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RESUMEN

El sistema visual de vertebrados ha evolucionado a lo largo de millones de afios
para adaptarse a los habitos nocturnos o diurnos, asi como a diferentes ambientes donde el
rango espectral variable y la intensidad de la luz estan presentes. Aunque se sabe mucho
sobre el sistema visual de los vertebrados en general, los estudios son escasos en reptiles y
particularmente escasos en serpientes. Los reptiles muestran una gran diversidad con
respecto a la estructura de su retina que puede estar conformada solamente de conos,
dominadas por bastones o ser retina dobles; Sin embargo, las mismas cinco opsinas se
encuentran en estos animales a pesar del cambio en la conformacion de la retina. Debido a
sus origenes nocturnos y fosoriales, las serpientes solo poseen tres de estas opsinas
visuales: RH1 (rhodopsin-like 1) presente en los bastones, LWS (long-wavelenght
sensitive) y SWS1 (short-wavelenght sensitive 1) presentes en conos. A pesar de que el
estudio de opsinas en serpientes ha sido ampliamente ignorado en el pasado, ha retomado
claramente su importancia en los Gltimos afios, en los cuales han surgido nuevos estudios
que reconsideran la teoria de Transmutacidn propuesta por Walls en 1934. En este estudio,
hemos clonado totalmente las opsinas RH1 y LWS, asi como una parte de la opsina SWS1
presente en Bothrops atrox. Estas secuencias fueron utilizadas para predecir la
Absorbancia maxima (Amax) de cada proteina. Este es el primer estudio que se centra en las
opsinas de un viperido, donde se obtuvieron las primeras secuencias completas disponibles
para dicha familia de serpientes, que ha sido pobremente estudiada hasta ahora

Palabras clave: Absorbancia méxima (Amax), Luz, Opsina, Proteina, Retina, Serpiente

ABSTRACT

The visual system of vertebrates has evolved over millions of years to adapt to
nocturnal or diurnal habits as well as different environments where varying spectral range
and intensity of light are present. Although much is known about the visual system of
vertebrates in general, studies about reptiles, and snakes in particular, are scarce. Reptiles
display great diversity regarding their retinal structure, and different types of retinas exist
(pure cone, mostly rod or duplex retina); however, the same five opsins are found in all of
these animals. Because of their nocturnal and fossorial origins, snakes only have three of

these visual opsins, namely: RH1 (rhodopsin-like 1) present in rods, LWS (long-
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wavelength sensitive), and SWS1 (short-wavelength sensitive 1) that are present in cones.
The study of snakes”™ opsins has been largely ignored in the past; however, its importance
has become clear within the past few years, and studies which reconsider Wall’s
transmutation theory, proposed back in 1934, have emerged. In this study, we cloned the
full length of RH1 and LWS opsins, as well of a part of the SWS1 opsin present in
Bothrops atrox and have used these sequences to predict the Maximal absorbance (Amax) for
each protein. This is the first report focusing on viper opsins; we report the first full length

sequences available for opsins of this family, which has been poorly studied so far.

Keywords: Light, Maximal absorbance (Amax), Opsins, Retina, Snake

1. INTRODUCTION

Light is involved in a variety of biological processes related to animals life and
behavior, and the capacity to perceive light can affect features such as reproduction,
ability to evade predators, hunt, as well as biological clocks, among other functions
(Cermakian and Sassone-Corsi, 2002; Doyle and Menaker, 2007). Vertebrates and
invertebrates perceive light stimuli using photo sensitive cells which form highly
specialized structures, located mainly, although not exclusively, within the eye. In
vertebrates, the eyes as well as specialized areas of the brain, such as the parietal eye
found in reptiles and other non-mammalian vertebrates, contain light receptors (Davies,
Hankins and Foster, 2010; Shichida and Matsuyama, 2009). These have evolved over
millions of years based on sensory information provided by different environments
such as varying spectral range and intensity of light, as well as nocturnal or diurnal
habits (Atick, 1992; Nilson, 2013; Mustafi, Engel and Palczewski, 2009).

Vertebrates possess two different types of traditional photoreceptive cells, the cones
and the rods, which can be differentiated by their distinct morphologies and functions.
Cones are shorter, about half the length of rods, and have a conical shape. Rods, on the
other hand, are more slender and elongated. The inner segments of both photoreceptor
types, contain all the usual cytoplasmic components of a cell such as the nucleus,
mitochondria and other organelles, and their outer segments, contain the cell’s
photosensitive membranes (Carter-Dawson and Lavail, 1979; Hill, Wyse, Anderson
and Anderson, 2004).
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Furthermore, rods and cones also differ in function. Rods are highly sensitive to
light and can detect as little as one photon, which makes them ideal receptors in dim
light or scotopic (low light) conditions. Since rods are highly sensitive to light they
adapt slowly to darkness (Shichida and Matsuyama, 2009), and exhibit a relatively low
spatial resolution (Hecht and Mintz, 1939). In contrast, cones are less sensitive, require
many photons to be activated, and therefore, facilitate vision under photopic conditions
(well-lit environments). These cells are also responsible for color perception and the
existence of different cone types provides animals with color vision (Shichida and
Matsuyama, 2009).

In reptiles, as in many vertebrates, studies have shown that different types of retinas
exist. Considering their morphology (i.e. which type of photoreceptor they consist of),
most reptile retinas are duplex, and therefore consist of both rods and cones. However,
the reptile retina can vary from rod-dominated, such as the retina of the crocodile
Alligator mississippiensis (Janke and Arnason, 1997), to pure cone retina such as the
retina of the turtle Trachemys scripta elegans (Loew and Govardovskii, 2001).
Squamata is a very diverse reptile order, and its members possess retinas of variable
nature as a result of constant evolution to different environments and diurnal/nocturnal -
habits (Roll, 2000; Crescitelli, 1972).

