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Evolutionary biology has long sought to understand the evolution of adaptive
phenotypes. While purely genetic factors are often emphasized, environmental
influences also significantly contribute to phenotypic variation. In this dissertation,
we investigate the environmental regulation of visual sensitivity in cichlids. Cichlid
fishes exhibit a diversity of color vision facilitated by differential expression of opsin
proteins, including light-induced phenotypic plasticity which was known to occur
during development. To determine whether cichlids retain plasticity into adulthood,
adult fish were moved between different light environments. Adult fish not only
exhibited plasticity of opsin expression, but it was rapid, reversible, and shifted in a
direction that would maximize light input to the retina. In order to observe the effect
of diurnal variation of light on opsin cycles, we collected retinae from a continuous

25 hour time-series. This enabled us to develop guidelines for qRT-PCR



normalization and determined that opsins were most highly expressed in the late
afternoon. Opsins also cycled together, suggesting some common diurnally-sensitive
regulatory mechanism. Given that there are species differences in plasticity, we
sought to determine genetic loci that were affected by light. To determine how
quantitative trait loci (QTL) changed between light environments, we raised all
generations of a previously studied hybrid cross in a new light environment. One
QTL was significant in both environments, indicating it is universally important for
opsin expression. However, another QTL was only significant in one light
environment, indicating it may be environmentally-sensitive. We propose a possible
candidate gene for this locus. Plasticity is prevalent during development, with thyroid
hormone (TH) being a common cue for developmental changes. Previous studies
have found TH causes opsin expression shifts from short- to long-wavelength
sensitivity as organisms age. To see its effect on species of cichlids with different
developmental opsin progressions, we treated fish with TH. Interestingly, TH shifted
fish to longer-wavelength sensitivities regardless of species. We also uncovered a
possible interaction between TH and light-induced plasticity. Characterization of
environmental influences on vision will continue to enhance our understanding of the

evolution of visual diversity in these incredible fishes.
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Chapter 1: Introduction

1.1 Introduction

Beginning in the early 1900s, the Modern Synthesis brought together the ideas of
Darwinian evolution and Mendelian genetics to produce a framework for studying the
origin and maintenance of diversity (Darwin, 1859; Huxley, 1943; Mendel, 1866)).
One of the fundamental endeavors in evolutionary biology is to connect genetic
variation to phenotypic diversity in order to understand how evolution occurs.
However, when genetic components are accounted for, there is still a large amount of
variation in phenotypes that needs to be explained (Lynch & Walsh, 1998). That
variation comes from the environment and its interactions with the genotype which
can have a substantial impact on phenotypes. These environmental influences are
countless and can consist of both external and internal signals at varying spatial and
temporal scales including temperature, nutrient availability, hormones, and even
social status (Demas & Nelson, 1998; Dutfty et al., 2002; Malagon et al., 2020;
Maruska & Fernald, 2013; Romney et al., 2018). Therefore, a complete picture of
evolution must include the contribution of the environment on the phenotype, as the

phenotype is what is ultimately exposed to natural selection.

1.2 Plasticity and evolution

Environments change on varying timescales; over a matter of days in response to
weather or social status, over months with seasonal fluctuation, or on longer

timescales over millions of years of shifting climate. Environments influence
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evolution by the unique selection pressures they impose on the phenotypes of
organisms that lead to differential success of the underlying genotypes. In turn,
genotypes that can produce multiple phenotypes in response to a fluctuating
environment may be selected for as they can match shifting fitness optima. This
ability for one genotype to create multiple phenotypes in response to changes in the
environment is called ‘phenotypic plasticity’ and is common in the natural world
(West-Eberhard, 2003). Although there has been considerable success in our
endeavor to link genotype to phenotype, especially with the advent of next generation
sequencing technology, there remains a considerable amount of variation not
accounted for by genotype alone in populations (Jamniczky et al., 2010). This begs
the question of whether the environment where a genotype resides at a certain time
can explain more of that observed variation. In the mid-1900s, Waddington described
the epigenetics and the ‘epigenotype’; the path laden with theoretical valleys and hills
that is taken through development which connects the genotype to the phenotype
(Waddington, 1942b, 1957). The epigenotype can be affected by both the internal and
external environment of the organism during its development, and thereby can alter
the resulting phenotype (Jamniczky et al., 2010). Some paths are more amenable to
change, and therefore more plastic, while others are canalized and not amenable to
change (Waddington, 1959). In this vein, by considering the environment and
phenotypic plasticity when studying the genetic basis and development of adaptive
traits, we should be able to create a more complete picture of the variation present in

natural populations and better infer evolutionary trends.



For some, the perceived role of plasticity in evolution has been ambiguous and even
antagonistic; plasticity was thought of as synonymous to Lamarckian evolution or
considered a safe house for the genotype where it would not be exposed to selection
as individuals could simply shift their phenotype when exposed to environmental
change (Falconer, 1952). In more recent times, the role that plasticity can play in the
evolution of species differences and how plasticity itself has evolved has been more
closely examined (Pfennig et al., 2010; West-Eberhard, 2005). The bulk of research
investigating plasticity and its genetic basis has historically been focused on
laboratory strains, like the dauer in C. elegans (Cassada & Russell, 1975; Fielenbach
& Antebi, 2016), and traits of organisms of agricultural importance, such as maize
seminal roots (Zhu et al., 2006). More recently, more focus has been spent on
examining plasticity of ecologically important morphological traits in evolutionary
systems. In studies of systems such as seasonal coloration in the buckeye butterfly
(Daniels et al., 2012, 2014), feeding structures in nematodes (Sommer et al., 2013,
2017), herbivory response in yellow monkeyflower (Holeski et al., 2010), and
craniofacial morphology in cichlids (Parsons et al., 2016) the genetic basis of

plasticity has been investigated.

Plasticity can be very handy in response to environmental change as organisms must
change or risk death. In a model with no plasticity, individuals who are closest to the
new fitness optima created by an environmental change may survive, but are not well
adapted to the environment. There is a possibility that none survive if individuals are
too far removed from the optima. Over time, individuals may acquire new mutations

that make them more appropriately adapted, and populations can diverge from each
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other to become new species. A similar model with variation in plastic responses
would show a spectrum of individuals with phenotypes produced by plasticity spread
out from the original fitness optima to the new fitness optima. The most plastic
individuals will likely be the most fit, as their phenotypes most closely match the new
environment. Therefore, plasticity can help populations persist in novel environments,

thereby allowing adaptation to occur (Baldwin, 1896).

The process of genetic assimilation is the main mechanism by which originally plastic
phenotypes become solidified in a new environment and could contribute to species
differences (Lande, 2009; Waddington, 1942a). Genetic assimilation involves the
selection for genes that canalize the environmentally-induced phenotype, thereby
reducing or abolishing plasticity. Selection against plasticity in stable environments
may also occur as there is believed to be some cost to remaining primed to respond to
environmental changes (Callahan et al., 2008; DeWitt et al., 1998; Snell-Rood et al.,
2010). The ability to respond to environmental cues may also be lost through genetic
drift if the environment is stable and the cost of maintenance is negligible (Masel et
al., 2007). In 1956, Waddington described his now-famous experiment demonstrating
genetic assimilation by selectively breeding Drosophila who developed a bithorax
phenotype following an ether treatment for 20 generations (Waddington, 1956). After
selection, the bithorax phenotype became canalized such that its development no
longer required the presence of ether. In line with the epigenotype sensu Waddington,
many of these plastic phenotypes are the result of modifications to the complex
pathways active in development, which are often sensitive to the environment

(Moczek et al., 2011). Developmental pathways also provide numerous genetic
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components that can respond to selection and become canalized to produce a better
adapted phenotype if the new environment remains relatively stable (Beldade et al.,
2011; Ehrenreich & Pfennig, 2016; Pfennig et al., 2010). In instances where the
environment is not stable and shifts frequently between more than one fitness optima,
maintenance of plasticity may be favored over canalization. In this scenario, selection
might even favor variants that increase the sensitivity or reaction norm of the plastic

response (Pfennig, 2016).

The potential proximate mechanisms underlying plasticity, and therefore those that
would be altered under genetic assimilation and species divergence, generally can be
thought of as a gene regulatory network with three basic steps: 1) a sensor detects
environmental cues, 2) the signal is transduced from the sensor to a target cell or the
nucleus, and 3) the target responds with a change in phenotype (Ehrenreich &
Pfennig, 2016; Pfennig & Ehrenreich, 2014). Plasticity nearly always involves
changes in gene expression likely caused by the recruitment of transcription factors to
activate different genes (Nijhout, 2003). Mutations that affect cis- and trans-
regulatory elements in the network could occur that would lead to genetic
assimilation. Important cis-regulatory variants would be those that abolish or create
new transcription factor binding sites, leading to constitutive or no expression of the
target gene even under the appropriate environmental stimuli. However, trans-
regulatory variants are likely more common as the mutational target space in the
network is much larger than for the cis-regulatory region of a gene, although they are

more likely to have pleiotropic effects (Ehrenreich & Pfennig, 2016).



Plasticity may have an important role in facilitating adaptive radiations (Ehrenreich &
Pfennig, 2016; Ghalambor et al., 2007; Pfennig & McGee, 2010; Wund et al., 2008).
Radiations are characterized by rapid and expansive speciation resulting from one
ancestral lineage invading new environments, which can be expedited by the ability
of individuals to change their phenotype in response to divergent selection pressures
(Pfennig et al., 2010). The ‘flexible stem’ hypothesis states that the phenotypic traits
seen in the species from adaptive radiations is often the result of plasticity in those
phenotypes of the ancestral lineage (West-Eberhard, 2003; Wund et al., 2008). The
flexible stem hypothesis may help explain why the same phenotypes are often
revealed repeatedly under similar selection pressures during adaptive radiations and

why some lineages are more likely to produce adaptive radiations.

Although many systems in the body are affected by environmental inputs, sensory
systems are inherently linked to the environment. Sensory cues such as sound, sight,
and smell are filtered through the ambient environment before they reach the sensor,
which could change the meaning of the cue in different environments. This has likely
greatly influenced the evolution of sensory systems (Cummings & Endler, 2018;
Endler, 1992). In addition, plasticity is common in sensory systems, such as the visual

system, where organisms experience fluctuating environments (Mitchem et al., 2018).

1.3 Visual system plasticity

Detection of light by the visual system is made possible by retinal photoreceptor cells,
whose membranes are packed with visual pigments that are sensitive to certain
wavelengths of light (Wald, 1968). The cone cells are those used in daytime color
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vision, while the rod cells are mainly used for light/dark detection during the night.
The visual pigments are the foundation of light detection, and are a combination of an
opsin protein bound to a chromophore, 11-cis retinal. The structure of the opsin
determines what wavelengths can cause a conformational change and begin the signal
transduction cascade that eventually leads to perception of color by the brain
(Bowmaker, 2008). Color vision is critical in many lineages for foraging, mate
choice, and predator avoidance (reviewed in Gerl & Morris, 2008) Interestingly, it
has been shown that vertebrate opsins are often tuned to match the most abundant
wavelengths in the environment (Levine & MacNichol, 1979; Loew & Lythgoe,
1978; Lythgoe, 1984). Tuning of the opsin protein can be achieved through genetic
changes at specific sites that affect visual pigment absorption properties, but these
changes accumulate slowly and typically cause small shifts in sensitivity (Hunt et al.,
2007; Lamb et al., 2007; Yokoyama, 2008). Larger and more rapid shifts in visual
sensitivity can be achieved by changes in the regulation of which opsins are
expressed. For example, in closely related cichlid taxa, shifts in sensitivity of up to
100nm have been documented because of differences in opsin expression (Carleton,

2009; Parry et al., 2005).

The visual environment of an organism, especially one that is aquatic, can shift
rapidly in brightness or spectral composition based on turbidity or depth. Perhaps due
to this, opsin expression plasticity is a relatively common phenomenon in fishes.
Plasticity that has been confirmed through raising fish in different light environments
has been described in guppies (Ehlman et al., 2015), bluefin killifish (Fuller et al.,

2004, 2005), black bream (Shand et al., 2008), red shiner (Chang & Yan, 2019), and
7



cichlids (Harer et al., 2017; Hofmann, O’Quin, Smith, et al., 2010). Adult plasticity is
less common and has been documented in the bluefin killifish (Fuller & Claricoates,
2011), but is negligible in adult sticklebacks (Flamarique et al., 2013). Fuller et al.
2005 comprehensively demonstrated differences in opsin expression plasticity by
family in the bluefin killifish, thus adding support to a genetic basis for plasticity.
Another way that opsin expression is environmentally sensitive is through diurnal
cycles. Light exposure impacts the periodicity of opsin expression throughout the
day, generally increasing expression in the late afternoon (Halstenberg et al., 2005; A.
M. Johnson et al., 2013; P. Li et al., 2005). Light is not the only thing that can affect
opsin expression, as the ingestion of carotenoids can change long-wavelength opsin
expression in guppies (Sandkam et al., 2016). Some fish lineages do not exhibit
plastic opsin expression, such as cave-dwelling mollies (Tobler et al., 2010) and a
South American cichlid, Aequidens pulcher (Wagner & Kroger, 2000). Outside of
fishes, plasticity of opsin expression mostly has been studied and confirmed in insects
such as butterflies (Everett et al., 2012), fig pollinators (Wang et al., 2013), and
nectar-feeding ants (Yilmaz et al., 2016). Despite the ubiquity of plasticity of opsin
expression, no studies have been done to look at its genetic basis, as is the case with

the large majority of plastic phenotypic responses.

