009) and
AnAge (Tacutu et al. 2013), and photic niche from PanTHERIA, Hall et al. (2012), Roll
et al. (2006) and mammalian species accounts. In cases where eye length or longevity
data conflicted, we selected the largest value reported among the sources. We coded

photic niche as mesopic (sensu Jones et al. 2009) when data conflicted.
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2.2. Ancestral sequence reconstruction

We performed ancestral DNA sequence reconstructions of SWS/ using 219 mammals and
eight outgroup taxa (Supplemental Dataset C1) to infer historical shifts in spectral tuning
based on residues 86 and 93+114 (bovine RH1 numbering here and throughout). We used
both putatively functional and pseudogenic sequences to increase taxonomic coverage.
We performed reconstructions with codeml in PAML ver. 4.4 (Yang 2007), which
implements an empirical Bayesian method. We compared four codon frequency models
using the Akaike Information Criterion, with equal codon frequencies providing the best

fit.

2.3. Spectral tuning predictions

We predicted the spectral tuning for newly reported sequences (genome- and PCR-
derived) on the basis of comparative sequence and mutagenesis data (Supplemental File
C, Tables S4 and S5). We recorded 13 residues in exon 1 of SWSI known to affect

spectral tuning (Yokoyama 2008), and predicted A,,,, when all 13 residues were identical

‘max

to one or more species’ tuning sites with a known A,_,.. When this was not possible, we

predicted whether a sequence gives rise to a UVS or VS pigment. All examined
mammalian SWS1 sequences with F86 and T93 have UVS pigments, whereas the
occurrence of tyrosine, serine, or valine at site 86 results in a VS pigment (Cowing et al.

2002; Fasick et al. 2002; Hunt et al. 2004; Parry et al. 2004; Yokoyama et al. 2005;

Carvalho et al. 2006). Additionally, a proline at site 93 shifts pigments to VS when G114
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is also present (Yokoyama and Shi 2000; Shi et al. 2001; Carvalho et al. 2012). Known

mutations at all other sites only induce minor spectral shifts.

2.4. Phylogeny estimation and timetree analysis

We estimated a phylogeny for mammalian species that had data on the presence/absence
and/or spectral tuning of SWS1. We added the mammalian species and tetrapod
outgroups in Meredith et al. (2011) to provide a robust backbone for the tree.
Petromyscus sp. was excluded because of sufficient representation of nesomyids in the
dataset. We eliminated taxa that consistently inhibited the resolution of the topology (e.g.,
due to minimal sequence data) and added species to minimize long-branch misplacement
(e.g., Miniopterus spp.). We collected DNA sequences for 38 genes (27 nuclear, 11
mitochondrial) from GenBank, WGS, Ensembl and PreEnsembl (Supplemental File C,
Table S6, Dataset C2). We used the BLASTN algorithm to obtain GenBank and WGS
sequences and BLAT for Ensembl and PreEnsembl sequences. We aligned sequences
with MUSCLE in GENEIOUS and adjusted them manually in Se-Al. Alignment-
ambiguous regions were excluded from the alignments prior to phylogenetic analysis. We
estimated gene trees in RAXML ver. 8.1.11 (Stamatakis 2014) on CIPRES (Miller et al.
2010) to identify contaminants that should be excluded from the individual gene
alignments. We concatenated the final gene alignments into a DNA supermatrix with
SequenceMatrix ver. 100.0 (Vaidya et al. 2011), and executed a RAXML analysis on

CIPRES, giving each gene partition its own model of DNA sequence evolution
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(GTRGAMMA). We ran 500 bootstrap iterations with GTRCAT but otherwise used the
default settings on CIPRES.