Retinal morphology of various species belonging to the class reptilia supports the
theory of transmutation postulated by Walls (1934). Walls argued that at some point
during evolution early tetrapods shifted their lifestyles from nocturnal to diurnal and
depended solely on photopic vision, resulting in a complete loss of their rods. After the
evolution of different types of predator animals, such as birds and mammals, early
tetrapods were forced to become nocturnal again, and therefore animals that had lost all
of their rods had to modify their remaining photoreceptors i.e. cones, to re-establish
photosensitive cells to detect low light levels, i.e. rods. Therefore, Walls suggested that
in lineages which had lost one of their photoreceptor types, rods and cones could
evolve into one another through series of intermediate morphotypes (Walls. 1934).
Within the last couple of years, a small number of studies had emerged considering this
theory in light of the snake visual system (Simdes et al., 2016a; Schott et al., 2016).
However, not many studies focused specifically on the snake visual system have been
published over the years, especially considering that reptiles are the only class whose
photoreceptors undergo transmutation.
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Snakes are divided into two major infraorders: Scolecophidia and Alethinophidia.
Scolecophidia includes blind snakes and thread snakes, while Alethinophidia includes
all other snakes. Alethinophidia can be further separated into two superfamilies;
Henophidia which includes boids (pythons and boas) and caenophidia which is more
diverse including vipers, elapids, and colubrids (Scanlon and Lee, 2011; Hsiang et al.,
2015).

Scolecophidians are fossorial snakes, and have reduced eyes covered with scales in
some cases; therefore their visual systems have not been studied extensively. The few
published reports show that scolecophidians have pure rod retinas and possess only one
functional visual opsin, rhodopsin (RH1), while SWS1 and LWS opsins are lost in this
group (Simdes et al., 2015).

Henophidia includes many nonvenomous, crepuscular/nocturnal and/or burrowing
snakes (Conant and Collins, 1998) and is considered the more primitive superfamily of
the infraorder Alethenophidia. We believe that the pattern of the retinal photoreceptors
of boids and pythons is ancestral to the pattern of the more advanced snakes since
Henophidians have evolved earlier than Caenophidians (Crescitelli, 1972).
Henophidians are mostly nocturnal and therefore have duplex retinas, which are greatly
dominated by rods (90% rods-10% cones). Species belonging to this group, such as
Python regius and Boa constrictor, although primarily nocturnal, can be active both
during the day and during the night and have through evolution modified their retinal
rod to cone ratio to accommodate their behavior. They developed a more cone-rich
retina which indicates that the visual system is plastic and responds to the organism’s
needs (Sillman, Johnson and Loew, 2001; Sillman, Carver and Loew, 1999).

Caenophidia is a much more diverse group than Scolecophidia and Henophidia and
includes various diurnal and nocturnal species; therefore, the retinal composition of the
species it encompasses is quite variable to respond to the particular needs of each
organism. Studies suggest that diurnal Caenophidians, such as colubrids, are more
derived (advanced) than nocturnal ones like some vipers and tend to have pure cone
retinas with no evidence of rod photoreceptors (Hauzman et al., 2014). Similarly to
colubrids, elapids also seem to lack rods and present many morphologically distinct
types of cones (Hart, Coimbra, Collin and Westhoff, 2012). Vipers, another category of

Caenophidian snakes are known for being nocturnal, but their visual system has not
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been studied in detail. A new study by Simdes et al. (2016b) is the only published
report providing insight to opsins present in vipers.

In reptiles, as in all vertebrates, cones and rods contain visual pigments composed
by a protein (opsin) which is permanently linked to a chromophore (Bowmaker, 2008).
Opsins are members of a family of G-protein coupled receptors and allow vision
mostly within the visible light spectrum, and in some cases within ultraviolet or infra-
red wavelengths (Bowmaker, 2008). Opsins are found in membranes of the outer
segments of photoreceptors, and respond to light by changing their conformation, and
eventually causing biochemical reactions that result in chemical and electrical signals
which finally get to the brain, thus transmitting visual information (Van Hazel, Santini,
Miller and Chang, 2006). The sum of these chemical and electrical reactions is a
process called phototransduction and it takes place in the outer segments of the
photoreceptors (Miller, 1981; Yau and Hardie, 2009).

There are 5 types of opsins in reptiles, one of these, rhodopsin is exclusively
expressed in rods (RH1, rhodopsin-like 1) whereas four additional opsins are expressed
in cones responsible for photopic and color vision. The following cone opsins are
present in reptiles: LWS (long-wavelength sensitive), SWS2 (short-wavelength
sensitive 2), SWS1 (short-wavelength sensitive 1) and RH2 (rhodopsin-like 2). RH2
opsin is found in reptilian cones which, despite functioning as cones, resemble rods in
their morphology. Reptile opsins are encoded by the genes rhl, lws, sws2, swsl and
rh2 respectively, the sequence of which differs slightly among different species.
Sequence variability, especially that of amino acids found at spectral tuning sites, can
cause a change in opsin sensitivities (Yokoyama, 2000; Van Hazel et al. 2006;
Yokoyama, Yang and Starmer, 2008a; Simdes et al. 2015). Sensitivity to different
wavelengths of light is a key characteristic of opsins. Each opsin type has an
absorbance range, including a maximal absortion wavelength (Amax). Each opsin type
displays a characteristic Amax; for example, UV-sensitive opsins absorb maximally
around ~360nm, whereas red light sensitive opsins absorb maximally at ~560nm
(Yokoyama et al. 2008a). It is believed that because of the fossorial origin of snakes,
the morphology, function and even the presence of opsins in their eyes is different from
the rest of reptiles, and possess only the following three types of opsins: RH1, LWS
and SWS1 (Caprette, Lee, Shine, Monkay and Downhower, 2004). The Amax Of the
three different opsins have the following ranges: SWS1 Anax: ~350-440 nm, RH1 Amax:
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~460-530 nm and LWS/MWS Amax: ~495-575 nm (Bowmaker and Hunt, 1999; Osorio
and Vorobyev, 2005).