1.4 Cichlid visual systems

Cichlid fishes have undergone several adaptive radiations and as a consequence are
one of the most speciose and diverse groups of vertebrates today (Seehausen, 2006;

Turner et al., 2001). Cichlids have evolved a number of visual systems that can vary



in almost every axis of differentiation (Carleton & Yourick, 2020). However, opsin
expression regulation is the dominant mechanism of visual tuning in cichlid fishes as
their opsin sequences are nearly identical due to their recent evolutionary history
(Hofmann & Carleton, 2009; O’Quin et al., 2010; Parry et al., 2005). Species express
one of several visual ‘palettes’ (Carleton & Kocher, 2001; Spady et al., 2005). These
visual palettes are characterized by predominant expression of a subset of three out of
the seven opsins present in the cichlid genome; these opsins are SWS1 (UV-
sensitive), SWS2B (violet-sensitive), SWS2A (blue-sensitive) expressed in the single
cone cells and RH2B (blue-green-sensitive), RH2AP (green-sensitive), RH2Aa
(green-sensitive), and LWS (red-sensitive) expressed in the double cone cells (Figure
1.1a). As a note, RH2AP and RH2Aa are over 99% similar in sequence and close in
sensitivity, so they are not separated in expression studies and are referred to
collectively as ‘RH2A . Species typically fall into one of the three palettes which are
referred to as short (SWS1, RH2B, RH2A), medium (SWS2B, RH2B, RH2A), and
long (SWS2A, RH2A, LWS) (Figure 1.1b), although variations on these palettes exist
and leaky expression of other opsins do occur (Hérer et al., 2017; Musilova et al.,
2019). SWSI1 resides on LG17 while the other opsins are in two tandem arrays
(RH2B, RH2A0, RH2AB; SWS2A, SWS2B, LWS) on LG5 (O’Quin, Smith, Naseer,

etal., 2011).
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Figure 1.1: Cichlids have incredible diversity in opsin expression. a) Cichlids
possess seven opsin genes with sensitivities that cover the visual spectrum: SWSI1
(UV-sensitive), SWS2B (violet-sensitive), and SWS2A (blue-sensitive) in the single
cones, and RH2B (blue-green-sensitive), RH2AB (green-sensitive), RH2Aa (green-
sensitive), and LWS (red-sensitive) in the double cones. b) Cichlids have differential
expression of opsins which forms three main palettes: short (SWS1, RH2B, RH2A),
medium (SWS2B, RH2B, RH2A), and long (SWS2A, RH2A, LWS). Short palette
species showed marked plasticity when exposed to light with (UV+, colors) or
without (UV-, gray) ultraviolet light. Expression values for each opsin are relative to
cone type such that all opsins in one cone type sum to 100.
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Species also differ in their plasticity of opsin expression. Some Lake Malawi species,
particularly those of the short palette, raised under lighting in the lab (UV-) show
significant changes in opsin expression as compared to wild (UV+) fish while others
do not (Hofmann et al., 2010; Nandamuri et al., 2017) (Figure 1.1b, Short).
Interestingly, the opsins sensitive at the extreme ends of the spectrum, SWS1 and
LWS, and therefore those that would experience the greatest changes in light
availability in the water column, seem to be the most plastic (Carleton et al., 2016).
These are also the opsins that have the highest number of predicted functional
sequence changes across lakes (Hofmann et al., 2009). In addition, the riverine
outgroup, Nile tilapia, are plastic for opsin expression when exposed to different

lighting during development, but not as adults (Hornsby et al., 2013).

Developmental progressions are essential to our understanding of how a phenotype is
constructed and can be informative as to the mechanisms of how traits with a
common evolutionary and developmental history evolve. Studies on the differences in
timing of developmental events, referred to as heterochrony, are particularly
interesting as changes to the onset or cessation of a developmental trajectory can have
huge consequences for the adult phenotype. In cichlids, the opsin expression profiles
of different species are likely shaped by perturbations of the developmental program
of an ancestral lineage. Ancestral state reconstruction of the visual systems in the
Lake Malawi flock suggests the ancestral opsin expression to be the long palette like
that of the Nile tilapia, which is considered to represent the ancestral state (O’Quin et
al., 2010). Although Nile tilapia express the long palette as adults, they show a

developmental progression from short to longer wavelength sensitivity as they age
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(Carleton et al., 2008). Therefore, Nile tilapia effectively express all of the opsins
present in their genomes at some point in their lives. Other species of fishes, such as
salmonids, also go through developmental progressions of opsin expression in
response to changes in thyroid hormone as they age (Bowmaker & Hunt, 2006;
Browman & Hawryshyn, 1994a). Short palette species such as those in the genus
Metriaclima are neotenic in development as they retain the short expression profile
instead of progressing to longer wavelength sensitivities (Carleton et al., 2008). In
addition, they are also plastic during their entire lifetime as opposed to tilapia that are
plastic only during development, again suggesting neoteny (Hofmann, et al., 2010;

Nandamuri, Yourick, et al., 2017).

1.5 Goals of Research

Regulation of opsin expression plays a vital role in the development of diverse visual
systems in African cichlids. We are beginning to put together the pieces of a gene
regulatory network that has been tweaked throughout cichlid evolution to produce
different visual sensitivities. The use of intergenic crosses between cichlids of varying
visual palettes has facilitated the discovery of genetic factors contributing to opsin
expression using quantitative trait loci (QTL) studies. Trans-regulatory factors such
as Rx1, Tbx2a, and Mitfa have been identified that affect expression of some of the
longer-wavelength sensitive opsins in each cone type (Carleton, Conte, et al., 2020;
O’Quin et al., 2012; Sandkam et al., 2020; Schulte et al., 2014). A cis-regulatory
element that may affect expression of the UV-sensitive opsin, SWS1, has also been

found (Nandamuri et al., 2018). These studies have provided an excellent framework
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to begin to understand how opsin expression is regulated in general, but they only
address opsin expression in the context of a single lab environment. The external
environmental inputs into opsin expression in cichlids had begun to be addressed with
the discovery of developmental light-induced plasticity (Hofmann et al., 2010) and
the influence of the time of day (Halstenberg et al., 2005). The impact of internal
environment signals on opsins, such as the influence of thyroid hormones, have not

been well-studied in cichlids (Harer et al., 2017).

In the following studies I aim to characterize external and internal environmental
impacts on opsin expression in order to better understand the evolution of visual
diversity in African cichlids. In Chapter 2, I investigate the extent of light-induced
opsin expression plasticity in cichlids by looking at whether some cichlids are plastic
as adults and how rapidly that plasticity occurs. In Chapter 3, I use an extensive
sampling of diurnal variation in opsin expression to solidify methods for qRT-PCR
normalization and investigate opsin diurnal cycles. In Chapter 4, I investigate how the
light environment affects SWS1 expression in a hybrid cross between a plastic and
non-plastic cichlid species and changes the genetic architecture. In Chapter 5, |
characterize the effect of thyroid hormone on opsin expression in cichlids with
different developmental progressions and its possible interaction with light-induced
plasticity. In Chapter 6, I synthesize the main results from the body of work and
propose future research. Results from this work will expand our understanding of the
environmental aspects that produce color vision and how they could contribute to the

evolution of visual diversity in African cichlids.
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Chapter 2: Adult plasticity in African Cichlids: Rapid changes in
opsin expression in response to environmental light differences.

Previously published under: Nandamuri SP,* Yourick MR, * Carleton KL: Adult
plasticity in African cichlids: Rapid changes in opsin expression in response to
environmental light differences. Mol Ecol 2017, 26(21):6036-6052.

*co-first authorship

2.1 Abstract

Phenotypic plasticity allows organisms to adapt quickly to local environmental
conditions and could facilitate adaptive radiations. Cichlids have recently undergone
an adaptive radiation in Lake Malawi where they inhabit diverse light environments
and tune their visual sensitivity through differences in cone opsin expression. While
cichlid opsin expression is known to be plastic over development, whether adults
remain plastic is unknown. Adult plasticity in visual tuning could play a role in
cichlid radiations by enabling survival in changing environments and facilitating
invasion into novel environments. Here we examine the existence of and temporal
changes in adult visual plasticity of two closely related species. In complementary
experiments, wild adult Metriaclima mbenji from Lake Malawi were moved to the lab
under UV-deficient fluorescent lighting; while lab raised M. benetos were placed
under UV-rich lighting designed to mimic light conditions in the wild. Surprisingly,
adult cichlids in both experiments showed significant changes in the expression of the
UV-sensitive single cone opsin, SWS1, in only three days. Modeling quantum catches

in the light environments revealed a possible link between the light available to the
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SWS1 visual pigment and SWS1 expression. We conclude that adult cichlids can
undergo rapid and significant changes in opsin expression in response to
environmental light shifts that are relevant to their habitat and evolutionary history in
Lake Malawi. This could have contributed to the rapid divergence characteristic of

these fantastic fishes.

2.2 Background

Phenotypic plasticity is the ability of an individual genotype to produce multiple
distinctive phenotypes in response to varied environmental conditions (Price et al.,
2003; Travis, 1994; West-Eberhard, 2003). The environment presents certain triggers,
whether biotic, such as social interactions between potential mates or predators, or
abiotic, such as seasonal changes in temperature or the current light environment.
Additionally, these triggers are not fixed, but in a constant state of flux, fluctuating
variably throughout the lifetime of the organism. Responding appropriately to these
heterogeneous environmental cues is linked to organismal fitness and is crucial for
executing fundamental tasks such as foraging, mate-choice and predator avoidance.
Thus, phenotypic plasticity can increase the persistence of a species in variable
environments and can also facilitate the ability to adapt to novel niches (Pigliucci,
2001; West-Eberhard, 2005).

Historically, phenotypic plasticity has been overlooked as being important to adaptive
evolution because it could possibly shelter the genotype from the effects of selection
(Grant, 1977; Stebbins, 1950). However, recent theoretical modeling and

experimental research has revealed that under the right conditions, environmentally
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induced plasticity can promote diversification and speciation events, such as in
adaptive radiations (Ehrenreich & Pfennig, 2016; Ghalambor et al., 2007; Pfennig &
McGee, 2010; Wund et al., 2008; Schneider & Meyer, 2017). This could be
accomplished in several ways, some of which include allowing the immediate
exploitation of different niches in a novel environment, producing a rapid response to
selection pressures in one generation, and enabling the repeated evolution of traits
suited to different environments (Pfennig et al., 2010; Yeh & Price, 2004).
Phenotypic plasticity is ubiquitous in nature and has been observed for several
ecologically relevant traits in phenotypically diverse lineages such as social behavior
in Hymenopterans (Cahan et al., 2004), courtship behavior in sticklebacks (Shaw et
al., 2007), life history traits in nematodes (Gutteling et al., 2007), color morphs in
spiders (Brewer et al., 2015), and limb length in Anoles (Losos et al., 2000). In the
present study, we concentrated on visual system plasticity, mainly as changes in the
opsin gene expression in response to environmental lighting that could enhance an

animal’s visual function and ultimately its fitness.

Photoreceptors lead the visual response, being specially harnessed to capture light.
The absorption of photons by the photoreceptors starts a signal transduction cascade
resulting in neural output (Wald, 1935). As such, the ability of an organism to detect
and respond to light will depend on the absorption properties of the visual pigment
residing within the photoreceptors (Bowmaker, 1995; Hunt et al., 2007). Indeed, it
has been extensively shown that subsets of vertebrate photoreceptors have spectral
sensitivities that closely match the most abundant wavelengths in the surrounding

environment (Levine & MacNichol, 1979; Loew & Lythgoe, 1978; Lythgoe, 1984).
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This spectral “tuning” of the photoreceptors to ambient light is ecologically relevant
and serves to enhance contrast detection in visually driven tasks (Osorio & Vorobyev,
2008). Additionally, variation in the properties of the photoreceptors due to
differences in the spectral range of environmental light has been known to foster
population differentiation and speciation (Endler, 1992; Seehausen et al., 2008).
Visual sensitivities of animals can be adapted to their environmental light via genetic
modifications and/or phenotypic plasticity. Genetic changes such as structural
replacements in specific amino acids within the opsin protein moiety shape the
sensitivity of the visual pigments (Hunt et al., 2007; Yokoyama, 2008). These genetic
modifications usually take place slowly, accumulating gradually over evolutionary
time (Bloch et al., 2015; Lamb et al., 2007). On the other hand, plasticity induced
changes fine tune visual acuity much more rapidly, within the lifetime of the
organism (Beaudet & Hawryshyn, 1999; Collin & Shand, 2003). Some of these
physiological mechanisms include seasonal reversals in chromophore usage in
connection with migration behavior (Flamarique, 2005) or alterations in the dietary
availability of carotenoids (Sandkam et al., 2016; Toomey & McGraw, 2011).

One other molecular mechanism for altering spectral sensitivity that can be both
genetically determined and environmentally induced, thereby having the potential to
act across varied time scales, is changes in opsin gene expression (Carleton et al.,
2010; Fuller et al., 2005). Across species, opsin expression variation in African
cichlids causes significant differences in spectral sensitivities between closely related
taxa (Carleton et al., 2009; Parry et al., 2005). This differential opsin expression

results in closely related species with huge differences in their visual capabilities and
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aids cichlid diversification across all major axes such as habitat, foraging and mating
preference (Dijkstra et al., 2005; Dobberfuhl et al., 2005; Jordan et al., 2004; Kidd et
al., 2006). Within a single species, opsin expression changes can be hardwired
ontogenic events, often correlated with changes in habitats or foraging behaviors. For
example, cone opsins in riverine Tilapia convert their expression from shorter to
longer wavelengths as the fish grow and reach adulthood (Carleton et al., 2008). This
kind of developmental progression has also been observed in other fish species such
as salmon (Temple, Ramsden, et al., 2008), goatfish (Shand, 1993), eel (Cottrill et al.,
2009), trout (Cheng & Flamarique, 2007), flounder (Hoke et al., 2006), and black
bream (Shand et al., 2002).

In addition to genetic mechanisms described above, several studies have examined
whether there can be phenotypic plasticity in opsin expression in response to changes
in environmental light conditions. However, results from these studies are often
conflicting; with some organisms showing plastic changes while others have little/no
plasticity whatsoever. When reared under different light regimens, developmental
plasticity in opsin expression was observed in guppies (Ehlman et al., 2015) and
black bream (Shand et al., 2008). Contrary to these results, rearing conditions had no
effect on opsin expression in cave-dwelling mollies (Tobler et al., 2010) and South
American cichlid Adequidens pulcher (Wagner & Kroger, 2000). Although not tested
during development, adult sticklebacks showed minor plasticity in opsin expression
(Flamarique et al., 2013). So far, the only known system that shows both
developmental and adult plasticity in opsin expression is the bluefin killifish (Lucania

goodei) that occurs in a wide-range of lighting conditions, from tannin swamps to
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clear freshwater (Fuller et al., 2004, 2005). Two separate experiments have
documented that killifish show pronounced developmental and adult plasticity in
opsin expression (Fuller et al., 2010; Fuller & Claricoates, 2011). Larval killifish
reared in tea-stained water have higher RH2 and LWS expression, while fish from the
same brood reared under clear water have increased expression of SWS1 and SWS2B
opsins. Similar changes were also observed in swamp and clear spring adult fish
when placed in reciprocal water conditions. Importantly, these plastic changes have
been observed in as little as three days.

The cichlids of East African rift lakes are one of the fastest speciating vertebrates
with over 500 species from Lake Malawi having evolved from a common ancestor
less than a million years ago (Danley & Kocher, 2001; Genner et al., 2007; Kocher,
2004). Due to their recent evolutionary history, all cichlid species have nearly
identical sequences for each of their seven corresponding cone opsin genes (SWS1,
SWS2B, SWS24, RH2B, RH2Ap, RH2Aa and LWS) (Spady et al., 2005). Large
differences in visual sensitivities among cichlid species are achieved by changing the
complement of expressed opsin genes (Carleton, 2009; Carleton & Kocher, 2001).
Adult cichlids from Lake Malawi express a subset of the seven cone opsin genes in
their retinas, leading to sizeable differences in the spectral properties of their
photoreceptors.