We estimated divergence times using penalized likelhood (Sanderson 2002) with
chronos in the APE package in R (Paradis et al. 2004; Paradis 2013; R Core Team 2012).
We estimated the smoothing parameter with the cross validation method implemented in
chronopl in APE, starting at 0 and using a logarithmic scale from 10 to 10**. We set the
smoothing parameter to the optimal value (10”) and utilized the correlated model of
sequence evolution. We employed 80 of 82 primary calibrations from Meredith et al.
(2011; all except Tetrapoda, and Sarcopterygii to Actinopterygii) and Benton et al.’s
(2009) calibration for Placentalia. We implemented the resulting timetree in all

subsequent phylogenetic comparative analyses.

2.5. Phylogenetic Comparative Analyses

To test the hypothesis that the average amount of light exposed to the eye (photic niche)
is correlated with spectral tuning, we utilized the stochastic mutational mapping of
discrete characters approach in SIMMAP 1.5 (Bollback 2006). We coded photic niche as
scotopic/dim light (0) for nocturnal and subterranean species, mesopic/moderate light (1)
for cathemeral and crepuscular species, or photopic/bright light (2) for diurnal species.

We coded spectral tuning as UVS (0) or VS (1) based on A, and/or DNA sequence

predictions. We estimated character evolution priors using the MCMC method described
in SIMMAP (cycles: 100,000, sampling freq: 200; burnin: 10,000; rate upper bound:

1,000): (1) Photic niche: rate prior parameter oo = 28.072, § = 2293.006; (2) Spectral
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tuning: rate prior parameter o = 8.865, 3 = 3558.587, bias parameter a = 81.496. We set
the bias parameter for photic niche to empirical, and used the default number of
categories (k) for the priors (bias = 31; rate = 60). We pruned all species from the
timetree that lacked sufficient data, and ran analyses with state ordering for photic niche
as unordered and ordered. Sampling settings for the correlation analysis were 2000
samples, 10 prior draws and 1000 predictive samples.

We used phylogenetic logistic regression (Ives and Garland 2010) to test the
hypotheses that longevity and eye length predict spectral tuning, respectively. We coded
spectral tuning as above, and log-transformed longevity and eye length prior to analysis.
After pruning taxa with insufficient data, we converted the reduced timetrees into
variance-covariance matrices using the vev function in APE. We performed phylogenetic
logistic regression using the PLogReg function in MATLAB (MathWorks 2015) with
2000 bootstrap simulations to calculate confidence intervals. We standardized the
independent variables to have a mean of zero and a variance of one and set the initial
estimate of a to -1.

We also performed PGLS (Grafen 1989) in the caper package in R (Orme et al.
2013) to test the hypotheses that photic niche, longevity and eye length influence SWS1
A

nax INd1vidually and in concert. We coded the independent variables as above and pruned

all species from the timetree that lacked data on A

‘max

and at least one of the predictor
variables. We used a phylogenetic correction based on a maximum likelihood estimate of
Pagel’s lambda, which in each case equaled 1.

For all analyses, we used a significance threshold of 0.05.
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3. Results and discussion

3.1. SWSI1 diversity in mammals

We assembled 32 complete or partial SWSI sequences derived from published genomes,
and generated 58 complete or partial SWSI exon 1 sequences via PCR and Sanger
sequencing (Supplemental Dataset C3). Our combined dataset yielded 271 species with

functional SWS1 cones, 132 with nonfunctional SWS1 cones, 59 with measured A, (13

UVS, 46 VS), 96 with predicted A, (51 UVS, 45 VS; Supplemental File C, Table S4),
and 60 with predicted spectral tuning (26 UVS, 34 VS). Here we describe the predicted
SWSI1 spectral tuning for representatives of various mammalian clades for the first time:
funnel-eared bat (Natalidae; UVS), slit-faced bat (Nycteridae; UVS), mustached bat
(Mormoopidae; UVS), red panda (Ailuridae; VS), hyena (Hyaenidae; VS), viverrids
(VS), mongooses (Herpestidae; VS), rhinoceros (Rhinocerotidae; VS), peccary
(Tayassuidae; VS), chevrotain (Tragulidae; VS), okapi (Giraffidae; VS), pronghorn
(Antilocapridae; VS), musk deer (Moschidae; VS), gibbon (Hylobatidae; VS), beaver
(Castoridae; UVS), mountain beaver (Aplodontiidae; VS), capybara (Hydrochoeridae;
VS), agouti (Dasyproctidae; VS), paca (Cuniculidae; VS), new world porcupine
(Erethizontidae; UVS), pacarana (Dinomyidae; UVS), cane rat (Thryonomyidae; UVS),
pika (Ochotonidae; VS), hyrax (Hyracoidea; VS), monito del monte (Microbiotheria;
UVS), potoroids (UVS), musky rat kangaroo (Hypsiprymnodontidae; UVS), feather-
tailed possum (Acrobatidae; UVS), petaurid (UVS), pseudocheirids (UVS), koala