Our study is focused on the opsins expressed in the retina of Bothrops atrox and
their Amax. B. atrox is a nocturnal, terrestrial viper (Viperidae) which is widely
distributed in tropical forests in Central and South America (Stocker and Barlow,
1976). This species plays an important ecological role in tropical forests, and it is one
of the most poisonous snakes of the Amazon region causing considerable human
mortality and morbidity within its distribution range (Oliveira and Martins, 2002).
Here we report the cloning of full length B. atrox RH1 and LWS, as well as partial
sequence cloning of the SWS1. We use these sequences to predict Amax Of each protein.
To the best of our knowledge, this is the first study focused exclusively on the visual
system of a viper, as well as one of the first studies regarding the vision of vertebrates

in Ecuador.
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2. MATERIALS AND METHODS

2.1. ANIMALS AND COLLECTION OF SAMPLES

We used adult Botrhops atrox snake collected in Zamora Chinchipe. This specimen
is registered in the Herpetology museum of Pontificia Universidad Catolica del
Ecuador with the QCAZ 13857. The animal of interest was euthanized using Roxicain
before eye enucleation following the sacrifice protocol stablished by Simmons and
Mufioz-Saba. (2005). After enucleation the retina or the entire posterior eye cup was
separated from the rest of tissues, and samples were immersed briefly in liquid nitrogen
for rapid freezing and eventually transferred at -80°C for long term storage.

2.2. RNA EXTRACTION

The Trizol Plus RNA purification system (Invitrogen) was used for RNA
extraction, using the manufacturer’s instructions. Briefly, 1ml of Trizol was added to
frozen samples and those were triturated using a pestle. The samples were subsequently
centrifuged at 13,000 x g for 10 minutes at 4°C and the supernatant, which contained
the RNA, was separated from the pellet and incubated briefly at room temperature (RT)
before adding 0.2ml of chloroform, shaking vigorously and incubating at RT for an
additional 2-3 minutes. Samples were then centrifuged at 13,000 x g for 15 minutes al
4°C, vielding three separate phases: phenol-chloroform phase (bottom), an interphase
and a colorless aqueous phase (top) where all the ARN is located. The aqueous phase
was mixed with an equal volume of 70% of EtOH and the mixture was transferred onto
a column and centrifuged to bind the RNA on the column. The RNA was washed,
treated with DNase (to remove any remnants of genomic DNA) and eluted in 50ul of
nuclease-free water. The RNA vyield and quality were analyzed using a Nanodrop
1000™ UV-Vis spectrophotometer (Thermo-Fisher Scientific), aliquoted in 1-2ug

fractions, and stored at -80°C for future usage.
2.3. cDNA SYNTHESIS

For cDNA synthesis the GoScript system (Promega) was used, following the
manufacturer’s instructions. A primer containing a known sequence (to be used later on
in RACE reactions as an anchor) and an oligo-dT tail, and 1-2ug of total RNA were
used in each reaction. After the reverse transcription, the enzyme was heat-inactivated
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and the template RNA was removed using RNase H (Promega). The resulting cDNA
was purified using the QlAquick PCR purification system (Qiagen) and was eluted in

50pl of nuclease-free water.

2.4. POLYMERASE CHAIN REACTION (PCR) AMPLIFICATION AND
RAPID AMPLIFICATION OF cDNA ENDS (RACE):

The genes of interest (visual opsins) were amplified using GoTaq Flexi DNA
polymerase (Promega) in various nested PCR reactions following the manufacturer’s
instructions. We used degenerated as well as gene specific primers to amplify visual
opsins. Degenerated primers were designed based on known sequences of previously
cloned opsins (Davies et al., 2009) to amplify the sequence of the three visual opsin
genes that can potentially be expressed in snakes: SWS1, LWS and RH1. After the
initial amplifications, gene specific primers were designed to amplify the extreme ends
of the genes of interest. To verify that B. atrox, as other snakes, only contains the three
aforementioned opsins, we attempted to amplify RH2 and SWS2 (which should be
present in lizards but not snakes). The results from these attempts were negative and
were therefore abandoned. All primers used are shown in Table 1. In each reaction, we

used 1-2ul of cDNA replaced by water in the negative control samples.

For the first and second rounds of the PCR we used the following conditions for the
amplification: 94°C for 10 minutes; 48 cycles at 94°C for 30 seconds, 45-55°C for 1
minute, 72°C for 1,5 minutes; and an extension at 72°C for 10 minutes to complete all

amplicons (Davies et al., 2009).

The 5° and 3° ends of each opsin sequence were obtained using Rapid
Amplification of cDNA Ends (RACE) (Schramm, Bruchhaus and Roeder, 2000). To
obtain the 3’ end cDNA was used as before, using appropriate primers (see table 1 for
details). In contrast, to amplify the 5’ end of the opsins, terminal deoxynucleotidyl
transferase (TdT) was used after the reverse transcription to add cytosine nucleotides to
the 5’ end of the newly synthetized cDNA. These nucleotides were used as an anchor
in the PCR reactions. For the amplifications we used primers with a known sequence
(anchor) and a series of guanines (to bind to the cytocines added to the template).

Subsequent PCR reactions were performed using the conditions described above.
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2.5. ELECTROPHORESIS

Samples were analyzed using electrophoresis. Specifically, we used 1.2% agarose
gels, which were dyed using SYBR Safe (Thermo Fisher Scientific) to visualize the
amplified DNA. The bands were visualized using an automated gel imaging Gel Doc™
XR+ Imaging System (BIO RAD) under UV light, and were excised and purified using
the QIAquick Gel Extraction Kit (Qiagen) following the manufacturer’s protocol. After
purification, the amplicons were eluted in 50ul of nuclease-free water and sequenced

directly (Macrogen, Korea) to reveal the sequences of the genes of interest.