In cichlids, modification of spectral sensitivity due to changes in opsin expression are
coordinated both by genetic and environmental factors. Multiple hybrid crosses
between cichlid species with differing opsin expression patterns have revealed that

the largest opsin expression differences are controlled by a few loci (Carleton et al.,
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2010; Nandamuri et al., 2017; O’Quin et al., 2012). Additionally, environmentally
induced plasticity plays an important role in tuning visual sensitivity during
development. Previously, Lake Malawi cichlids reared under fluorescent light
conditions in the lab expressed small but significantly different opsin expression
profiles than their wild counterparts (Hofmann, O’Quin, Smith, et al., 2010). Further,
differences in opsin expression were observed when individual broods were split and
raised under different lighting conditions (Smith et al., 2012). Also, developmental
plasticity was observed in cichlids with increased LWS expression in dorsal retinas
when fish were raised under upwelling fluorescent light, (Dalton et al., 2015).
Although these earlier studies were successful in establishing that the visual system in
cichlids is developmentally plastic, two crucial questions remain unanswered: 1) Can
plastic changes in opsin expression occur in adulthood or are they restricted to early
development? 2) What are the temporal dynamics of the plastic change in opsin
expression? In other words, how quickly can adult individuals modify their opsin
expression in response to an altered environmental cue?

The current study has three main goals. First, we want to examine if adult cichlids
exhibit plastic changes in opsin expression due to differences in lighting conditions. If
visual tuning by plasticity is only restricted to development, it could limit the ability
of cichlid species to adapt to changing light environments at later life history stages.
Second, we want to monitor the tempo of changes in opsin expression to determine
how swiftly plastic changes are observed. If the plastic response to an altered light
regime takes too long to come into effect, it might adversely affect the optimum

functioning of the visual system in the new light environment. Third, we want to
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compare opsin expression relative to a cone-specific housekeeping gene with opsin
expression normalized to the total opsin expression. Many of our previous studies
have compared opsin expression relative to total pool of opsins within cone type
(Hofmann et al., 2010; Carleton et al., 2010). While this enables comparisons of opsin
ratios, it obscures which opsin is actually changing in expression due to differences in
illumination. To study plasticity, we set up two complementary experiments: 1) we
took adult wild-caught cichlids from a single population and housed them in narrow
spectrum lighting devoid of UV wavelengths (Natural to Narrow); and 2) we placed
lab-reared adult cichlids in high intensity UV-rich broadband illumination designed to
mimic light in the natural lake environment (Narrow to Broad). Results from this
study give us the first insights that cichlids with short wavelength sensitivities can

indeed respond on a rapid time scale to light changes.

2.3 Materials and Methods

2.3.1 Species Selection

Two species from a single genus were chosen for the experiments. Metriaclima
mbenji were used for the Natural to Narrow study and Metriaclima benetos were used
in the Narrow to Broad experiments. These sister species are thought to be less than
100,000 years divergent to each other and to Metriaclima zebra, which is the
representative cichlid species from Lake Malawi (Brawand et al., 2014; A. Meyer,
1993). Both species occupy similar ecological niches in the lakes with identical
foraging, mating and breeding behaviors. Most importantly, adult wild-caught

individuals of both species have the same opsin expression profiles in their retinas -
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SWS1 and minor levels of SWS2B expression in the single cones; and RH2B and
RH2A expression in the double cones (Carleton, 2009). When raised under different
lighting conditions, a plastic response in opsin expression has been previously
demonstrated in M. mbenji (Hofmann et al., 2010). Since M. benetos is a sister
species to M. mbenji, it was presumed that they would also be plastic. Additionally,
developmental plasticity has been observed in M. benetos when reared in the lab
(Carleton et al., 2008). For the Natural to Narrow study, adult M. mbenji individuals
from a single population (n=49) were collected in 2015 from Mbenji Island (13°
26°23. 50”S 34°29°35”E) and housed in the lab for the duration of the experiment.
Adult M. benetos (n=47) used for the Narrow to Broad study were multiple
generation progeny produced from wild-caught stocks collected from Mazinzi reef in

2008 (14°5°33”S35° 1’94”E).

2.3.2 Light environments

The light environments were selected to address several questions. First, did moving
fish under altered environments change their gene expression? For this we chose to
move fish from the natural light conditions in the lake to the simplest light conditions
of the fluorescent lights typical in labs (Natural to Narrow). Second, what aspect of
the lab lighting affects the change in opsin expression (Narrow to Broad)? Is it the
intensity of light or spectral content or both? We therefore chose to compare lights of

the same spectra varying in intensity (dim (DIM) vs bright fluorescent illumination
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(BFLR)) and then varied spectral content (fluorescent vs metal-halide illumination,

UV-rich).

Natural to Narrow light environment

The natural light environment was estimated from measurements taken at Thumbi
Island (14°1'8"S 34°48'53"E) . M. mbenji are normally found in the top 20m of the
lake, so side-welling irradiance measurements at 3m and 10m were used for
comparison to the narrow spectrum lab environment . The irradiance spectra for the
lab fluorescent environment was measured from the underwater side-welling light in
the tanks using a cosine collector attached to the Ocean Optics USB4000
spectrometer (Ocean Optics, Dunedin, FL, USA) with a 1 micron diameter, 2m UV
transmissive fiber. The tanks were housed under Phillips 32W (Philips, Somerset, NJ,

USA) fluorescent bulbs.

Narrow to Broad light environment

Three light environments were chosen for this study- dim fluorescent (DIM), bright
fluorescent (BFLR), and metal halide (UV). Similar to the Natural to Narrow study,
the irradiance spectra were measured underwater for side-welling light. The DIM and
BFLR treatment tanks were under Phillips 32W fluorescent bulbs and the UV
treatment tanks were under broad-spectrum metal halide XM 10,000 K bulbs (XM
lighting, Springfield, OH, USA). DIM tanks had an intensity of less than 0.2 klux as
measured by a HI 97500 Portable Luxmeter (Hanna Instruments, Woonsocket, RI,

USA). Intensity in BFLR and UV tanks was ~2.5 klux. The halide UV treatment was
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intended to simulate water conditions in the lake. It should be noted that the UV
treatment was broadband illumination but still less intense compared to light incident
on the Lake Malawi water surface and equivalent to intensity at a depth of 20m in the

lake. All the light environments operated under a peak 12-12 day/night photoperiod.

2.3.3 Sample Collection

Natural to Narrow sampling

Adult M. mbenji from a single population were shipped to the University of Maryland
after being held for several weeks in an outdoor greenhouse in Malawi, being kept in
the dark during shipment. Immediately on arrival, 20 individuals were euthanized and
phenotyped for opsin expression (DAYO0). The remaining fish (n=29) were placed in
a single 50-gallon tank under fluorescent light conditions. The overall intensity of
light was several orders of magnitude lower than that in the lake and importantly was
UV deficient. 10 fish each were then sampled at 3 days (DAY3), 3 weeks (DAY21)
and 5 weeks (DAY35) (the DAY 35 sample had 9 individuals), to look for changes in
opsin expression (Figure 2.1a). The light conditions were kept constant for the entire
duration of the experiment. To reduce time of day effects, all samples were collected
between 3-5 PM. Individuals were sampled randomly with respect to sex since no
correlation between sex and opsin expression has been found in wild-caught or lab-
reared Lake Malawi cichlids (data not shown). Specimens were euthanized using an

overdose of MS222 and retinas were dissected and stored at -20 °C in RNAlater.

Narrow to Broad sampling
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Lab-raised M. benetos were F2 progeny of wild-caught fish that were more than 3

years old and resided in dim fluorescent tanks. Fish from 3 unrelated families with at

least 2 individuals from each family were included in the baseline dim fluorescent

(DIM) group. Specimens were either collected from DIM tanks or moved to bright

fluorescent (BFLR) or metal halide (UV) tanks for 3 or 7 days prior to sampling

(Figure 2.1b). Samples were collected using the same methods as Natural to Narrow

with either 9 or 10 individuals collected for each treatment.
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Figure 2.1: Scheme for the experimental light conditions and sampling time
points. A) Natural to Narrow- wild M. mbenji adults were collected from Lake Malawi
and brought into the lab where they were sampled upon arrival (Day 0) and Days 3, 21
and 35. B) Narrow to Broad- lab-raised M. benetos adults residing in dim tanks (DIM)
were either sampled for baseline or moved under bright fluorescent tanks (BFLR) or
under metal halide lamps (UV). Samples were taken on Days 3 and 7.
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2.3.4 Quantification of opsin expression

Opsin expression was quantified using formerly described methods (Carleton, 2011).
Briefly, RNA was extracted from dissected retinas using the QIAshredder and
RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and transcribed into cDNA
(Superscript 111, Invitrogen, Carlsbad, CA, USA). cDNA from each sample was
quantified by real-time, quantitative PCR (RT-PCR) using Tagman primers (Life
Tech, Carlsbad, CA, USA) and probes specific for each opsin on a Roche Lightcycler
480 (Roche, Bavaria, Germany). As in previous work, RH2Ao and RH2Af genes that
are more than 99% identical were combined to become the ‘RH2A’ measurement.
Plates were run with a mixture of experimental groups to reduce plate effects and
each reaction was performed in duplicate. PCR efficiencies were determined by
amplifying an opsin construct containing a single copy of each of the six opsins
(Spady et al., 2006). Expression of each opsin relative to single and double cones was
calculated as a percent of the total opsin within that cell type. For example, the
fraction, f, of SWS1 expression in the single cones is calculated as:

fswsi, sc= Tswsi/ (TswsitTsws2p+Tsws24)
where T is the transcript level for each of the single cone opsin genes. Similarly, the
fraction of LWS expression in double cones is:

frws, pc= Trws/ (Tru24+TrH28+TLWS)

26



To eliminate the effects of normalization to the opsin pool within a cone type, opsin
expression was also normalized to another gene, GNAT?2 (Dalton et al., 2015).
GNAT? is the cone-specific alpha subunit of transducin, which is part of the
photoreceptor signal transduction cascade and is therefore likely constantly and
highly expressed in the cone cells of the retina. PCR efficiencies were calculated from
RT-PCR measurements of serial dilutions of a mixture of GNAT2 PCR product and
the opsin construct. Using the PCR efficiencies (E;) and critical numbers (Ct;) for
each opsin, the normalized cone opsin expression to GNAT2 was calculated (in
percentage) as:

Ti/Tonarz = (1+EGnar2) 1OV J(1+E;)
where ‘1’ is the cone opsin of interest, EGnar2 and Cionarz are the PCR efficiency and

critical number for GNAT? respectively.
2.3.5 Quantum catch calculations

Absolute quantum catch was estimated for each visual pigment (opsin protein bound
to the A1 chromophore) to approximate how many incident photons each pigment
would absorb in the different light environments (Kelber et al., 2003). Quantum catch
thus helps measure how each visual pigment is stimulated in the wild and the

different lab treatment conditions. Quantum catch is estimated using:
0 = j I(A)LA)RA)A

where I(A) represents the normalized irradiance spectra of the environment, L(A) is
the lens transmission, and R(A) represents the photoreceptor absorption values at each
wavelength (Govardovskii et al., 2000). Since opsin gene sequences and visual
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pigment peak sensitivities are similar for different Metriaclima species, the Amax of
Metriaclima zebra visual pigments were used. For visual pigments not expressed in
M. zebra, an average of sensitivities from different Lake Malawi species was used to
calculate quantum catches (Carleton, 2009). Lens transmittance was measured from
four lenses of adult lab-reared M. benetos (Escobar-Camacho et al., 2017). Since M.
mbenji occur in the top 20m of the water column all quantum calculations for Natural

to Narrow experiment were performed at a depth of 3m and 10m.

2.3.6 Statistical tests

To test for significance of the change in opsin expression between each experimental
light environment, post hoc Tukey’s multiple comparisons of means with 95%
family-wise confidence level was used. Statistical tests were performed in R version
3.2.3 (R Foundation for Statistical Computing, Vienna, Austria) and were corrected

for multiple comparisons using the Bonferroni adjustment.

2.4 Results

2.4.1 Changes in opsin expression

Overall, opsin expression varied as a function of both time and treatment. Significant
differences in opsin expression were observed in both experiments. Results from
post-hoc Tukey’s multiple comparisons for all the treatment and time points are

provided in Table 2.1 and 2.2.
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Natural to Narrow opsin expression

When normalized to total opsins in single cones, SWS2B increased significantly
within three days (Figure 2.2¢). While SWS1 decreased within the same period, the
change was not significant (Figure 2.2a). While no significant changes in SWS2B
were observed when normalized to GNAT2, expression of SWS1 significantly
decreased within three days (Figure 2.2d), indicating that SWS1 was downregulated.
Following the three-day time period, SWSI and SWS2B remained unchanged for the
duration of the experiment. No changes in SWS24 were observed, irrespective of the

normalization (Figure 2.3a, 2.3b).

When normalized to total opsin in double cones, RH2B decreased significantly after
three days in the lab environment (Figure 2.3¢). Post three days, RH2B remains
unchanged. When normalized to GNAT2, a significant decrease in expression was
observed between DAY0 and both DAY3 as well as DAY21, denoting that RH2B
was downregulated as well (Figure 2.3d). RH2A4 showed drastically different patterns
for each normalization procedure. When normalized to total opsin within double
cones, RH2A showed no changes between arrival and the later time points (Figure
2.3e). However, when normalized to GNAT?2, a significant decrease was observed
between arrival and both DAY 3 (Figure 2.3f). Regardless of normalization, no

changes in LWS were observed in the double cones (Figure 2.3g, 2.3h).

29



Table 2.1: Post-hoc Tukey’s comparisons for all the opsins for Natural to Narrow
experiment. All the different treatments and time points are shown. Shown are the
adjusted p-values for each opsin and each normalization procedure. All significant p-
values (< 0.05) are bolded, and significant p-values after Bonferroni correction are
denoted with an asterisk. For each opsin, the p-values are provided for both
normalization procedures (total opsin within cell type and GNAT?).