(Phascolarctidae; UVS), and wombat (Vombatidae; VS). UVS pigments are found in

marsupials, insectivorous afrotherians, insectivorous laurasiatherians, bats, and rodents,
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whereas VS pigments are found in marsupials, paenungulates, perissodactyls,
carnivorans, cetartiodactyls, colugos, primates, lagomorphs, rodents and tree shrews. In
total, we report 90 species with UVS pigments and 125 with VS pigments. These
proportions suggest that UVS pigments in mammals are far more prevalent (41.86%)
than previously assumed, which becomes even more apparent considering that the most
diverse mammalian clades (e.g., murid and cricetid rodents, bats) only appear to possess
UVS pigments (Supplemental File C, Table S1). However, more taxa need to be sampled

with direct measurements of A, before drawing strong conclusions.

Five novel sequences are pseudogenes (Supplemental File C, Table S7),
suggesting that these species (Orcinus orca [killer whale], Megaderma lyra [greater false
vampire bat], Mephitis mephitis [striped skunk], Hystrix brachyura [Malayan porcupine],
Nasalis larvatus [proboscis monkey]) lack SWS1 cones. Though Orcinus orca was
predicted to have an SWSI pseudogene based on an inferred inactivating mutation in stem
odontocetes (Meredith et al. 2013a), all other examples represent genera that were
previously unknown to lack SWS1 cones. If this condition is verified in Nasalis larvatus,
it would be the first recorded diurnal primate without SWS1 cones. Three species,
Odobenus rosmarus (walrus), Callorhinus ursinus (northern fur seal), and Notoryctes
typhlops (marsupial mole), have intact coding sequences for SWS/, but external evidence

suggests that SWS1 cones are absent in each species (Sweet 1906; Peichl et al. 2001;

Levenson et al. 2006).
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3.2. The evolutionary history of mammalian SWS1

We performed ancestral sequence reconstructions to infer the history of SWS1 spectral
tuning in mammals. The topology we used (RAXML best tree) can be found in the
electronic supplementary material (Supplemental Dataset C4). Based on changes in key
residues, our reconstructions indicate that therian mammals inherited a UVS SWS1
pigment from an amniote ancestor (Supplemental File C, Table S4), which shifted to a
VS pigment on at least 12 occasions (Figure 7). Seven shifts to a VS pigment occurred
via F86Y, two through F86V, one by F86S, and one via T93P+A114G (Supplemental
File C, Table S8). Three tuning site substitutions on the stem lagomorph branch (F86A,
TO93N, L116T) resulted in a pigment identical to that of Oryctolagus cuniculus (European
rabbit; A, = 425 nm; Nuboer et al. 1983), representing a novel mechanism for inducing

a shift to a VS pigment. Whether one or a combination of these substitutions causes the

shift will need to be verified with mutagenesis studies.