2.6. SEQUENCE ANALYSIS

Fragments of the genes of interest were aligned using the Phylogenetic Data Editor
(PhyDe) and Bioedit programs to obtain a consensus sequence for each gene. Every
piece of the sequence was amplified and sequenced, to increase confidence in the
sequence obtained. Nucleotide sequences were then translated to amino acid using the
freeware San Diego Biology WorkBench and the largest open reading frame for each
protein was selected for further analysis. We used the resulting amino acid sequences
to predict spectral sensitivity for each opsin and compared them with known sequences

from the other vipers, as well as bovine rhodopsin.
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3. RESULTS

Using cDNA generated from freshly sampled B. atrox, sequences of all three visual
opsins present in snakes (RH1, LWS, and SWS1) were successfully amplified.
Amplification of RH2 and SWS2 was attempted unsuccessfully. For each gene
amplified, various PCR reactions were performed using different degenerate and gene-
specific primer combinations. We amplified and sequenced the full-length RH1 opsin
(a total of 1247 nucleotides) and LWS opsin (a total of 1322 nucleotides). SWS1 opsin

was partially sequenced with a total of 551 nucleotides.

The opsin nucleotide sequences were translated to amino acid sequences and used
to predict spectral sensitivity for each opsin, and to compare them with known

sequences from other vipers.

The amino acid sequences available for three African vipers (Bitis nasicornis, Echis
ocellatus and Causus rhombeatus) (Simdes et al., 2016b) were obtained from GenBank
(Bitis nasicornis (Accession numbers: AOF40381, AOF40293, AOF40388), Echis
ocellatus (Accession numbers: AOF40382, AOF40294, AOF40389), Causus
rhombeatus (Accession numbers: AOF40384, AOF40295, AOF40390)) and
compared/aligned to those generated for B. atrox as well as bovine rhodopsin from Bos
Taurus (Accession: NP_001014890) (Kazmin et al., 2015) (see Figures 1, 2 and 3).
Bovine rhodopsin is one of the first discovered and best studied opsins and, as a
convention, it is used as reference to determine the amino acids present at the tuning

sites, which can determine spectral sensitivity causing shifts in the visual pigments.

Opsin spectral sensitivity can vary due to amino acid substitutions in crucial protein
sequences positions, which are known to shift the absorption maximum (Yokoyama,
2000). These amino acid sites are called spectral tuning sites. We examined the
sequences of the three opsins obtained from B. atrox and determined the amino acids
present in these crucial positions to predict their spectral sensitivity (see Figures 1, 2
and 3). In the case of RH1, up to 12 spectral tuning sites have been reported in
vertebrates. The following 7 amino acids were shown to be of particular importance in
changing RH1 and RH2 spectral sensitivity: 83/ 122/ 207/ 211/ 265/ 292/ 295 (Davies
et al., 2007; Hunt, Fitzgibbon, Slobodyanyuk and Bowmaker, 1996; Yokoyama, Tada,
Zhang and Britt, 2008b). In snakes sites 83 and 292 have been shown to vary. B. atrox
has D83 and A292 (Figure 1), as many other snakes (Simdes et al., 2016b). Comparing
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the combination of D83 and A292 to different vertebrates and other snakes, we predict
a Amax Of 500-505 nm for RH1 from B. atrox (Davies et al., 2007; Hunt et al., 1996;
Simdes et al., 2016b; Yokoyama et al., 2008b). Although in many vertebrates the above
combination has produced the stated spectral sensitivity, there’s evidence from more
basal snakes, which have a spectral sensitivity of 497-499 nm although they possess a
N83 instead of a D83 (Davies et al., 2009). Given this evidence, and since we know
that a D83N change can blue shift the maximal absorbance (Amax) by about 6 nm, it is
possible that the sensitivity of the RH1 opsin we have cloned is a bit shifted to the red

and more towards 503-505 nm.

We also cloned the full length LWS opsin from B. atrox and compared it to
sequences from other snakes as well as bovine rhodopsin (Figure 2. See above for
explanation) to determine amino acids found in the spectral tuning sites. There are five
tuning sites for LWS (relative to rhodopsin) found at positions 164/ 181/ 261/ 269/ 292
(Yokoyama, 2000; Davies et al., 2007; Yokoyama et al., 2008b). Many vertebrates,
including some snakes, have the combination SHYTA in these critical amino acids
giving them a Ama Close to 560 nm (Yokoyama, 2000; Davies et al., 2007; Davies et
al., 2009; Reviewed by Hunt and Colling, 2014). B. atrox on the other hand, as the
three vipers examined by Simdes et al. (2016b), possesses the following amino acids in
the crucial positions for spectral tuning A164/ H181/ Y261/ T269/ A292 (AHYTA).
Given this combination, the predicted Amax for this protein could be around 553 nm
(Asenjo, Rim and Oprian, 1994; Yokoyama et al., 2008b). However MSP
(Microspectrophotometry) on a LWS opsin from Python regius and Xenopeltis
unicolor had shown their Amax to be closer to 550 nm in spite of possessing the
combination SHYTA at the spectral tuning sites (Davies et al., 2009). This may
indicate that other amino acids, unknown thus far, may be involved in the spectral
tuning of this protein. It is known that the S164A substitution causes a blue shift of 7
nm, and if the case were the same as P. regius for B. atrox, then the spectral sensitivity

of its LWS could also be closer to 543 nm.

As mentioned above we did not manage to clone the full length of SWS1 opsin, the
protein which permits animals to see in UV/Violet wavelengths, probably due to its
low expression in the retina (see discussion for details). It has been previously shown
that the sensitivity of SWS1 depends primarily on the amino acid found in position 86

(Cowing, Poopalasundaram, Wilkie, Robinson and Bowmaker, 2002). When an F is
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found in position 86, the spectral absorbance is UV-sensitive, whereas the protein is
violet- sensitive if it possess Y86, S86 or V86 (Cowing et al. 2002; Parry,
Poopalasundaram, Bowmaker and Hunt, 2004; Yokoyama, Takenaka, Agnew and
Shoshani, 2005). In general, the protein has a Amax close to 360 nm when UV sensitive
and above 410 nm when violet sensitive (reviewed in Hunt and Peichl, 2014). B. atrox
SWS1 has a F86 and therefore its A (max) IS predicted to be around 360 nm, similar to all
the other vipers examined so far (Simdes et al., 2016b). The presence of a UV-sensitive
protein in B. atrox is also consistent with a previous study that showed that UV-
sensible cones are common among nocturnal mammals and reptiles (Veilleux and
Cumming, 2012).
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4. DISCUSSION

B. atrox, similarly to the ancestral snake (and almost all snakes) (Davies et al.,
2009; Simdes et al., 2015), has lost two of the five opsin genes that are expressed in
other reptiles, and only has RH1, LWS and SWSL1. This loss is believed to be the result
of the nocturnal and fossorial nature of many snakes, and presumably of the ancestral
snake as well (Davies et al., 2009). Here we describe the cloning of all visual opsins
from B. atrox; the genes encoding these opsins were amplified using standard methods
and the resulting protein sequences were used to predict the sensitivity (Amax) OF these

visual pigments.