A) Single cone opsins:

SWS1losc | SWSIGnar2 | SWS2Biosc | SWS2Bonarz | SWS2Awisc | SWS2AGnar2
DAY3 0.0088 0.0002* 0.0079* 0.9485 0.7643 0.5786
DAYO
DAY21 0.0583 0.0019* 0.0514 0.9518 0.5309 0.314
DAYO
DAY?35 0.0187 0.0091 0.017 0.5947 0.7694 0.6596
DAYO
DAY21 0.9176 0.9136 0.9227 0.9999 0.9871 0.9783
DAY3
DAY?35 0.9989 0.7571 0.9989 0.9178 0.9999 0.9998
DAY3
DAY?35 0.9628 0.9849 0.9657 0.9141 0.9903 0.9668
DAY21
B) Double cone opsins:
RH2Bidc RH2Bgnar2 | RH2Awwc | RH2AGnar2 | LWStotnc LWSonar2
DAY3 0.0049* <0.0001* 0.2139 0.0009* 0.5264 0.996
DAYO
DAY21 0.8184 0.0026* 0.603 0.0107 0.8444 0.3641
DAYO
DAY?35 0.0594 0.0095 0.1561 0.1343 0.9999 0.6941
DAYO
DAY21 0.11 0.6888 0.9217 0.8942 0.2449 0.6101
DAY3
DAY?35 0.8874 0.5334 0.9968 0.4413 0.6233 0.8679
DAY3
DAY?35 0.4291 0.9922 0.8439 0.8443 0.9209 0.973
DAY21
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relative to GNAT?2 expression. Significant Tukey’s multiple comparisons after
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Narrow to Broad opsin expression

Adult fish show significant changes after treatment for only three days (Figure 2.4).
Only some opsins showed differences in expression in the different light
environments. Longer duration treatments also seemed to increase the strength of
differences.

In the single cones, SWS1 increased in the UV environment. Both time points in the
UV (UV3 and UV7) were significantly higher than DIM when normalized to opsin
within single cones (Figure 2.4a). With GNAT2 normalization, UV7 had significantly
higher SWS1 than DIM treatment indicating that SWS1 opsin was upregulated and
that this upregulation increased with more time (Figure 2.4b). When normalized to
total opsin in single cones, SWS2B showed the opposite trend from SWS1, with
expression in both UV3 and UV7 being significantly less than in DIM (Figure

2.4c). However, no significant changes were observed in SWS2B when normalized to
GNAT?2 (Figure 2.4d). In M. benetos, SWS2A is only detected at very low levels in the
retina. When normalized to opsin expression within single cones, expression in the
BFLR7 was significantly higher than both the UV3 and UV7 (Figure 2.5a). The
GNAT?2 normalization showed a significant decrease in SWS24 in UV3 relative to
DIM but the values are extremely small and likely not biologically significant (Figure

2.5b).

When normalized to total opsin in double cones, LIS expression in the BFLR7 was

significantly higher than both UV3 and UV7 (Fig 2.4e). Compared to the baseline
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DIM, LWS opsin showed a significant increase in the bright fluorescent environment
but only for the 7-day treatment (BFLR7) suggesting that upregulation of LWS in the
BFLR tanks is intensified with longer duration in the treatment (Fig 2.4f). Neither
RH2B nor RH2A showed consistent differences with treatment. Compared to the
baseline DIM, when normalized to total opsin within double cones, both RH2B and
RH2A remained unchanged in the UV treatment (Figure 2.5c, 2.5e). While no

changes were observed in RH2A expression with GNAT2 normalization, RH2B
decreased in BFLR7 and both UV3 and UV7 when compared to BFLR3 (Figure 2.5d,
2.5%).

Table 2.2: Post-hoc Tukey’s comparisons for all the opsins for Narrow to Broad
experiment. All the different treatments and time points are shown. Shown are the
adjusted p-values for each opsin and each normalization procedure. All significant p-
values (< 0.05) are bolded, and significant p-values after Bonferroni correction are

denoted with an asterisk. For each opsin, the p-values are provided for both
normalization procedures (total opsin within cell type and GNAT?).

A) Single cone opsins:

SWS1osc | SWSIowr: | SWS2Busc | SWS2Bovir: | SWS2Awse | SWS2Aovar

BFLR3 -DIM 0.8095 | 0.621 0.8298 0.9163 0.7961 0.9425

BFLR7 -DIM 0.0717 | 0.0277 0.0497 0.3117 0.148 0.5934

UV3 -DIM 0.0018* | 0.6364 0.002* 0.0085 0.3738 0.0073*

UV7-DIM 0.0009* | 0.0003* | 0.001* 0.0429 0.5647 0.0183

BFLR7 -BFLR3 | 0.5294 | 0.486 0.4124 0.8189 0.0128 0.9577

UV3 -BFLR3 0.0444 | 0.9999 0.0437 0.0841 0.9579 0.0608

UV7-BFLR3 0.0296 | 0.0278 0.0277 0.2859 0.9967 0.1322

UV3-BFLR7 0.6697 | 0.4714 0.7787 0.5371 0.0018* | 0.2491

UV7-BFLR7 0.593 0.6225 0.6997 0.8976 0.0038* | 0.4426

uv7-UV3 0.9999 | 0.0261 0.9999 0.9562 0.9963 0.9928

B) Double cone opsins:
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RH2Bowe | RH2Bour: | RH2Awe | RH2Aowr | LWSanc LWSoun
BFLR3 -DIM 0.2133 0.0422 0.3249 0.1312 0.9999 0.5949
BFLR7 -DIM 0.0173 0.3479 0.9973 0.5904 0.0108 0.0071*
UV3- DIM 0.6019 0.8161 0.1609 0.9781 0.5229 0.8749
UV7-DIM 0.1481 0.5442 0.0139 0.1667 0.2992 0.8259
BFLR7 —-BFLR3 | <0.0001* | 0.0002* | 0.2036 0.8851 0.02 0.2451
UV3 -BFLR3 0.0089 0.003* 0.0015* | 0.3905 0.4601 0.1502
UV7-BFLR3 0.0006* | 0.0006* | <0.0001* | 0.9997 0.256 0.1126
UV3 -BFLR7 0.399 0.9371 0.3163 0.9071 0.0001* | 0.0006*
UV7-BFLR7 0.8631 0.9956 0.0409 0.9381 <0.0001* | 0.0003*
uv7-UV3 0.9145 0.9934 0.8758 0.4694 0.9969 0.9999
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2.4.2 Quantum Catches

The calculated quantum catch values suggest that visual pigments are stimulated
differently in each light environment. The absolute quantum catch values of all

treatment conditions for both the experiments are presented in Table 2.3.

Table 2.3: Quantum catches of the opsins for different lighting environments.
Quantum catches are provided in photons/cm?/msec.

3.3A: Natural to Narrow

Opsin Lake Malawi @ 3m Lake Malawi @10m Lab environment
SWS1 6.36E+11 1.78E+11 0
SWS2B 3.24E+12 9.39E+11 5.39E+10
SWS24 541E+12 1.71E+12 1.02E+11
RH2B 9.94E+12 3.25E+12 2.13E+11
RH2AB* 1.2E+13 3.85E+12 3.49E+11
RH2Aa* 1.22E+13 3.88E+12 3.84E+11
LWS 1.2E+13 3.45E+12 4.99E+11

3.3B: Narrow to Broad

Opsin DIM BFLR uv
N/AYS 0 1.04E+10 2.37E+10
SWS2B 3.83E+09 1.5E+11 1.65E+11
SWS24 1.34E+10 2.6E+11 2.06E+11
RH2B 4.32E+10 5.47E+11 3.3E+11
RH2A4B* 9.79E+10 9.18E+11 4.02E+11
RH2Aa* 1.13E+11 1.03E+12 4.26E+11
LWS 1.68E+11 1.45E+12 5.28E+11

* Although quantum catches are calculated separately for RH24a and RH2A opsins, the opsins were
combined in the RT-PCR expression assay.

Natural to Narrow quantum catch

Although there is variation, in the wild, all visual pigments performed relatively well
at both depths. Since light transmission decreases with depth, quantum catches at 3m
were approximately three times higher for all opsins than those for 10m. Consistent
with the higher irradiance levels towards the longer wavelength end of the spectra

(Figure 2.6a), quantum catches for double cone pigments (RH2B, RH2AB, RH2Aa.,
38



LWS) were about 4 times higher than those for single cones (SWS1, SWS2B, SWS2A4)
(Figure 2.6b). Owing to their red-shifted spectra, the difference in quantum catches
doubled to about eight times between the two cone types under fluorescent lights
(Figure 2.6a). Except for SWS1, quantum catch for all other opsins was ~1.2 orders of
magnitude lower in the lab environment than in the wild. It is important to note that
the quantum catch for SWS1I falls to zero in the UV deficient lab environment (Table
2.3A). This means that in individuals shifted from the lake to the lab, the SWS1

photoreceptors in the retina received no stimulation.
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Figure 2.6: Natural to Narrow light environment spectra and quantum catch. A)
Lake Malawi spectra are measured on the secondary axis. Side-welling irradiance is
provided in photons/cm2/msec. Light environment spectra were used to calculate
absolute quantum catch for each visual pigment. B) The lab fluorescent environment
is greatly diminished in quantum catch for every visual pigment compared to Lake
Malawi. Inset shows the close-up of the SWS1 quantum catch.

Narrow to Broad quantum catch
The metal halide (UV) environment was relatively effective in simulating the
environmental conditions in the wild. Although the intensity of the UV treatment (~

2.5 klux) was at least 40 times lower than the shallow water conditions in the lake (~
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100 klux), the treatment was successful in providing a wider spectrum that stimulated
all visual pigments (Figure 2.7a). As expected, the fluorescent spectra for both the
BFLR and DIM treatments were shifted heavily to longer wavelengths (Figure 2.7a).
Consequently, the quantum catches of the double cone pigments were higher than the
single cone pigments (Figure 2.7b).

Similar to SWS1 in the Natural to Narrow experiment, there is zero quantum catch for
SWSI in the DIM treatment (Figure 2.7b, Table 2.3B). The quantum catch for SWS2B
was lowest in the DIM, but nearly the same in the BFLR and UV treatments. For all
other visual pigments, quantum catches were highest in the BFLR treatment (Figure
2.7b). Of note, the quantum catch for LS in BFLR was three times higher than in
the UV treatment, and nearly nine times higher than DIM. Also, SWS1 is the only
visual pigment with quantum catch values higher in UV compared to all other

treatments (Table 2.3B).
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Figure 2.7: Narrow to Broad light environment spectra and quantum catch. The
spectra of the UV environment is much broader, but less intense than BFLR. A)
BFLR and DIM environment spectra are measured on the secondary axis. Side-
welling irradiance is provided in photons/cm:/msec. Light environment spectra were
used to calculate absolute quantum catch for each visual pigment. B) BFLR had the
highest quantum catch for each visual pigment except for SWSI where the UV
environment had the highest. Inset shows the close-up of the SWSI quantum catch.

2.5 Discussion

2.5.1 Plasticity of opsin expression in adult cichlids

Using quantitative PCR, we have shown that adult cichlids from Lake Malawi exhibit

plastic changes in opsin expression mediated by differences in spectral irradiance.
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Even more striking is that these plastic changes occurred relatively fast, with some
changes recorded three days after being placed in the new environment. This suggests
that retinal sensitivities can change on a rapid timescale, enabling adult fish to adjust
to short-term changes in lighting conditions. This might be helpful for fish swimming
to different depths to find new habitats or from changes in local water clarity from
runoff during seasonal rains or algal blooms.

As mentioned earlier, most of our previous studies have measured opsin expression
relative to the total pool of opsins. The reasoning for this is that color vision is
contingent on the differences in the inputs received by the cone cells in the retina
(Kelber et al., 2003). Differences in the expression of each cone type relative to total
opsin either echo differences in the relative abundance of specific cone cells in the
retina or more likely the packing of the opsin pigment in the outer segments of cones,
which could change color perception. The downside of this normalization is that it
obfuscates the mechanism by which the differences in visual tuning through opsin
expression arise. Since expression changes of each opsin are no longer independent, it
becomes impossible to predict which opsin is being up/down regulated. To
circumvent this problem, we have normalized opsin expression to the expression of a
cone specific gene, GNAT2, similar to what has been done previously (Fuller &
Claricoates, 2011). GNAT?2, as part of the phototransduction cascade, is constantly
expressed at high levels in the cone cells of the retina and should be expressed in
conjunction with the cone opsins thus varying minimally between samples and
between treatments. Indeed, results from 27 cichlid retinal transcriptomes confirm

that GNAT? is relatively constant in expression (data not shown). It has a coefficient
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of variation comparable to that of beta-actin (and better than several other genes often
used as housekeeping genes including EF'/a, PAX6, and UBE2z). In the Natural to
Narrow experiment, although normalization to total single cone opsins indicates that
SWS2B increases significantly after just three days under fluorescent lights (Figure
2.2), GNAT2 normalization suggests that adult animals only decrease SWS1 while
keeping SWS2B constant.

Plastic changes in opsin expression could be explained by several mechanisms. It is
possible that the outer segments of the photoreceptors could increase in size. Such
changes in photoreceptor length have been previously observed following long-term
exposure to highly intense monochromatic light (Wagner & Kréger, 2000). This is
unlikely within the time frame observed within our study (three days). Another option
is that the expression differences arise from changes in the relative numbers of cone
types, with additional cone cells being added to the retina. Again, this too is highly
improbable, as it has been demonstrated that complete differentiation of cone cells in
gold fish takes approximately three weeks (D. M. Wu et al., 2001). A third possibility
is an increase in the density of the visual pigment in the cone photoreceptors. Since
optimal opsin protein packing in the photoreceptor cilia is critical for proper
functionality of the phototransduction cascade and kinetics of light response, this
seems unlikely as well (Wen et al., 2009). We hypothesize that the plastic differences
in expression arise from the expression of multiple opsins in the same photoreceptor,
1.e. co-expression (Dalton et al., 2014). Earlier studies in the lab have shown that M.
zebra coexpressed opsins in their cone cells and that this level of coexpression

increased with altered environmental background spectra (Dalton et al., 2015). Since
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M. benetos and M. mbenji are from the same genus, it seems likely that plastic
changes could cause an increase in coexpression of opsins in these individuals as
well. Future studies with in-situ hybridization or electrophysiology from individual
cone photoreceptors might throw some light on the cellular modifications underlying
plasticity.

In this study, it is clear from the quantum catches that the largest difference between
the two experiments arises from the absence/presence of ultraviolet illumination. As
expected, major plastic changes are observed in the single cones, principally along the
SWSI1-SWS2B axis (ignoring the very low levels of SWS2A4 expression that are not
likely to be physiologically relevant). Although quantum catches of the double cone
opsins vary with light treatments, the magnitude of change is much smaller. Further,
this problem is likely compounded by the fact that the two RH2A opsins have been
merged in our study. Future experiments with more severe shifts in the spectral space
bounded by the appropriate wavelengths of the double cones might lead to more
pronounced plasticity.

Both intensity and spectral composition of the incident light seem to play a role in
mediating plastic changes, with longer duration times generally enhancing the
differences in opsin expression. Previous studies have speculated that the spectral
content of light rather than intensity played a bigger role in plasticity (Hofmann et al.,
2010). In the current study, we showed that at least for some opsins, namely LIS,
intensity of light might also play a part (fish in the BFLR7 treatment have high LWS

expression compared to the DIM) (Figure 2.3f). Additional plasticity studies on adult
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species are underway to help further delineate the role of spectral makeup and

intensity in stimulating expression plasticity.