3.3 Predictors of SWS1 spectral tuning

The timetree we used for phylogenetic comparative analyses is in the electronic
supplementary material (Supplemental Dataset C4). The results from SIMMAP (Table 1)
indicate that photic niche is significantly correlated with spectral tuning. For the
unordered results, scotopic niche is positively associated with a UVS pigment and
negatively associated with a VS pigment, whereas photopic niche is negatively associated
with a UVS pigment and positively associated with a VS pigment. Only one of four

statistics (m[1,0]) showed a significant correlation of the mesopic niche and spectral
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Figure 7. Our timetree with collapsed branches showing the diversity and major evolutionary transitions of
SWS1 in mammals. Dots after taxonomic names represent the number of species with known or inferred
data on SWS1 cones. Changes in color along branches represent SWS1 transitions and have been arbitrarily
dated to the midpoint of the branch on which they occurred. The mechanisms for spectral shifts based on
key residues are indicated near the branches. Pink = UVS SWS1; blue = VS SWS1; white = unknown
SWS1 spectral tuning; black = no SWS1 cones; pink/white = unknown SWS1 spectral tuning, but possibly
UVS (Supplemental File C, Table S1). Dark background = Mesozoic; light background = Cenozoic. Since
no sequence data is available for Gliridae and Pholidota, we indicated their most parsimonious ancestral
states. Paintings by Carl Buell, copyright John Gatesy.
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Unordered Ordered

Statistic Value P-value Value P-value

M 0.096802 0.01 0.131247 0.02
m(0,0) 0.113439 0.003 0.133596 0.004
m(0,1) -0.076719 0 -0.079367 0
m(1,0) -0.031117 0.046 -0.040613 0.007
m(1,1) 0.044408 0.056 0.0564 0.011
m(2,0) -0.028893 0.046 -0.020373 0.078
m(2,1) 0.075685 0.013 0.081605 0.014
D 0.389799 0.003 0443138 0.003
d(0,0) 0.097372 0 0.110774 0
d(0,1) -0.097375 0 -0.110778 0
d(1,0) -0.038635 0.059 -0.049534 0.008
d(1,1) 0.038633 0.059 0.049531 0.008
d2,0) -0.05874 0.015 -0.061244 0.018
d2,1) 0.058739 0.015 0.061243 0.018

Table 1. Results from SIMMARP analyses. M and D represent the overall correlation between traits, and m
and d indicate state-by-state correlations. For state-by-state correlations, first number = photic niche;
second = spectral tuning (see Materials and methods for character coding). Positive value = positive
association between states; negative value = negative association. Bold p-values are <0.05.

tuning (negatively associated with UVS). The ordered results mimicked the unordered
with two exceptions: the m statistic for photopic+UVS (m[2,0]) association was not
statistically significant (p = 0.078), whereas all of the mesopic niche correlations were
statistically significant. The mesopic niche was negatively associated with UVS pigments
and positively with VS, though generally with smaller effects than the photopic niche.
The phylogenetic logistic regression analyses (Table 2; Supplemental File C,
Figures S1 and S2) indicate that increases in both log eye length and log longevity

significantly predict UVS to VS pigment shifts. Log eye length has a larger effect

Predictor N B p-value bootstrap p-
value
Longevity 164 0.83472 +-0.19911 3.03E-06 0
Eye length 98  2.6615 +- 0.57005 2.76E-06 0

Table 2. Results from phylogenetic logistic regression analyses. Longevity and eye length are log-
transformed. Bold p-values are <0.05.
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on spectral tuning (3 = 2.6615) than log longevity (§ = 0.83472), suggesting that eye
length is a more important driver of SWS1 evolution than longevity.

Our PGLS results corroborate the SIMMAP and phylogenetic logistic regression
results with one important caveat. Photic niche, log longevity, and log eye length all

individually have a positive relationship with SWS1 A, (Table 3; Supplemental File C,

‘max

Figures S3-S5), with log eye length predicting A, better (R* = 0.3621) than log

‘max

longevity (R*=0.1621) and photic niche (R* = 0.08366). However, the results of our
multiple regression analyses demonstrate that only log eye length and photic niche

contribute to A, (adjusted multiple R* = 0.4127). Eye length and longevity are both

‘max

highly correlated with body size (Howland et al. 2004; Speakman 2005), which may

explain why log longevity’s effect on A, drops out in multiple regression analyses.