B. atrox is a nocturnal predatory snake found in tropical forest grounds, where even
moonlight and/or starlight are restricted by the dense forest foliage. The exact retinal
morphology and rod to cone ratio is unknown in B. atrox retina, but as many nocturnal
animals, and given its predatory habits, may have experienced strong selective
pressures to maximize photon absorption in dim light environments (Lythgoe, 1984;
Partridge and Cummings, 1999; Cummings and Partridge, 2001). Individuals belonging
to this species need to move, hunt and/or mate in nocturnal conditions (with restricted
moonlight/starlight), which could explain their need for a more rod-rich retina and the
presence of only a small population of cone photoreceptors in their retina (Conant and
Collins, 1998).

Opsins, proteic pigments that enable vision under different illuminations have been
extensively studied. Opsin sequences are known to be highly conserved and amino acid
substitutions at crucial positions affect their sensitivity to light. We have identified
these substitutions at specific amino acid positions within B. atrox opsins, allowing us
to predict their spectral sensitivities (Amax) Of the opsins expressed in the retina of this
viper. Our predictions of Anax for the B. atrox opsins (RH1 ~503-505 nm, LWS ~553
nm and SWS1 ~360 nm) resemble those found by other investigators when examining
nocturnal vertebrates (Veilleux and Cumming, 2012; Simdes et al., 2016b).

The variety of habitats that snakes had to adjust to during evolution, as well as their
purported photic lifestyle change from nocturnal to diurnal and vice versa (Walls,
1934), may constitute the underlying causes for the positive selection pressure for
specific amino acid substitutions at key functional amino acid sites. For example, RH1
opsin in the ancestral snake is believed to have N83 and A292 with Ama Values of
about 491-496 nm (Hunt et al., 1996; Yokoyama et al., 2008b; Davies et al., 2009;



22

Simdes et al., 2015). Various living snakes (especially more basal snakes such as
Henophidians) maintain these amino acids whereas some of the more advanced snakes
such as B. atrox carry a N83D substitution, shifting its Aymax t0 503-505 nm. Although
all Henophidians studied so far possess a N83, the opposite (i.e. the invariable presence
of D83) is not true for all Caenophidians (Simdes et al., 2016b). This is not surprising
as Caenophidia is a very diverse clade, and includes snakes from very different habitats
and photic lifestyles (diurnal vs. nocturnal). Snakes carrying this amino acid
substitution on RH1 seem to be mostly nocturnal or crepuscular and can be found in

more tropical or subtropical areas (Conant and Collins, 1998).

As mentioned above, nocturnal habitats can be extremely photon-limited and exert
strong selective pressures to nocturnal animals. Even within the different nocturnal
light environments, great differences may exist in terms of opened/closed canopy,
foliage density, lunar phases, cloud cover, etc. These differences could greatly modify
the amount of light available (Lythgoe, 1972; Munz and McFarland, 1973; Pariente,
1980). Both, the African viper Echis ocellatus and B. atrox inhabit rainforest grounds;
where light can be extremely limited because of the dense foliage. These probably
makes the selective pressures different from other animals, which inhabit more open
environments with less foliage like grass lands and savannas like the two other African
vipers (Causus rhombeatus and Bitis nasicornis) we compared it with. Rainforests are
also richer in longer wavelengths (red-shifted) than dry forest and grasslands (Veilleux
and Cumming, 2012), which could be another reason why B. atrox and E. ocellatus
RH1 opsin has a D83 substitution resulting in a predicted Amax @ bit shifted to the red

(503-505 nm) in comparison to other snakes (Simdes et al., 2016b).

In general, LWS opsin has a larger wavelength range than RHI1 and its Amax Can
vary between 502 and 562 nm in nocturnal vertebrates, whereas the Amax OF RH1 varies
within a smaller range (498-507nm). Furthermore, LWS Ayax in known not to vary
according to the environment in which animals live (Veilleux and Cumming, 2012).
This is not surprising since there is little light available during the night, and cones are
therefore mostly inactive (something that may change somewhat depending on the
lunar phase or time of the year in seasonal environments). In snakes specifically
(nocturnal or diurnal), the Amax Of this protein seems to be much less variable; where
blue-shifted varies in between 536-538 nm, whereas the more red-shifted ones vary

between 550-560 nm (Simdes et al., 2016b). The most common substitution in snakes
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and the only one present in B. atrox and the previously studied African vipers (Simdes
et al., 2016b), is the S164A (SHYTA) substitution which causes a small blue shift from
the 560 nm value, but is within the range for LWS opsins which absorb at longer
wavelengths (550-560 nm, see above). Another mutation has been observed in snakes
(T269A), but not in B. atrox or other vipers, and in combination with S164A causes a
greater blue shift to LWS opsin to reach its blue-shifted form. Given that B. atrox only
has the S164A substitution we predict the Amax Of LWS from B. atrox to be around 553
nm which is well within the absorbance range for both snakes and vertebrates in
general as described in other studies (Davies et al., 2007; Davies et al., 2009;
Yokoyama et al., 2008b; Simdes et al., 2016b, amongst others).