Lastly, while the light changes dramatically between Lake Malawi and the lab, there
are several other factors that differ between those two environments including
temperature, salinity, circadian period, diet, and presence or absence of predators.
Although unlikely, there is a possibility that any of these factors could have an effect
on opsin expression in the Natural to Narrow experiment. Given that complementary
changes in opsin expression were seen in the Narrow to Broad experiment where all
the lab conditions were the same and only the light composition was changed, we
postulate that changes in opsin expression in Natural to Narrow were most likely due

to the light environment differences.

2.5.2 Genetic inferences of plasticity

From this study, it is evident that SWS24 is never turned on in Metriaclima species in
spite of the further improvements it would make to the quantum catch efficiency. This
result is not novel and has been formerly observed when broods from other rock-
dwelling cichlids were raised under fluorescent lights . Also, this is consistent with
the developmental program in Metriaclima that entails an ontogenetic progression
from SWS1 in larvae to SWS1-SWS2B as adults in the single cones but never to
SWS2A4 expression (Carleton et al., 2008). These findings suggest that in Lake
Malawi cichlid species with short wavelength sensitivities, SWS24 is controlled by an

independent set of factors that are different from the genetic factors that co-ordinate
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both SWSI and SWS2B. In fact, this hypothesis is supported by data from a recent
hybrid cross in the lab between two genera that express SWSI and SWS2B . Since
SWSI and SWS2B are expressed in the same cone cell, it makes sense that they would
share some, if not all, genetic factors.

Furthermore, plasticity experiments in killifish have illustrated that the extent of
plastic opsin expression varies among families proposing that plasticity is under
genetic control (Fuller et al., 2005). Though traditionally debated, it is now accepted
that plasticity loci do exist and studies examining the genetic basis of plasticity have
become common (Bergland et al., 2008; Gutteling et al., 2007; Parsons et al., 2016).
At present, we have a hybrid cross between a plastic species M. mbenji and a non-
plastic species A. baenschii (Nandamuri, Yourick, et al., 2017). Splitting the F2
broods of this cross and raising them under UV-rich and UV-deficient lighting will

help map genetic factors contributing to the plasticity of SWS1/SWS2B expression.

2.5.3 Comparing developmental and adult plasticity

A summary of what we currently know about developmental and adult plasticity is
shown in Figure 2.8. The results from this current study are compared against
previously collected developmental progression in the lab and wild adult data in the
context of SWS1 expression (Carleton et al., 2008; Hofmann, O’Quin, Justin
Marshall, et al., 2010; Hofmann, O’Quin, Smith, et al., 2010; O’Quin, Smith, Sharma,
etal., 2011). A comparison of the Natural to Narrow results to the M. benetos lab

developmental series can be informative about how plastic changes in opsin
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expression are mediated during adulthood versus during development (Figure 2.8 left)
Lab-raised M. benetos larvae (10- 20 days) show the highest levels of SWS1 (~95%,
M. benetos lab development in Figure 2.8). As the larvae grow older in the lab, the
levels of SWS1 steadily decrease with adults (150-180 days) having an average SWS1
closer to 50% (similar to SWS1 in lab-raised M. mbenji adults, Figure 2.8). Currently,
no wild developmental data is available for comparison, but wild caught adult
Metriaclima species have an average SWS1 of around 85% (wild Thumbi, wild
Mazinzi and wild Mbenji adults in Figure 2.8). Since wild-caught adult Metriaclima
species have high SWS1 as adults, it is probable that they retain a predominance of
SWS1 throughout development and into adulthood.

It is therefore likely that the M. benetos lab developmental series shows the effects of
plasticity in opsin expression during development. This is equivalent to the Natural to
Narrow experiment in the current study that shows plasticity in opsin expression as
adults. A closer look at these two parallel studies yields some interesting preliminary
trends. The temporal dynamics of developmental plasticity seem to be slower than
that of adult plasticity. One possible explanation for this is that during development,
the plastic response is occurring in opposition to a preprogrammed genetic program,
resulting in slower change. In adults, no such opposition exists, resulting in a quicker
change in SWS1 in the absence of the required UV signal. More work on the genetic
basis and gene regulatory networks of opsin expression and plasticity might provide
further insights.

In our Narrow to Broad experiment, SWS! increased in adult lab-raised fish to 58%

(BFLR) and 67% (UV) in seven days (Fig 6 right). Additional work would establish
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whether lab-raised adults can ever achieve the wild expression levels (~85%) with
increased light intensity. In the current study, the UV environment only emulated
Lake Malawi quantum catches at a depth of 20m, so it is possible that providing a
stronger source of illumination that offers improved quantum catches for SWS7 might

produce a stronger plastic response.
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Figure 2.8: A summary of current knowledge about Lake Malawi SWS1 opsin
expression in the context of development and plasticity. Open squares represent
findings from the present Natural to Narrow and Narrow to Broad studies (right of
dashed line) compared to wild adults, lab adults, and lab developmental series (left of
dashed line). Wild adults include M. mbenji, M. zebra, and M. barlowi. We do not
have wild caught M. benetos for comparison. The lab developmental series for M.
benetos 1s similar to that of other Metriaclima species.
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2.5.4 Ecological context of plasticity

In the present study, we have shown that changes in the light environment leads to
plasticity, which suggests some mechanism by which light is sensed and integrated
into signals that both promote and inhibit opsin gene expression. This mechanism
seems to be in place during both development and adulthood, allowing cichlids to be
responsive to the environment throughout their lives and not just during a narrow
sensitive developmental window. On short ecological time scales, such as one
lifetime, opsin expression plasticity could be important for fish experiencing seasonal
or man-made shifts in water quality that drastically change the light environment
(Ehlman et al., 2015; Vonlanthen et al., 2012). Such seasonal changes in water quality
and light attenuation in Lake Malawi have been previously reported (Guildford et al.,
2007). Whether the seasonal effects on the light spectrum in Lake Malawi actually
cause shifts in opsin expression in cichlids needs to be studied in more detail.
Nonetheless, analogous findings in both the lab and Lake Victoria have shown that
the spectral transmittance of water plays a major role in the interpretation of color
signals in cichlids, a key element in mate choice and recognition (Seehausen et al.,
1997; Seehausen & van Alphen, 1998).

Additionally, the depth of Lake Malawi also provides opportunity for shifts in light
environment within species ranges. Metriaclima species typically inhabit the top 20m
of the lake, which shows ever-decreasing amounts of ultraviolet light and therefore
less efficiency of the SWS1 photoreceptor to perceive light with depth (Dalton et al.,
2010). A fish moving down to inhabit a different part of the habitat range could be

enough to induce plasticity similar to what we have demonstrated in this study. Wild
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Metriaclima species in the lake typically express miniscule amounts of SWS2B and
large amounts of SWS1 (Hofmann, O’Quin, Smith, et al., 2010). A fish moving to a
habitat niche that opens up around 15-20 meters in the clear waters of Lake Malawi
would likely have very little ultraviolet light. This would necessitate a speedy shift in
expression from SWS1 to SWS2B in the single cones, similar to what we observed in
the Natural to Narrow experiment. Interestingly, Zimbawe rock is one location in
Lake Malawi where adult M. zebra were found to have only 55-60% SWS1 in their
retinas (Smith et al., 2011). This pinnacle is very steep and extends to some of the
deeper M. zebra habitats in the lake, supporting that depth could induce shifts from

SWSI to SWS2B.

2.5.6 Evolutionary implications of plasticity

Cichlids are famous for their incredibly accelerated adaptive radiation in the African
Rift Lakes (Kocher, 2004; Seehausen, 2006). Along with opsin expression as depicted
in the present study, plasticity acts across a broad range of cichlid phenotypes. These
include trophic morphology (Muschick et al., 2011), body shape (Wimberger, 1992),
gill and brain size in response to hypoxia (Crispo & Chapman, 2010), foraging
(Parsons et al., 2016), and social behavior (Maruska & Fernald, 2010). Plasticity
allows an organism to quickly respond to an environmental shift instead of changing
a phenotype through purely genetic means (mutation in the coding or regulatory
sequences), which would simply be too slow. Over time, selection can then act on the

range of phenotypes produced by plasticity to canalize them by genetic assimilation
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or allow them to remain plastic (Lande, 2009; Pigliucci et al., 2006; Waddington,
1956).

Ancestral state reconstruction of the African cichlid tree reveals that the ancestral
riverine species that seeded Lake Malawi likely possessed the long opsin combination
(SWS2A4, RH2B, LWS) (O’Quin et al., 2010). The Nile tilapia is largely considered to
be an extant representative of this riverine ancestor. Despite having the long opsin
combination in adulthood, Nile Tilapia expresses all seven opsins at some point in its
lifetime (Carleton et al., 2008). Additionally, Tilapia seems to exhibit developmental
plasticity, but has lost adult plasticity in opsin expression (Hornsby et al., 2013). It is
likely that the developmental plasticity possessed by this riverine ancestor allowed
canalization of the array of potential opsin expression phenotypes into the different
opsin combinations seen in Lake Malawi today. For example, Metriaclima species
typically express the short combination as adults (SWS1, RH2B, RH2A), which is the
same as larval expression observed in Nile tilapia (Carleton et al., 2008). Perhaps
Metriaclima have genetically solidified the ancestral neotenic expression pattern for
use in adults. Neoteny may also explain the mechanism of how Metriaclima could
have maintained plasticity in adulthood.

Retaining plasticity is likely costly (Callahan et al., 2008; Relyea, 2002) so why
preserve the ability to change opsin expression into adulthood? Moreover, if not
utilized, plasticity is likely to be lost through drift (Pigliucci et al., 2006). Selection to
maintain plasticity has to overcome these prohibitive costs or suffer random loss. The
geological history of Lake Malawi provides some context for the possible selective

force to sustain plasticity. In the last 1.3 million years lake levels have continuously
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changed; at times dropping 600m to confine the lake to one 100m deep pool, and at
other times filling to 200m above current levels (Lyons et al., 2015). Further
characterization has shown dry periods of “green lake” conditions with low lake levels
and high eutrophication punctuated by about 100,000 year intervals of the deeper
“blue lake” conditions much like the lake of today (Ivory et al., 2016). With the
extreme shifts in light environment that would occur during these alternating blue and
green lake periods, it is not hard to speculate that the ability to switch visual
sensitivity through plasticity would be important. Theory predicts that stable
environments will favor genetic assimilation while plasticity is more likely to be
maintained in unstable environments . It seems likely then that Lake Malawi would

be a good candidate for retention of plasticity in different cichlid lineages.

2.5.7 Conclusion

Light-induced plasticity seems to be a powerful fine-tuning mechanism that allows
cichlids to visually evaluate their immediate surroundings more efficiently. Since
vision is critical for cichlid fitness, this work brings attention to the connection
between plasticity and rapid diversification. Lastly, studying phenotypic change in
response to an environmental shift in the context of adaptive radiations goes a long

way into consolidating plasticity into modern evolutionary biology.
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Chapter 3: Diurnal variation in opsin expression and common
housekeeping genes necessitates comprehensive normalization
methods for quantitative real-time PCR analyses

Previously published under: Yourick MR, Sandkam BA, Gammerdinger W1, et al.
Diurnal variation in opsin expression and common housekeeping genes necessitates
comprehensive normalization methods for quantitative real-time PCR analyses. Mol
Ecol Resour. 2019, 19:1447-1460.

3.1 Abstract

To determine the visual sensitivities of an organism of interest, quantitative reverse-
transcription polymerase chain reaction (qQRT-PCR) is often used to quantify
expression of the light-sensitive opsins in the retina. While qRT-PCR is an affordable,
high-throughput method for measuring expression, it comes with inherent
normalization issues that affect the interpretation of results, especially as opsin
expression can vary greatly based on developmental stage, light environment, or
diurnal cycles. We tested for diurnal cycles of opsin expression over a period of 24
hours at 1 hour increments and examined how normalization affects a dataset with
fluctuating expression levels using qRT-PCR and transcriptome data from the retinae
of the cichlid Pelmatolapia mariae. We compared five methods of normalizing opsin
expression relative to: (1) the average of three stably expressed housekeeping genes
(Ube2z, EF'I-a, and p-actin), (2) total RNA concentration, (3) GNAT2, (the cone-
specific subunit of transducin), (4) total opsin expression, and (5) only opsins
expressed in the same cone-type. Normalizing by proportion of cone-type produced
the least variation and would be best for removing time-of-day variation. In contrast,
normalizing by housekeeping genes produced the highest daily variation in
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expression and demonstrated that the peak of cone opsin expression was in the late
afternoon. A weighted correlation network analysis showed that the expression of
different cone opsins follow a very similar daily cycle. With the knowledge of how
these normalization methods affect opsin expression data, we make recommendations
for designing sampling approaches and quantification methods based upon the

scientific question being examined.

3.2 Background

For many organisms, visual systems are essential for tasks that directly impact
survival and fitness. Whether it be for tracking down prey, avoiding predators, or
interacting with conspecifics, strong selection shapes animal visual systems. In
general, the visual systems of vertebrates are tuned to be sensitive to the most
abundant wavelengths in the local light environment (Levine & Machnichol, 1979;
Loew & Lythgoe, 1978; Lythgoe, 1984). The strong selection placed on the visual
system has made visual tuning one of the classic models for studies of ecological and

evolutionary questions (Yokoyama, 2008).

While traditional methods (eg. microspectrophotometry, and electrophysiology) allow
for the direct measure of visual tuning, these techniques have significant drawbacks
including being very low throughput and requiring highly controlled laboratory
conditions. To overcome these limitations recent studies have used quantitative real-
time PCR (qQRT-PCR) techniques to measure the expression of the opsin genes that

are primarily responsible for tuning visual systems. qRT-PCR techniques have the
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benefits of being relatively low cost, high throughput, repeatable, and allowing for
samples to be easily stored and measured at a later time, which is particularly helpful
when sampling in the field (Ginzinger, 2002). However, quantification of opsins by
qRT-PCR is inherently a relative measurement. The raw data must be normalized,
and the chosen normalization method could have a profound effect on the results
(Bustin, 2002). As of yet there has been no consensus on how to best normalize opsin

gene expression.