'max

Since the term “mesopic” (cathemeral/crepuscular) covers a broad range of light
exposure conditions, it may mask a larger effect of photic niche on A,,. We performed
additional PGLS analyses with photic niche recoded as a binary trait by eliminating
mesopic species (Photic niche B: scotopic = 0, photopic = 1). With this alternative

coding, photic niche provides better predictions of A, both individually (R*=0.1561;

max?

Supplemental File C, Figure S6) and with eye length (adjusted multiple R*> = 0.5851).

Notably, the regression equation for A, ~log eye length+photic niche B

max

(y=39.2063x,+42.5256Xx,) suggests that shifting from a scotopic to photopic niche or

evolving eyes that are 10x longer is enough to increase A,,,, by ~40 nm. Assuming a A

‘max ‘max

of 360 nm, evolving either of these traits is theoretically sufficient to drive the evolution

of a VS pigment.
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Predictor ‘ N ‘Coefficient R’ Adjusted R* p-value

Eye length 45 5457 0.3621 1.229E-0.5
Longevity 54 25.3252 0.1621 0.002545
Photic niche 50 64018 0.08366 0.04162
Eye length+Longevity 42 0.3728 0.3415 8.86E-05
Eye length 53.99 0.001671
Longevity 1.6855 0.887387
Eye length+Photic niche 37 0.4445 0.4127 3.41E-05
Eye length 35.8039 0.008744
Photic niche 15.9238 0.001355
Longevity+Photic niche 46 0.1451 0.1063 0.03174
Longevity 15.2551 0.07607
Photic niche 4.9202 0.15813
Eye length+Longevity+Photic
niche 34 0.4579 0.407 0.0001799
Eye length 44.3298 0.019625
Longevity -6.2089 0.589743
Photic niche 16.082 0.002163
Photic niche B 35 15.7291 0.1561 0.01883
Eye length+Photic niche B 23 0.6212 0.5851 3.74E-05
Eye length 39.2063 0.0318796
Photic niche B 42.5256 0.0002033
Longevity+Photic niche B 32 0.1446 0.08755 0.09609
Longevity 8.4919 0.4138
Photic niche B 12.6127 0.1082
Eye length+Longevity+Photic
niche B 21 0.6467 0.5909 0.0001519
Eye length 54.5635 0.0223548
Longevity -9.2793 0.3624231
Photic niche B 42.5035 0.0003294

Table 3. Results from PGLS analyses. Eye length and longevity are log-transformed. The dependent
variable in all cases is A,,,,. Bold p-values are <0.05.

Photic niche’s relatively weaker effect on A, in the individual PGLS analyses

max
may be an artifact of recoding a continuous character as a discrete character and/or a
higher rate of evolution for photic niche than SWS1 spectral tuning. The latter hypothesis

is supported by our MCMC analyses in SIMMAP (mean photic niche rate: 0.0122; mean

spectral tuning rate: 0.00249). Nonetheless, photic niche drives the evolution of other
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features that may influence spectral sensitivity, including ocular lens transmittance. We
performed an additional PGLS analysis on Douglas and Jeffery’s (2014) dataset and
confirmed that species that occupy brighter niches have lenses that transmit lower
amounts of UV light (N = 19; Coefficient = -30.187; R?*=0.6819; p = 1.336e-05;

electronic supplementary material, figure S7).

3.4. Conclusions and implications for mammalian evolutionary history

In summary, our results suggest that mammalian UVS SWS1 pigments were inherited
from an amniote ancestor and maintained by natural selection in small-eyed species that
occupy dim-light niches. The evolution of VS pigments was likely driven in part by
increases in light exposure and eye length. We hypothesize that occupying brighter
niches and evolving longer eyes decreased transmittance of UV in the ocular media (Lind
et al. 2014), facilitating selection for VS pigments to maximize photon capture. The
evolution of lenses with decreased UV transmittance may have been driven by selection
pressure(s) to reduce chromatic aberration and/or retinal exposure to harmful UV
radiation in bright light. The evolution of longer eyes may be largely a secondary effect
of increased body size, since body size positively correlates with eye length. Increases in
both light exposure and eye length may ultimately be traced to mammalian niche
diversification that occurred after the K-Pg mass extinction. Mammals in the Mesozoic
were generally small-bodied and probably nocturnal (Kemp 2005), features typically
attributed to predation by and/or competition with dinosaurs. However, many mammals