Although we did not manage to clone the full length sequence, probably because of
the relatively low expression of the transcript (generally animals possess far less blue
cones than rods or red/green cones and therefore the protein is also expressed in far
smaller amounts), we managed to predict the absorbance of SWS1 opsin based on the
identity of amino acid 86 (compared to bovine rhodopsin). The B. atrox SWS1 opsin
contained the F86 substitution and we predict it to be UV light sensitive, similarly to its
previously studied homologue opsins (Sillman et al., 1999; Cowing et al., 2002; Fasick,
Applebury and Oprian, 2002; Parry et al., 2004; Davies et al., 2009; Simdes et al.,
2016b). This seems particularly interesting, given that when SWS1 opsins were
examined in nocturnal vertebrates, most of them were UV-sensitive albeit the sampling
was not extensive (Veilleux and Cumming, 2012). It would be of interest to determine
whether SWS1 sensitivity to UV wavelengths is correlated with a nocturnal life style

within snakes.

To get a more complete picture on how our findings compare to those of others,
taking in consideration the biology of the animals (habitats, activity patterns), we also
decided to compare the Amax Of the three opsins from B. atrox with the Anax Of their
homologues from one diurnal and one nocturnal snake mentioned in the study of
Simdes et al. (2016b). Oxyrhopus melanogeny is a nocturnal colubrid which occupies
the same type of habitat as B. atrox and possesses opsins with Amax Values similar to the
ones predicted here for B. atrox. Spalerosophis diadema on the other hand is a diurnal
colubrid which inhabits more open locations without a canopy (such as grasslands and
deserts) and the Amax for its RH1 and LWS opsins is about 20 nm blue-shifted from the

B. atrox homologues. These values conform to the view that the habitat of an animal,
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as well as its activity patterns, can play a crucial role in the evolution of its visual
system. S. diadema is a diurnal snake which has different visual needs than nocturnal
snakes; it is therefore advantageous for it to be able to absorb shorter wavelengths
which are more abundant in sunlight (Veilleux and Cumming, 2012). These results also
agree with our comparisons with the three African vipers, where E. ocellatus, that
inhabits close areas like forests as B.atrox, presents the same substitutions in RH1
opsin. Not surprisingly, the visual system, known for its plasticity, has evolved to

satisfy the specific visual necessities of the organism.

Predicting the Amax Values for opsins is a practice which has been widely used as
these proteins have been studied in detail and are well understood. However, the Amax
predicted from sequences may be slightly different from its actual value as measured
by microspectrophotometry (MSP), a technique where an opsin can be expressed in a
heterologous system and its absorbance can be directly measured (Liebman and Entine,
1964; Mollon, Bowmaker and Jacobs, 1984; Bowmaker, Astell, Hunt and Mollon,
1991). In one such case, Davies et al. (2009) reported MSP-determined Amax Values
which were slightly different than the Amax Vvalues predicted based on the opsin
sequence. Although the results can be slightly different, considering that MSP is a
technique which requires highly specialized equipment and expertise, using the
sequence to predict the Amax Can be an easier alternative which can provide similar
results. Furthermore, as more studies are done we can discover additional tuning sites,
which are presently unknown, and this detailed knowledge could make this technique

as accurate as MSP.

Opsins, although different at crucial sites for their spectral tuning, are highly
conserved. On the other hand, photoreceptors (cones and rods) have experimented
evolutionary changes, and have in fact switched from one to the other, as originally
proposed by Wall’s Transmutation Theory in 1934 and recently experimentally
confirmed in snakes and lizards (Walls, 1934; Walls, 1942; Underwood, 1967; Schott
et al., 2015; Simdes et al., 2015). These changes have generated great diversification in
photoreceptors, such as the acquisition of double cones, and the loss or gain of both
cones and rods (Walls, 1934; Walls, 1942; Underwood, 1967; Simdes et al., 2015).
Recent studies in various snakes have shown that these animals have transmuted cones
(Simdes et al., 2015; Schott et al., 2015). However, the animals thus far studied are

mostly colubrids and do not include vipers. It would be interesting to examine the B.
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atrox retina with electron microscopy, in order to determine whether it has transmuted
rods or cones and therefore if it supports (or possibly rejects) Wall’s transmutation

theory as other reptiles do.
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Figure 1: Alignment of the complete amino acid sequence of RH1 expressed in the retina of Bothrops atrox, with Bos taurus rod opsin (RH1) and
partial RH1 sequences of Bitis nasicornis, Echis ocellatus and Causus rhombeatus. Amino acid numbering is based on bovine rod opsin (Bos
taurus). All amino acids located at spectral tuning sites are shown in boxes. Boxes with solid lines indicate amino acids D83 and A292 which have
been shown to change in snakes.
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C. rhombeatus LM —--—————— - - - - FVGPNYHIAPRWVYNLTSLWMLEVVVASVFTNGLVLVATAKFKKLREPLNWILVNLAIADLG
110 120 130 140 150 160 170 180 190 200
T e e T e
B. taurus RH1 MVFGGFTTTLYTSLHGYFVFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNFRFGENHA IMGVAFTWVMALACAAPPLVGWSRY I PEGMQC
B. atrox LM ETVIASTISVINQFFGYFVLGHPLCVIEGYTVSACGITGLWSLAIISWERWVVVCKPFGNIKFDAKMALGGIFFSWINAESWTAPPIFCHSRYWRHELKT
B. nasicornis IM ETVIASTISVINQCFGYFVLGHPLCVIEGYTVSVCGITGLWSLAIISWERWEVVCKPFGNIKFDAKLAIGGILEFSWIHARSWTAPPIFCHSRYWEHELKT
E. ocellatus LM ETVIASTISVINQVFGYFVLGHPLCVIEGYTVSVCGITGLWSLAIISWERWEVVCKPFGNIKFDAKMAIGGILFSWIRARhSWTAPPIFCHSRYWBHELKT
C. rhombeatus LM ETVIASTISVINQFFGYFVLGHPLCVIEGYTVSVCGISALWSLAIISWERWFVVCKPFGNIKFDAKLAIGGILFSWIWARSHTAPPTFGWSRYWHHELKT
Al64 H181
210 220 230 240 250 260 270 280 290 300
T e e
B. taurus RH1 SCGIDYYTPHEETNNESFVIYMFVVHFIIPLIVIFFCYGQLVFTVKEAAAQQQESATTOKAEKEVTRMVI IMVIAFLICWLPYAGVAFYIFTHQGSDFGP
B. atrox LM SCGPDVFSGSEELGVQSYMIVLMTTCCITPLSIIIFCYLQVWMATRAVAAQOKESES TQKAEKEVSRMVVVMI T4V VCHGPYTF FACFAVANPGYAFHP
B. nasicornis LM SCGPDVFSGSEELGVQSYMIVLMTTCCITPLSIIIFCYLQVWMAIRAVAAQQKESESTQKAEKEVSRMVVVMIIQYEICWGPﬁTEFACFAVANPGYAFHP
E. ocellatus LM SCGPDVFSGSEELGVQSYMIVLMTTCCITPLSIIIFCYLOVWMAIRAVAAQOKESESTQKAEKEVSRMVVVMIIAYIICHGPYTSFACFAVANPGYAFHP
C. rhombeatus LM SCGPDVFSGSEELGVQSYMIVLMLTCCVTPLSIILFCYVQVALAIRAVAAQQKESESTQKAEKEVSRMvVVMIIAvk1cwepdrhracravanpeyarup
310 320 330 340 350 360 Y261 1269
R [ R A (R I R IR IR IR PR
B. taurus RH1 IFMTIPAFFAKTSAVYNPVIYIMMNKQFRNCMVTTLCCGKNPLGD--DEASTTVSKTETSQVAPA
B. atrox LM LTASLRAFFAKSATIYNPIIYVEMNRQFRNCIMOLFGKKVDDGSELSSTSRTEVSSASNSSVSPA
B. nasicornis LM LTASL FAKSATIYNPVIYV-—— e e e e e e e e
E. ocellatus IM LTASL§2EFAKSATIYNPIIYV ———————————————————————————————————————————
C. rhombeatus IM LrasLHabFARSATI- oo .