Opsins are G-protein coupled receptor proteins found in the outer segment of
specialized retinal cells called photoreceptors. When the chromophore bound to the
opsin absorbs light, it induces a conformational change in the opsin resulting in the
activation of the phototransduction cascade (reviewed in Rodieck, 1998). Most
vertebrates have two kinds of photoreceptors- the rods that are active during the night
and under low-light conditions, and the cones which are utilized for daytime color
vision. Rods and cones are packed with rhodopsin and cone opsins, respectively,
which are sensitive to light of specific wavelengths (Bowmaker, 2008). Perception of
color begins in the retina where light differentially stimulates cone cells that vary in
sensitivity (Bowmaker & Hunt, 2006; Jacobs & Rowe, 2004; Kelber et al., 2003).
Because it is not practical to count the number of cone cells sensitive to different
wavelengths in a retina, opsin gene expression is used as a substitute to approximate
the visual sensitivity of an organism. Opsin expression measured by qRT-PCR
provides a good approximation of visual sensitivity compared to
microspectrophotometry, which only samples a subset of cone cells, and is more

practical than protein analysis, especially for non-model species (Carleton et al.,
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2008; Chinen et al., 2003; Fuller et al., 2004; Matsumoto et al., 2006; Spady et al.,

2006).

Photoreceptors are exposed to high light levels and high metabolic loads. As a result,
the photoreceptor outer segments are replenished over time to replace opsins and
other proteins. In rods, a small proportion of the outer segment is shed and replaced
every day (Basinger et al., 1976; LaVail, 1980; Young, 1978). The rate of cone opsin
replacement has not been investigated, but with the high intensity of daytime light it
is possible that they are replaced at a similar or even faster rate. Interestingly, the
amount of opsin expression is often not consistent throughout the day and varies in a
cyclical manner. Daily variation in opsin expression has been described for several
terrestrial vertebrates including chicken (Pierce et al., 1993), mouse (von Schantz et
al., 1999), and toad (Korenbrot & Fernald, 1989). However, far more is known about
daily variation in opsin expression from aquatic species, primarily fishes. Opsins in
the cichlid 4statotilapia burtoni exhibit marked diurnal variation (Halstenberg et al.,
2005). In 4. burtoni, expression of the day-light receptive cone opsins is highest
around 18:00 and remains relatively high during the night. Similar patterns of cone
opsin expression have been observed in zebrafish and bluefin killifish (A. M. Johnson
etal., 2013; P. Li et al., 2005). Korenbrot & Fernald (1989) showed that expression of
the nocturnally active rhodopsin (RH1) peaks in the middle of the day, around 12:00,
and decreases during the night. Therefore across taxa, it appears that opsins are being
replenished at a time when that class of photoreceptor is less active; cone opsins tend

to be highly expressed in the late afternoon into the night, while rod opsins are
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replenished during the day, when rods are retracted into the retinal pigment

epithelium.

Not only can the amount of opsin expression change throughout the day, but also the
relative composition of the total pool of opsins could change. It is possible that the
cone opsins have differing diurnal cycles, especially if they are expressed in different
cone cell types. While early work suggested that the cone opsins all have a similar
diurnal pattern of expression (Halstenberg et al., 2005), more recent work did not
show such a clear similarity (A. M. Johnson et al., 2013; Sandkam et al., 2015). An
issue could arise when sampling at different times of the day as the relative makeup

of the opsin pool could differ simply because of the diurnal variation in expression.

The particular methods used to normalize opsin expression are important because
there is incredible variation in opsin expression across animals depending on the time
of day (Halstenberg et al., 2005; A. M. Johnson et al., 2013; Korenbrot & Fernald,
1989; P. Li et al., 2005; Pierce et al., 1993; von Schantz et al., 1999), genetic
variation and species differences (Fuller et al., 2005; O’Quin et al., 2012),
developmental stage (Carleton et al., 2008; Cheng & Flamarique, 2004; Roberts et al.,
2006), and plastic response to environmental changes (Everett et al., 2012; Fuller &
Claricoates, 2011; Hofmann, O’Quin, Smith, et al., 2010; Luehrmann et al., 2018;
Stieb et al., 2016; Valen et al., 2018; Veen et al., 2017). There have been five
commonly used methods, each with their own merits and drawbacks, to normalize
opsin expression for questions of visual ecology and evolution: (1) relative to

housekeeping gene expression, (2) relative to total RNA concentration, (3) relative to
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expression of the cone-specific alpha subunit of transducin (GNAT2), (4) proportion
of total pool of opsin expression, and (5) relative to pool of opsin expression from the

same cone-type.

Normalizing expression to housekeeping genes is the most common method to
observe changes in expression of a gene of interest. A housekeeping gene is assumed
to be stably expressed because it is essential for normal cell function regardless of
time, environment or cell-type. In theory, the transcript level of this gene in a sample
will be linearly correlated with cell number and total transcript abundance. Genes
such as B-actin, glyceraldehyde 3-phosphate dehydrogenase (G3PDH), elongation
factor 1 alpha (EF1-a), and ubiquitin conjugating enzyme (Ube2z) have all been
previously used as housekeeping genes to normalize opsin expression (Fuller &
Claricoates, 2011; Halstenberg et al., 2005; Johnson et al., 2013; Sandkam et al.,
2015; Shand et al., 2008; Valen et al., 2018). However, none of these studies have
tested the validity of their housekeeping genes by showing that their expression is
stable in retinal tissue. As the expression of some common housekeeping genes has
been shown to vary by tissue, it is crucial to validate these genes in your tissue of
interest before use (Bustin, 2002; Kozera & Rapacz, 2013; Radoni¢ et al., 2004). To
minimize potential effects of variable expression of housekeeping genes, some
studies use an average of three housekeeping genes (Bustin, 2002; Sandkam et al.,
2015). There is growing knowledge that housekeeping genes may not have the
stability required for normalization. This method also requires identifying the best
housekeeping genes, which can be difficult and require extensive testing across

species and tissues. Normalizing to total RNA concentration has been used as an
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alternative (Bustin, 2000, 2002). In addition, a data driven method that assumes
expression data is log normally distributed has been developed (Heckmann et al.,
2011). With these methods in mind, normalizing by any reference which has
relatively constant expression throughout the day would cause a gene that has cyclic
expression to show higher values at one time of the day than another (Fig 3.1a). This
would be useful if the aim of the study was to show diurnal variation in expression of
a gene, but would be a source of error when samples taken at different times are used
to characterize increases or decreases in opsin expression under different lighting
conditions. In this case, some or all of the difference in expression between groups

could be due to diurnal variation and not to the treatment.

Another method of opsin normalization compares opsin expression to that of the
cone-specific alpha subunit of transducin, GNAT?2, as it is an essential part of the cone
signal transduction cascade and is thought to be common to all cone photoreceptors
and highly expressed (Dalton et al., 2015; Nandamuri et al., 2017). This acts to
normalize to the total number of cone cells rather than total retinal tissue. From our
analysis, GNAT? has little variation in expression across 27 cichlid retinal
transcriptomes (K.L. Carleton, unpublished data) but it is not known if it varies
diurnally. Owing to its requirement for photopic vision, it is possible that GNAT?2
varies diurnally in conjunction with the cone opsins under a similar regulatory
mechanism. In that case, it might provide a normalization method that acts to remove

time of day variation (Figure 3.1b).
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Figure 3.1. qRT-PCR normalization method significantly affects patterns of
expression. a) When an opsin gene is normalized to a stable reference gene, the
diurnal patterns of expression can be observed. b) When an opsin is normalized to a
reference with a similar diurnal cycle, the diurnal patterns of expression disappear.
Measuring opsins relative to the total opsin pool, a proportional measure, is common
in vision research and is used to give an estimation of which cones contribute to
visual sensitivity, as color vision is achieved through differential stimulation of cones
(Carleton & Kocher, 2001; Fuller et al., 2004). However, use of proportions makes
the opsin measurements non-independent. If expression of one opsin decreases, the
others will appear to increase in abundance when in fact their expression may not

have changed. This problem of interdependence has led some to normalize opsins to

housekeeping genes, as this would allow detection of patterns of up and down-
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regulation (Fuller & Claricoates, 2011). Similarly, if it is known that certain opsins
are expressed only in specific cone cell types, they can be normalized to the total
amount of opsin within that subtype. For example, in cichlid fish, the short-
wavelength sensitive opsins have been shown through in-situ analysis to only be
expressed in the single cones (Dalton et al., 2017; Fernald, 1981; Nandamuri, Dalton,
et al., 2017). Measuring proportional expression in one cell type decreases the noise
introduced by variation in expression in other cell types when comparisons to all
(total) opsins are made. This is especially useful when the cone mosaic is known and
the ratio of cone cell types can be inferred. Thus, it becomes apparent that
quantification of opsin expression can lead to vastly different results depending on the
type of normalization procedure used. The optimal normalization procedure depends
on the scientific question being asked. In this study, we used a large sample of qRT-
PCR data coupled with RNAseq to examine diurnal variation in opsin expression in a
cichlid. This dataset allows us to resolve four outstanding questions regarding diurnal
patterns of opsin expression and qRT-PCR methodology: 1) What time of day is
opsin expression the highest? 2) Do all cone opsins have similar diurnal expression
cycles? 3) What is the pattern of expression of housekeeping genes and which are the
most stable throughout the day? 4) What is the best method of normalization for

quantifying or removing diurnal variation in expression?
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3.3 Materials and methods

3.3.1 Study system

Pelmatolapia mariae (Boulenger, 1899) is a sexually monomorphic fish native to the
rivers of central West Africa, from Cote d’Ivoire to Cameroon, although it has been
introduced to Australia and North America. It is a sister taxon to cichlids of the Great
African lakes (Dunz & Schliewen, 2013; Klett & Meyer, 2002). African cichlids have
seven opsin genes, SWSI, SWS2B, SWS2A, RH2B, RH2Aa, RH2Ap, and LWS,
although they only express a subset of those opsins (Carleton & Kocher, 2001; Spady
et al., 2006). Laboratory populations were established from the aquarium trade and
bred in the Tropical Aquaculture Facility at the University of Maryland for several
generations. All fish sampled were sexually mature adults (>6 months of age) from a

single brood.

3.3.2 Sample Collection

Samples were collected in June 2016 in one-hour intervals over a continuous 24-hour
period starting at 18:00, and including one hour of overlap (18:00) for a total of 25
sampling points. The room was lit by fluorescent lights (Phillips T8 32 watt bulbs) on
a 14/10 light cycle with half lights from 06-07:00 and 20-21:00 to simulate dawn and
dusk. Fish were immediately euthanized in an overdose of buffered MS-222
according to approved IACUC protocols (Protocol#: R-AUG-18-41). Retinae were
collected from two individuals of each sex per time-point and stored in RNAlater. Sex

was determined by gonadal dissection.
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3.3.3 Quantitative real-time PCR

Opsin expression was quantified using previously described methods (Carleton, 2011)
and was averaged across all four individuals per time-point. Briefly, total RNA was
extracted using QIAshredder and RNeasy Mini Kits (Qiagen, Valencia, CA, USA)
followed by a DNase step to remove genomic DNA. Total RNA was quantified using
the Quant-iT RiboGreen RNA assay kit (Thermo Fisher Scientific, Waltham, MA,
USA) and compared to a set of RNA standards of known concentrations. cDNA was
reverse transcribed from 0.5 ug of total RNA (Superscript III, Invitrogen, Carlsbad,
CA, USA). Opsin expression from each cDNA sample was quantified by quantitative
real-time PCR (qRT-PCR) using Tagman primers (Life Tech, Carlsbad, CA, USA)
specific to each opsin on a Roche Lightcycler 480 (Roche, Bavaria, Germany). The
RH2Aa and RH2Ap genes are more than 99% identical in sequence and were
combined to become the ‘RH2A4’ measurement for qRT-PCR. Each reaction was
performed in duplicate. PCR efficiencies were determined by amplifying an opsin
construct containing a single copy of each of the six opsin genes, which was made by
amplifying relevant sections of each gene from O. niloticus and cloning them into a
single vector (Spady et al., 2006). A second multigene gBlock® construct (Integrated
DNA Technologies, Inc., Coralville, IA) contained a single copy of RH1, B-actin,
EF1-a, G3PDH, Ube2z, and GNAT?2 and was mixed with the opsin construct in equal
proportions; the sequence of this construct can be found in the Supplemental
Information. Primer and probe sequences for the cone opsins and GNAT2 have been
published previously (Dalton et al., 2015); sequences for the housekeeping genes and

RH1 can be found in the Supplemental Information.
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3.3.4 Housekeeping gene analysis

The ideal housekeeping gene would have no variance in expression throughout the
day. Although it is unlikely that any gene could meet that criteria, we can determine
which genes have the most stable expression to use for normalization. QqRT-PCR Ct
(critical threshold) values for each housekeeping gene were analyzed with the
program RefFinder (Xie et al., 2012). RefFinder runs four top tools for housekeeping
gene determination: BestKeeper, geNorm, Normfinder and the comparative delta-Ct
method, where each method gives a ranking of the five genes, 1 being the most stable
and 5 being the least. RefFinder then assigns a weight to an individual gene, then
calculates the geometric mean of these weights for each gene to determine the final
ranking score. The average for the top three genes was used from each sample for the

three housekeeping (3HK) gene normalization.
3.3.5 Normalization methods for expression

Relative to Housekeeping Genes | 3HK expression was calculated as follows:

f — (2(1 + Ehouse)Cthouse)/3
gene,3HK (1 + Egene)Ctgene

Relative to total RNA | All cDNA samples analyzed with qRT-PCR were made with

equal amounts of RNA, therefore, the expression of each gene can be calculated as:

foenetotairna = 1/(1 + Egepe)Ctoene

Relative to GNAT?2 | All genes were normalized to GNAT2 as a proxy for cone cell

abundance (Dalton et al., 2015):
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(14 Egyar,)Ctonarz

(1 + Eopsin)CtOpSin

fopsin,GNATz =

Total Opsin Proportional Expression | For each opsin, expression was calculated as a
proportion of the total opsin pool (TOT). Here Tgere 1s a value proportional to
1/(1+E gene)Ctyene and the fraction (f) of single cone opsins made up by a particular

opsin is:

Topsin

fopsinror =
opsin TSWSl + TSWSZB + TSWSZA + TLWS + TRHZA + TRHZB

Cone-specific Proportional Expression | Proportional normalization for the opsins was
also employed using cone-type specific normalization for single cones (SC: SWS1,
SWS2A4, SWS2B) and double cones (DC: RH2A, RH2B, LWS), calculated as a percent
of all opsins within that cell type. Although localization of opsin expression by cone
type is not known specifically for this species, microspectrophotometry and
fluorescent in situ hybridization done in other African cichlids have all shown this
opsin expression pattern in the single and double cones (Carleton et al., 2008; Dalton
et al., 2017; Dalton et al., 2014). The fraction of single cone opsins made up by a

particular opsin is:

Topsin

fopsin,SC =
TSWSl + TSWSZB + TSWSZA

Similarly, the fraction of double cone opsins made up by a particular opsin is:
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Topsin

fopsin,DC =
TRHZB + TRHZA + TLWS

Overall daily variation in expression for a particular normalization method was
determined as the coefficient of variance (CV) calculated from the standard deviation
of the expression data divided by the mean expression. Expression values for each
normalization method can be found in Supplementary File 1 (Appendix A). In order
to test for a pattern of RH 1 diurnal expression, sliding 6-hour windows of RH 1
expression were tested for significance against all other windows using a post hoc
Tukey’s multiple comparison of means with a 95% family-wise confidence level in R
version 3.4.3 (R Core Team, 2018). The results of this analysis can be found in

Supplementary File 1 (Appendix A) under the RH1 tab.