evolved larger body sizes after the extinction of non-avian dinosaurs (Smith et al. 2010)
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and others may have become more active during the day than their ancestors, resulting in
decreased ocular transmittance of ultraviolet light and selection for violet-sensitive
SWS1.If the UVS to VS shifts are dated to the midpoint of their respective branches
(Figure 1), then half occurred within 10 million years of the K-Pg boundary. Though a
very crude estimate of the timing of these shifts, it implies that this major niche
diversification event may have ultimately driven SWS1 evolution.

Whereas many mammals evolved larger body sizes after the K-Pg boundary, birds
have generally followed a trend to decrease body size over time (Lee et al. 2014). Given
the probable ancestral VS SWS1 pigment in birds (Odeen and Hastad 2013), Hart (2001)
suggested that this reverse trend in body mass evolution reduced eye size, thinning the
ocular media and hastening the reinvention of UVS pigments in multiple avian lineages.
In contrast to mammals, photic niche appears to be an insignificant factor in bird SWS1
evolution as the vast majority of birds are diurnal, including those with UVS pigments.
Carvalho et al. (2010) argued that UV damage may be less problematic for birds since
they have carotenoid-based oil droplets in their cones that might scavenge free radicals
caused by photo-oxidative damage. These oil droplets filter out all UV light in non-SWS1
cones (Hart 2001), presumably providing additional protection from UV damage. By
contrast, mammals lost oil droplets with filtration properties (Ahnelt and Kolb 2000)
during the Mesozoic, providing one less protective feature for their eyes. The absence of
these droplets, which may provide protection to individual non-SWS1 cones, may have
driven the evolution of lenses that absorb high amounts of UV light in mammals,

contributing to the evolution of VS SWS1.
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Chapter 5: Conclusion
Entering a new niche can have a profound impact on an organism’s phenotype, including
their capacity for vision. In chapter 2, I demonstrated that mammals inhabiting a nearly
lightless subterranean environment can lose various genes tasked with providing bright-
light and color (i.e., cone-based) vision. Of the three mammals that I examined, the less
light that reached their retinas, the more visual gene loss occurred. Furthermore, I tested
the hypothesis that the gene loss was specifically tied to invading a subterranean
environment, and showed that estimates for gene loss nearly always post-dated the
inferred entrance into a subterranean habitat.

In chapter 3, I took this knowledge of gene loss and investigated the cone
phototransduction system of xenarthrans. I confirmed that at least sloths and armadillos
lack cones, based on the inactivation of various cone-specific genes. I also estimated that
the loss of these genes was very early in their history. This, coupled with evidence from
morphological synapomorphies and the fossil record, suggests a subterranean lifestyle in
early xenarthrans, much like the species I examined in chapter 2.

Finally, in chapter 4, I tested hypotheses regarding traits that have driven the
evolution of violet-sensitive SWS1 opsin pigments from ultraviolet-sensitive pigments in
mammals. I discovered that both increases in eye length and light exposure contribute to
the evolution of these pigments, likely due to a decrease in the transmittance of
ultraviolet light through the ocular media. Mammals probably evolved longer eyes and

encountered more light during a niche diversification episode after the K-Pg mass
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extinction, leading to decreased ultraviolet light transmittance to their retinas and drove
the evolution of violet-sensitive SWS1 pigments.

Many more hypotheses regarding the evolution of the visual systems of mammals
remain to be tested. The sequencing of more genomes and the refining of comparative
techniques to elucidate genotype-phenotype connections will be instrumental in

furthering these goals.
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