A292

Figure 2: Alignment of the complete amino acid sequence of LWS expressed in the retina of Bothrops atrox, with Bos taurus rod opsin (RH1) and
partial LWS sequences of Bitis nasicornis, Echis ocellatus and Causus rhombeatus. Amino acid numbering (boxes) is based on the bovine (Bos
taurus) RH1 opsin. All amino acids located at spectral tuning sites are shown in boxes. The box with solid lines indicates amino acid A164 which has
been shown to change in some snakes.
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e T e L I
B. taurus RH1 MNGTEGPNEFYVPFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRTPLNY ILLNLAVADLEMVEGGFTTTLYTSLH
B. atrox SWS1 = = - MWAFHFQTIFMGLVFFAGTPLNAIILFVTIKYKKLROQPLNYILVNISLAGLYFEVFAVLAVELSSTQ
B. nasicornis SWS1 ------——--——m-mmmmmm o HIAPMWAFHFQTIFMGLVFFAGTPLNAIILFVTIKYKKLRQPLNYILVNISLAGLYFEVFAVFAVFLSSTQ
E. ocellatus SWS1 ———-—-—-——————————— HIAPMWAFHFQTIFMGLVFFAGTPLNSIILFVTIKYKKLROQPLNYILVNISLAGLYFEVFAVFAVFLSSTQ
C. rhombeatus SWS1 ———--——--——-m e TIFMGLVECAGTPLNAIILEFVTIKYKKLRQPLNYILVNISFAGLYFEVFAVETVFLSSTQ
110 120 130 140 150 160 170 180 190 200
e e e e I I
B. taurus RH1 GYFVFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNFRFGENHAIMGVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPHEET
B. atrox SWS1l GYFFFGRQVCKLEAFLGSVAGLVTGWSLAFLAFERYIVICKPLGNFRFNAKHALIVVATTELLVHEANLPNLP----FFPSPLRTACSP----— ATSCS-
B. nasicornis SWS1 GYFFFGRQICKLEAFLGTLAGLVTGWSLAFLAFERYIVICKPLGNFRFHTKHALMVVATTWVIGIGVSIPPFFCGWSREFLPECLQCSCGPDWYTVGTKYKS
E. ocellatus SWS1 GYFFFGRQICKLEAFLGSLAGLVTGWSLAFLAFERYIVICKPLGNFRFHTKHALMVVAATWVIGIGVSIPPFFGWSRFLPEGLQCSCGPDWYTVGTKYKS
C. rhombeatus SWS1 CGCYFFFGRQVCRLEAFVGSLAGLVTGWSLAFLAFERYIVICKPMGNFRFQAKHALVVVVTTWVIGVGVSIPPFFGWSRFLPEGLOQCSCGPDWYTVCETKEKS
210 220 230 240 250 260 270 280 290 300
[ O P P I
B. taurus RH1 ESFVIYMFVVHFIIPLIVIFFCYGQLVFTVKEAAAQQQESATTQKAEKEVTRMVIIMVIAFLICWLPYAGVAFYIFTHQGSDFGPIFMTIPAFFAKTSAV
B. atrox SWSL = = oo -
B. nasicornis SWS1 EYYSWFLEVFCFIIPLTLIIFSYARLLGALRAVAAQQQESATTQKAEREVSRMVVVMVGSECICYTPYAALAMYMVNNPQHGLDLRLVTIPAFEFSKSSCV
E. ocellatus SWS1 EYYSWEFLFVEFCFIIPLALIIFSYARLLGALRAVAAQQQESATTQKAEREVSRMVVVMVGSFCICYTPYAILAMYMVNNPQHGLDLRLVTIPAFFSKSSCV
C. rhombeatus SWS1 EYYSWFLEVEFCFIIPLSLIIFSYARLLGALRAVAAQQQESATTQKAEREVSRMVVVMVGSFCVCYTPYAILAMYMVNNPQHGEFDLRLVTIPAFEFSKSSCV
310 320 330 340
O e e s e e I
B. taurus RH1 YNPVIYIMMNKQFRNCMVTTLCCGKNPLGDDEASTTVSKTETSQVAPA
B. atrox SWS1 = = -——————----mmmm
B. nasicornis SWS1 YNPIIYCEMNKQFRGCIMETVCGK--=-—————==——————————————
E. ocellatus SWS1 YNPITIYCEFMNKQFRGCIMETVC--——=———=———————————————————
C. rhombeatus SWS1 YNPIIYCFMNKQFRGCIMETVCGKP-—--———————-——————————-