3.3.6 Validation of gRT-PCR with transcriptomes

RNAseq was performed on one male individual at each of eight time-points (hours
02, 05,08, 11, 14, 17, 20, and 23). The same RNA extraction was used for RNAseq
and to generate the qRT-PCR data for those individuals. Samples were checked for
quality on an Agilent Bioanalyzer and RNAseq libraries were made using the TruSeq
RNA Sample Preparation Kit v.2 (Illumina, San Diego). Libraries were sequenced on
an [llumina HiSeq1500 at the University of Maryland Institute for Bioscience and
Biotechnology Research core facility. All samples were pooled and sequenced across
two lanes to generate 100bp single-end reads. Overall sequencing quality was
examined using FastQC (Andrews, 2010). TruSeq adapters and low-quality reads and

bases were trimmed using Trimmomatic version 0.32 (Bolger et al., 2014). Reads
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were mapped to the Nile tilapia (Oreochromis niloticus, version
“O_niloticus. UMD NMBU?”) reference genome (Conte et al., 2017, 2019) using
Tophat2 version 2.0.13 (Kim et al., 2013) with the Metriaclima zebra UMD?2a gene
annotations (Conte et al., 2019). Gene expression was quantified as FPKM
(Fragments Per Kilobase of transcript per Million mapped reads) using Cufflinks
version 2.2.1 (Trapnell et al., 2013). FPKM values for each gene in each sample can
be found in Supplementary File 1 (Appendix A). Gene expression was then regressed
against the qRT-PCR values for the three housekeeping genes (3HK) and total RNA
in the corresponding sample in R version 3.4.3 (R Core Team, 2018) to determine the
strength of correlation (R?) and significance. Since the RH2Aa and RH2Ap genes are
distinct in the genome, they can be separated during read mapping. We were therefore
able to get separate expression values for these two homologs. However, when
comparing their expression to the qRT-PCR results, we add the values of the two

genes because the RH2A4 PCR primers detect both genes together.

3.3.7 Weighted Gene Correlation Network Analysis (WGCNA)

To determine if the pattern of expression of the opsins is similar throughout the day
we conducted Weighted Gene Correlation Network Analysis on the transcriptome
datasets using the R package WGCNA (Langfelder & Horvath, 2008). WGCNA finds
genes that are highly correlated and places them into groups called modules. First,
FPKM values were log2-transformed and then filtered to remove genes with too
many missing values. The function pickSoftThreshold was used to find the soft-

thresholding power for which the scale-free topology index curve reaches 0.9. The
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one-step network construction function blockwiseModules was then used to create
modules of interconnected genes. The corType “bicor” and a conservative value of
0.05 for mergeCutHeight was used in the function. The summary profile (eigengene)
of each module was used to generate a heat-map of module-trait correlation and
significance (corPvalueStudent) with the traits being the log2-transformed expression
values for each gene from the transcriptome data. Correlations between each opsin or
housekeeping gene and LWS were calculated using cor and the significance of the
correlation was found using corPvalueStudent. LWS was used as the reference as it is

the most highly expressed cone opsin in the P. mariae retina.

3.4 Results

3.4.1 Housekeeping gene selection

We first wanted to identify which of the five housekeeping genes that were
previously used in studies of opsin expression was the most consistently expressed
throughout the day. RefFinder determines a stability score with lower scores
indicating the more stably expressed genes. The housekeeping genes in order from
most to least stable were Ube2z (1.73), f-actin (1.86), EF1-o (2), G3PDH (3.13), and
GNAT?2 (5) with stability scores shown in parentheses. As there was little difference
between the scores of Ube2z, f-actin, and EF'I-a, it was decided that the average of

the top three genes would be used for normalizing the opsins.
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3.4.2 Diurnal variation in expression

Quantification of opsin expression revealed that P. mariae expresses the cichlid long
palette, SWS2A4, RH2A, and LWS (Parry et al., 2005). We therefore refer to these three
opsins as the palette opsins. As mentioned above, RH2A is actually the sum of two
homologs, RH2A« and RH2A which are not distinguished in the qRT-PCR data.
Variation in opsin expression observed throughout the day depended greatly on the

normalization method used (Figure 3.2).

Three housekeeping (3HK) gene normalization

Using the 3HK (Ube2z, f-actin, and EF'1-o)) normalization for the qRT-PCR data the
cone opsins show a variable pattern of expression throughout the day where
expression is lowest during the night through early afternoon and increases in the late
afternoon to evening. The highest expression is seen between 14:00 and 20:00 (Figure
3.2a). LWS is the most highly expressed cone opsin followed by RH2A4 and SWS2A.
SWS2B is very lowly expressed and SWS1 and RH2B are effectively not expressed.
The palette cone opsins (SWS24, RH2A, and LWS) and GNAT?2 appear to be in phase,
except between the hours of 05:00 to 10:00 when GNAT?2 is much higher than the
cone opsins. G3PDH expression is less variable throughout the day than the opsins or
GNAT?2, as expected given its stability score. The 3HK method produces the high
variability in expression of the palette opsins as shown by the large average

coefficient of variation of the palette opsins at 0.78 (Table 3.1).
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RH1, the rod opsin, expression varies greatly from hour to hour (Figure 3.3). In
general, RH1 is highly expressed throughout the day at a level more than 10 times
higher than any of the cone opsins. In order to find a pattern of RH 1 expression,
sliding 6-hour windows were tested for significance against all other windows. This
method demonstrated that only the time between 06:00 and 12:00 had significantly

higher RH1 expression than the other windows.

To check the reproducibility of opsin expression, we compared expression of each of
the opsins between the first time-point (hour 18) and the overlap time-point from 24
hours later (also hour 18) using student’s t-tests with multiple test correction (Table

S1). The repeat sampling showed no significant difference in any of the opsins.

Normalization to total RNA

Interestingly, normalizing genes to total RNA produced a pattern of daily variation
strikingly similar to the 3HK normalization (Figure S1, Appendix A), but with a
higher coefficient of variation than 3HK for the palette opsins (0.90). To test for a
relationship between these two methods, a regression of the average expression for
each gene at each time-point was done comparing 3HK to total RNA (Figure S2,
Appendix A). A significant linear relationship was observed between the values
obtained with 3HK and total RNA normalization with (R?>=0.78; p< 2.2e-16) and

without RH1 (R2=0.50; p< 2.2¢-16).

Normalization with cone-specific gene GNAT?2
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When normalized to GNAT2, the cone opsins show relatively high diurnal variation,
especially when looking at LWS expression. The average coefficient of variation for
the palette opsins was 0.55 (Table 3.1). For all palette opsins, there is very little
expression in the morning between 06:00 and 09:00 (Figure 3.2b). For LIS,
expression increases throughout the day and peaks at 20:00 (Figure 3.2b). While
expression decreases after 20:00, it remains high during the night. RH2A shows a
similar trend although it is expressed at a lower level than LWS. SWS2A is expressed

at much lower levels and also shows less diurnal variation.

Normalization by total opsin pool

Normalizing to the total opsin pool shows a moderate level of diurnal variation; the
coefficient of variation between the opsins was 0.30 (Table 3.1). RH2A4 remained
constant relative to the other opsins (Figure 3.2c). LWS and SWS2A are relatively
constant except in the morning hours between 04:00 and 10:00, when they slowly
reach equal proportions (40% of each) at around 08:00. SWS2B expression is near
zero for most of the day, but increases to as much as 6% of the total opsin pool

between 07:00 and 12:00.

Normalization by cone-type

Normalizing by cone-type produces the least amount of diurnal variation in opsin
expression with a coefficient of variation of the palette opsins at 0.14 (Table 3.1). The
composition of opsin by cone-type remains quite constant, especially in the double
cones which contain LWS and/or RH2A (Figure 3.2d). LWS makes up 70-90% of the

double cone opsin pool throughout the day with RH2A4 making up the rest. At all
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time-points, the single cone opsin pool is comprised mostly of SWS24 with less than

25% SWS2B expression (Figure 3.2d).
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Figure 3.2. Diurnal expression as measured by qRT-PCR with different
normalization methods. Error bars show standard error of the mean (n=4). Bars
under the hour of the day show night (black), twilight (grey), and day (gold). a) Cone
opsin, G3PDH, and GNAT?2 expression normalized relative to the average of three
housekeeping genes (Ube2z, EF1-a, B-actin). b) Cone opsin expression normalized
relative to GNAT2. ¢) Cone opsin expression normalized relative to the total opsin
pool. d) Cone opsin expression normalized relative to cone-type (single cones and
double cones).
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Figure 3.3. Diurnal expression of rhodopsin (RH1) as measured by qRT-PCR relative
to the average of three housekeeping genes. Error bars show standard error of the
mean (n=4). Bars under the hour of the day show night (black), dawn or dusk (grey),

and day (gold).

Table 3.1. Coefficient of variation for the palette opsins by normalization
method. The average coefficient of variation across the three palette opsins is shown
in the last row. "RH2A is a combination of RH2A« and RH2Af3 expression.

Palette cone 3HK Total GNAT2 Total | Cone-type
opsin RNA opsin
SWS24 0.68 0.86 0.43 0.52 0.07
RH2A4™ 0.82 0.97 0.59 0.22 0.28
LWS 0.83 0.88 0.64 0.15 0.07
Average 0.78 0.90 0.55 0.30 0.14
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3.4.3 Transcriptomes

After filtering, the average number of Illumina reads for each sample was 46.2 (£4.9)
million. For each sample, the FPKM for each gene was compared against its
expression level from the 3HK normalization. Both the FPKM and 3HK measures
show a similar diurnal expression pattern for all genes, except G3PDH. G3PDH is
higher in the 3HK qRT-PCR results than in the RNAseq data compared to the other
genes (Figure 3.4). A regression of all of these values shows that they are highly
correlated (R?>=0.97; p<2x107'). While this is largely driven by RH1, there was still a
strong correlation (R?=0.53, p=8.48x10'?) after removing RH1 (Figure 3.5). A
second regression of the total RNA values against the FPKM also showed a positive
correlation with (R?=0.84; p<2x10-'®) and without RH1 (R?>=0.68; p<2x107'%; Figure

S3, Appendix A).
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Figure 3.4. A comparison of expression measured by a) qRT-PCR normalized to the
average of three housekeeping genes and b) FPKM for the single individuals for
which qRT-PCR and RNAseq was completed. RH! is presented on the secondary
axis.
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Figure 3.5. A regression of the qRT-PCR results against FPKM from the

transcriptomes of samples from 8 time-points by gene (R?=0.97). Inset shows the
regression excluding RHI (R?=0.53).

3.4.4 Weighted gene correlation network analysis (WGCNA)

A total of 29,510 genes passed the sparseness quality filtering step and were included
in the WGCNA analysis. A soft-thresholding power of 20 was chosen from the scale-
free topology (Figure S4, Appendix A). The analysis produced 145 modules with the
number of genes ranging from 3,089 in the grey (uncorrelated) module to only 32 in
the lavenderblush module (Figure S5, Appendix A). The palette opsins were placed in
the same module, sienna4, and are strongly correlated (Table 3.2). The sienna4
module contains only 59 other genes. Because of the strong correlation between the
palette opsins (SWS24, RH2A, and LWS), correlation to LWS was used as a proxy for
cone opsin expression for comparisons to all other genes. Interestingly, although
SWS2B did not get placed in the same module as the palette opsins, it was still

significantly correlated with LWS (cor=0.739, p=0.036). GNAT2 was placed in a
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different module from the cone opsins but did not show a significant correlation with
LWS (cor=0.697, p=0.054). RHI and GNAT2 were placed in the same module. The
other focal genes fell into separate modules except for two of the three normalization
housekeeping genes, EFI-a and B-actin, which are both in the yellow module. The

expression of all other housekeeping genes was uncorrelated with LS. A heatmap of

module correlations for each gene can be viewed in Figure S6 (Appendix A).

Table 3.2. WGCNA module membership of opsins and housekeeping genes.
Significant correlations of a given gene with LWS are shown with an asterisk
(p<0.05). The palette opsins are highlighted in dark grey. The three housekeeping
genes used in 3HK normalization are highlighted in light grey.

Short name Module Correlatio | p- Full gene name
n with valu
LWS e
LOC101487452 | sienna4 0.996 1.59E | red-sensitive opsin (L WS)
-07*
LOC101482689 | sienna4 0.986 6.61E | green-sensitive opsin (RH2Aa)
-06*
LOC101483175 | sienna4 0.985 7.33E | green-sensitive opsin (RH2A4f)
-06*
LOC101486588 | sienna4 0.925 9.89E | blue-sensitive opsin (SWS2A4)
-04*
opnlsw magenta 0.644 0.084 | opsin 1, short wave sensitive
(SwS1)
LOC101482402 | white 0.428 0.289 | green-sensitive opsin (RH2B)
LOC101487155 | darkviolet 0.739 0.036 | blue-sensitive opsin (SWS2B)
*
LOC101473594 | brown 0.583 0.128 | rhodopsin (RHI)
LOC101481561 | brown 0.697 0.054 | guanine nucleotide-binding
protein G(t) subunit alpha-2
(GNAT2)
actb yellow -0.305 0.462 | actin beta (f-actin)
ube2z red 0.322 0.436 | ubiquitin conjugating enzyme
E2 Z (Ube2z)
LOC101482309 | yellow -0.615 0.104 | elongation factor 1-alpha
(EF1-a)
gapdh darkolivegreen | -0.535 0.171 | glyceraldehyde-3-phosphate
1 dehydrogenase (G3PDH)
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3.5 Discussion

As opsin expression is tightly linked to its functional role in determining visual
sensitivities, numerous examples have demonstrated a connection to evolutionary
adaptation to local environments. With the advent of high throughput and affordable
technologies such as qRT-PCR, quantifying opsin expression has become more
affordable and less time consuming. While qRT-PCR provides a convenient tool to
determine expression, the normalization method can have a strong impact on the
interpretation of the results. Here, we show using qRT-PCR and transcriptome
measures that opsin expression measurements vary significantly depending on the
normalization method. We found that normalizing by the average of three
housekeeping genes (3HK) performs the best for studies of diurnal variation in opsin
expression. Meanwhile normalizing opsin expression by cone-type is the best
approach when asking questions about visual tuning and when samples cannot be
taken at the same time of day. Below we weigh each of the methods and outline their
strengths and weaknesses, summarizing these recommendations in Table 3.3.