Figure 3: Alignment of the partial amino acid sequence of SWS1 expressed in the retina of Bothrops atrox, with Bos taurus rod opsin (RH1) and the
partial SWS1 sequences of Bitis nasicornis, Echis ocellatus and Causus rhombeatus. Amino acid numbering is based on the bovine (Bos taurus)
RHZ1 opsin. Amino acid 86 (boxed) is known to determine the spectral sensitivity (UV- or violet-sensitive) of SWS1. In B. atrox a phenylalanine is
present making this protein UV-sensitive.
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Tables

Primer Sequence Gene Reference
DIAPLMF1 5’-AAGCGTATTYAYTTAYACCRACASCAACAA-3’ LWS Davies et al. 2009
DIAPLMF2 5-AGTGTCATCAACCAGWTCTYBGGSTAYTTC-3’ LWS Davies et al. 2009
DIAPLMR1 5’-CATCCTBGACACYTCCYTCTCVGCCTTCTG-3’ LWS Davies et al. 2009
DIAPLMR2 5’-CATCATCCACTTTYTTSCCRAASAGCTGCA-3’ LWS Davies et al. 2009
DIAPR1F1 5-GTCAAAATTTCTAYRTBCCCWTKTCCAACA-3’ RH1 Davies et al. 2009
DIAPR1F2 5-AATAGGATGCWRCWTYGARGGCTTCTTTGC-3’ RH1 Davies et al. 2009
DIAPR1R1 5’-ACAGTGCAGACAAGRYKYCCRTAGCAGAAG-3’ RH1 Davies et al. 2009
DIAPR1R2 5-ATTCTTTCCACARCARAGRGTBRTGATCAT-3’ RH1 Davies et al. 2009
DIAPS1F1 5’-TCCCATGTCCGGAGAVGAVGABTTYTACCT-3’ SWsS1 Davies et al. 2009
DIAPS1F2 5’-GGCCTTCGARCGHTACATYGTYATCTGCAA-3’ SWsS1 Davies et al. 2009
DIAPS1R1 5’-CACCACSACCATSCGVGASACCTCCCGCTC-3’ SWs1 Davies et al. 2009
DIAPS1R2 5-TTAGCTGGGGCYGACYTGRCTGGAGGACAC-3’ SWs1 Davies et al. 2009
All_DIAP_S1 F3 5°-GGGGCCBTTSGAYGGBCCCCARTAYCACAT-3’ SWS1 Davies et al. 2009
All_DIAP_S1 R3 5’-TGCTTCATGAACAARCAGTTCCGNGSHTGC-3’ SWsS1 Davies et al. 2009
5’RACE_ANCHOR F  5-GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-3'  RACE Davies et al. 2009
5"RACE_SHORT F 5-GGCCACGCGTCGACTAGTAC-3' RACE Davies et al. 2009
3’RACE_INNER R 5'-CGCGGATCCGAATTAATACGACTCACTATAGG-3' RACE Davies et al. 2009
3’RACE_OUTER R 5-GCGAGCACAGAATTAATACGACT-3' RACE Davies et al. 2009
LM_FA REP 5'-GGAAGTRTCRAGRATGGTMGTGG-3' LWS This work
LM_FB_REP 5’-GGGGACCMTATRCRDYYTTTGCC-3' LWS This work
LM_FB_SN 5’-GGGGACCATATRCAKYTTTTGCC-3' LWS This work
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(Continue)

LM_RA_REP
LM_RB_REP
LM_atxden R
LM_REP_Rc
RH1_FA atx
RH1 _FB_REP

RH1_RBB_ATX

RH1 sn_F
RH1 sn_R
RH1_atx R
RH1_atx_Rc
SWS1 atr R
SWS1 atr FF
S1 atr R2

S1 atrden F1
S1 atr F2

S1 atrden R1
S1 atr F3

S1 atr F2

5’-ATCRGCKAYHGCCAAGTTSACC-3'
5’-CVACAAAGAYCATCCAGAGDGAAG-3'

5’-ACTGGTTGATGACACTGATRGTGCTAGC-3'

5’-CDGTGGCCACCAATACCAARCCATTGG-3
5’-TGGGTCCCTTATGCCTCTGTGGC-3'
5’-CYGTCTTTATGACCATCCCRGCC-3'
5’-GAAACATATACGCAGCCAAGGC-3'
5’-CCCCAGAAGTCYATAAYGAGTCC-3'
5’-GGGCTTACAAACTACTAMRTATC-3'
5’-GACCATGAAAAGATCGGCTACTGCC-3'

5’-CAAGGCAGAATATTTCCATGGATCTGCC-3'

5’-TGACCAAAATGTAGTTGAGCGGCTGCC-3'
5’-GCGGTCTTCTTGTCCAGCACCCAAGGG-3'
5’-CGAAGAACACCAGGCCCATGAAGATGG-3'
5’-GCWCGGTRGCAGGTCTGGTCACYGGC-3'
5’-GCATGCTTTGATTGTGGTGGCAACC-3'
5’-CGAAGAGGATGATGGYGTTGAGSGG-3'
5’-CCTCCGAACTGCTTGTTCCCCCGC-3'
5’>-GCATGCTTTGATTGTGGTGGCAACC-3'

LWS
LWS
LWS
LWS
RH1
RH1
RH1
RH1
RH1
RH1
RH1
SWS1
SWS1
SWS1
SWS1
SWS1
SWS1
SWS1
SWS1

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

Table 1: Primers used in nested-PCR and RACE reactions to generate sequences for Rhodopsin-like 1 (RH1), Short-wavelength sensitive 1 (SWS1)
and Long-wavelength sensitive (LWS) opsins from Bothrops atrox
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