Table 3.3. Sampling and normalization method recommendations based on the

particular needs and limitations of a qRT-PCR study. “Proportional gene
expression is a non-independent measure of the opsins relative to each other.

Sampling time for highest cone opsin signal: 14:00 to 20:00
Method Remove | Observe | Up or Proportion | Notes Study
diurnal | diurnal | down- al gene Example
variatio | variatio | regulatio | expression®
n n n of gene
expressio
n
Three No Yes Yes No Best for Determinin
housekeepin observing g the daily
g (3HK) diurnal pattern of
genes variation. opsin
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Canuse for | expression
up/down for different
regulation if | populations.
samples are | (Sandkam et
taken at al., 2015)
same time of
day.
Total RNA | No Yes Yes No Fine for Present
concentratio same study
n observations
as 3HK if
there is no
validated HK
gene.
Sensitive to
RNA
quantificatio
n.
Cone- No No Yes No Not Observing
specific recommende | an increase
gene d unless all or decrease
(GNAT2) samples are | in
taken at the expression
same time of | of opsins in
day. response to
changes in
light.
(Nandamuri
etal., 2017)
Total opsin | Some No No Yes Best for Determinin
pool removing g opsin
variation expression
only if cone- | throughout
type developmen
localization | t.
is not (Carleton et
known. al., 2008)
Cone-type Yes No No Yes Best for Mapping
removing the genetic
diurnal basis of
variation if opsin
cone-type expression.
localization | (Nandamuri
is known. etal., 2018)
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3.5.1 Normalization strategies for daily variation

The recommended method for observing and quantifying diurnal variation in
expression is 3HK, which uses the average of the three housekeeping genes B-actin,
EFI-a, and Ube2z for normalization (Table 3.3).The inclusion of three housekeeping
genes instead of one provides more stability (Vanguilder et al., 2008). In addition, the
use of housekeeping genes allows actual changes in transcript number of the opsins to
be quantified, whereas use of proportional measures does not. Normalizing to total
RNA may also be a viable normalization method for observing diurnal variation, as it
was highly correlated with 3HK expression. Total RNA normalization might serve as
the better choice if a housekeeping gene has not been validated for use in a specific
tissue or species, but this method is very sensitive to measurement error and can only
be used on samples that were all collected, processed, and measured via qRT-PCR at
the same time. Additionally, extreme caution must be taken when quantifying total
RNA, using dye-based assays such as Ribogreen, as absorbance-based assays such as
nanodrop are too variable for such techniques, especially for low quantity samples
(Bustin, 2002). Using these methods we have shown that cone opsins in P. mariae are
more highly expressed in the late afternoon, reaching a peak around 18:00. This lines
up well with observations in other fishes such as A. burtoni (Halstenberg et al., 2005),
zebrafish (Li et al., 2005), and bluefin killifish (Johnson et al., 2013) which also have
peak cone opsin expression in the late afternoon (Figure 3.6). This assemblage of
diurnally active fishes represents about 250 million years of evolution (Kumar et al.,
2017), which may indicate that diurnal patterns are conserved over a substantial part

of fish diversity. This suggests that to maximize signal from the cone opsins, retinal
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samples should be taken between the hours of 14:00 and 20:00. RH expression was
highest between 06:00 and 12:00, which did follow the pattern seen in the related
African cichlid, 4. burtoni, where expression was highest between 09:00 and 14:00
(Halstenberg et al., 2005). Interestingly, the increase in RH expression seems to
correspond with the beginning of light onset in both of these studies, as lights were
turned on at 06:00 in our study and 09:00 in the Halstenberg study. In our study, RH1
was always highly expressed, but that amount seemed to vary drastically from hour to
hour (Figure 3). FPKM from transcriptomes of 8 samples were compared to the 3HK
qRT-PCR results of those same samples as a validation of the normalization method.
The results from the two methods were highly correlated for the opsins, GNAT2, and
G3PDH, but especially for RH1 (Figure 3.5). This supports the idea that the variation
we observed in RH1 is real and likely not due to an issue with the 3HK normalization

or qRT-PCR methodology.
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Figure 3.6. Expression of the long-wavelength sensitive opsin, LWS, throughout the
day in four fish species, Pelmatolapia mariae, Astatotilapia burtoni (Halstenberg et
al., 2005), Lucania goodei (Johnson et al., 2013), and Danio rerio (Li et al., 2005).
Values are normalized to the highest expression value from the dataset.

GNAT? is not stable throughout the day as indicated by the low score it received from
RefFinder. Because it does not cycle in perfect synchrony with the opsins it is not a
valid normalization method for observing or removing diurnal variation. However, it

could still be used for comparing samples taken at the same time of day to look at

changes in expression level (Table 3.3).

Of the two proportional methods, opsin expression relative to cone type produced less
time of day variation than expression relative to the total pool. Therefore, normalizing
opsin expression by cone-type is the best method for removing diurnal variation and
for comparison of opsin expression across studies with the only drawback being that
only proportional changes in expression will be observed and not up or down-

regulation (Table 3.3). However, if cone cell localization has not been determined for
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a particular study species, then normalizing to total opsin is the best choice for

removing diurnal variation.

3.5.2 Cone opsins show a similar diurnal pattern of expression

It is theoretically possible that one opsin could have its highest expression at 10:00
while another peaks at 19:00; this would mean that sampling time could greatly affect
the composition of opsins sampled. However, we found that all the cone opsins had a
similar diurnal rhythm. While the 3HK results suggested that the cone opsins have a
very similar cycle of expression, we showed this empirically using weighted gene
correlation network analysis (WGCNA). Using WGCNA, we found that the palette
opsins, SWS2A4, RH2A4, and LWS, are in the same module, sienna4, demonstrating that
their expression is highly correlated. Therefore, sampling at different times of the day
will give a similar composition of the most abundantly expressed opsins. This is also
demonstrated by the higher stability of proportional normalization by total opsin and

cone-type.

GNAT? did not cluster in the same module as the palette opsins and but did have a
nearly significant correlation with LWS expression throughout the day. GNAT2 has a
more similar diurnal expression pattern to the cone opsins than the other genes
examined. This suggests that GNAT2 might be regulated in a similar way to the cone
opsins as it is expressed in the same cell type. Although RHI and GNAT?2 were placed
into the same module, that module is large (1,530 genes) and less informative. There
is no evidence to suggest that RH/ and GNAT2 should be correlated in their
expression throughout the day as they are expressed in separate photoreceptor cell
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types (RH1 in rods and GNAT? in cones). Other studies have shown that RH] is
expressed highly during the first half of the day, then it decreases at the same time
that cone opsins begin increasing to their maximum expression in the second half of
the day (Halstenberg et al., 2005; Korenbrot & Fernald, 1989). It was expected that
RHI and LWS expression might show a negative relationship, but we did not find a
correlation. Two of the housekeeping genes used in the 3HK normalization, S-actin
and EF'[-a, were placed in the same module, although that module was again large at
1,126 genes. None of the potential housekeeping genes, S-actin, EF1-a, Ube2z, or
G3PDH, were correlated with LWS expression. This was expected as RefFinder
showed they are relatively stable throughout the day and therefore would not cycle

with the highly variable cone opsins.

3.5.3 Best practices for measuring opsin expression with gRT-PCR

Understanding the limitations and specific questions of an opsin expression study are
essential to obtaining meaningful results. For instance, measuring plasticity of opsin
expression in response to changing light environments requires the utmost sensitivity
to detect up or down-regulation of the opsins. For such an exacting study, it is
essential to standardize the time of day at which fish are dissected in order to ensure
that when normalizing to housekeeping gene(s), changes in expression are not simply
due to time-of-day variation (Figure 3.1). As an example, Nandamuri et al. (2017)
state that all retinae were dissected between 15:00 and 17:00. This specific window
was needed as qRT-PCR normalization was done using GNAT2, which can be used to

observe up or down-regulation between samples taken on different days only if the
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sampling time is strictly controlled. For other studies attempting to genetically map
quantitative trait loci that underlie the molecular mechanisms of opsin expression, it
may be sufficient to use a simpler method such as normalization to total opsin or
cone-type (Nandamuri et al., 2018; O’Quin et al., 2012). This decreases sampling
noise from diurnal variation and so improves phenotype accuracy to enhance
mapping, but also fails to separate mechanisms that change absolute levels of opsin
expression. While it is easy to stick to an exact sampling time in a lab setting, it may
be difficult in the field. Situations also arise where collaborators share samples where
sampling time is unknown or different from each other’s datasets. In these instances,
it may be better to use a more robust normalization method such as total opsin or

cone-type to reduce time-of-day noise.

Measuring opsin expression with qRT-PCR is useful for determining the visual
sensitivity of organisms, but comes with important caveats relating to normalization.
While we have established some best practices for qRT-PCR measurements using
diurnal patterns of opsin expression in the cichlid fish P. mariae, these concepts could
certainly be applied more generally to fishes and other organisms. Very little is
known about the exact daily rhythms of cone opsin expression in animals other than
fish. A study in chickens demonstrated there is a peak of expression of the red-
sensitive pigment, iodopsin, in the late afternoon similar to several fishes mentioned
previously (Pierce et al., 1993). A study in mice found the peak of ultraviolet cone
opsin expression earlier in the afternoon, around 12:00 (von Schantz et al., 1999).
Some evidence shows that daily variation may affect visual sensitivity and even

behavioral responses (Johnson et al., 2013; Li et al., 2005), but more work needs to be
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done to assess these methods for use in behavioral studies. Despite this dearth of
knowledge, those studying opsin expression in systems where daily cycles are
unknown can still follow these recommendations of strict sampling times and
normalization methods to avoid time-of-day variation. With the understanding of how
normalization affects diurnal opsin expression data gathered by qRT-PCR, we have a

new hope to improve the accuracy and standardization across study systems.

Acknowledgements

We would like to thank Suwei Zhao of the Institute for Bioscience and
Biotechnology, UMD for help preparing the transcriptome libraries. All animal
procedures were approved by the IACUC at the University of Maryland, College Park
(UMD# R-AUG-18-41). This work was supported with funds from the National Eye

Institute at the National Institutes of Health (NIH RO1EY 024639 to K.L.C).

88



Chapter 4: Light environment changes the QTL landscape for
UV opsin expression in cichlids

Yourick MR, Chakravartti S, Chen RY, Nandamuri SP, and Carleton KL (in prep)

4.1 Abstract

The process by which a single genotype can produce multiple phenotypes based on
the environment is called phenotypic plasticity, and it is ubiquitous in nature. Sensory
systems, such as the visual system, are inextricably linked to the environment as
signals are often filtered through it. Plasticity of the visual system is common,
especially in fishes, and is achieved mainly through shifts in the expression of the
proteins that facilitate color vision, the opsins, in different light environments. In
particular, cichlid fishes exhibit marked variation in visual plasticity between species,
especially in the expression of the UV-sensitive opsin, SWS1. In the rock-dwelling
Lake Malawi cichlid M. mbenji can modulate SWS1 expression is modulated in
response to the levels of UV light in the environment, whereas the sand-dwelling A.
baenschi does not express SWS1 in any environment. A quantitative trait loci (QTL)
study was done in a cross between these two species and loci underlying SWS1
expression were identified in a UV-deficient light environment. In order to get a fuller
picture of the genetic architecture of this trait and identify environmentally-sensitive
loci, F2 of this cross were raised in an environment with UV light more similar to the
lighting seen in the wild. Plasticity was apparent in all generations of the cross, with
the presence of UV light increasing SWS1 expression in the M. mbenji parent, the F1,
and the F2. The previously identified QTL, one in cis to the SWS1 gene (LG17) and
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the other in trans (LG14), were tested for association with SWS1 in the UV
environment. The LG17 QTL was significant in both environments, and therefore
may be vitally important in the ability to express SWS1 separate from plasticity.
However, the LG14 QTL was only significant in the UV-deficient light environment,
suggesting it may be environmentally-sensitive. A candidate gene, an uncharacterised
leucine-rich repeat region protein, was identified in the LG14 QTL that was
differentially expressed in the F2 and associated with SWS1 across cichlids that
requires further validation. Given the prevalence of and species variation in visual
plasticity in cichlids, uncovering its genetic regulatory mechanisms will assist in

developing a more complete understanding of how visual diversity evolved in this

group.

4.2 Background

The production of most phenotypes is complex and comes about through the
interaction of the genotype with the environment. Phenotypic plasticity is what allows
a genotype to produce multiple phenotypes in response to environmental variation,
and 1s extremely common in nature (West-Eberhard, 2003). The environmental
signals involved in phenotypic plasticity are numerous, encompassing external cues
such as food availability (Fielenbach & Antebi, 2016; Levis et al., 2020), presence of
predators (Holeski et al., 2010; Laforsch & Tollrian, 2004), and temperature
(Seebacher et al., 2014; Shama et al., 2014). Internal environmental cues, such as
those associated with the reproductive cycle (Butler et al., 2019; Ehret & Schmid,

2009) can also drastically affect phenotype. The majority of plastic phenotypes are
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produced during development of the organism when some regulatory pathways are
more amenable to change in response to environmental cues (Jamniczky et al., 2010;
Waddington, 1959). Plastic phenotypes can be canalized under favorable
environmental conditions through genetic assimilation of genetic variance involved in
producing the plastic phenotype, which could contribute to species differences
(Lande, 2009; Waddington, 1942a; West-Eberhard, 2005). Developmental pathways
in particular provide numerous genetic components that can respond to selection and
be canalized to produce a better adapted phenotype in a new environment (Ehrenreich
& Pfennig, 2016; Pfennig et al., 2010). Because plasticity could allow a population to
shift their phenotypes to better match the requirements of a new environment, it can
aid in the persistence of the population in novel environments, thereby allowing
genetic assimilation and adaptation to occur in the first place (Baldwin, 1896).
Interestingly, in instances where the environment is shifting frequently, maintenance
of plasticity may be favored over canalization. In this scenario, selection might even

favor variants that increase the sensitivity of the plastic response (Pfennig, 2016).

The evolution of sensory systems, including the visual system, is inextricably linked
to the ambient environment, as signals are filtered through the environment before
reaching the sensor (Cummings & Endler, 2018; Fleishman, 1992). Generally, color
vision has evolved to maximize the visual input in the light environment of an
organism (Levine & MacNichol, 1979; Loew & Lythgoe, 1978; Lythgoe, 1984).
However, the light environment in an organism’s habitat can vary greatly because of
changes in aspects of light, such as brightness or spectral content, brought about by

water depth, turbidity, and seasonal changes (Ehlman et al., 2015; Vonlanthen et al.,
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2012; Guildford et al., 2007). A light environment in flux could possibly necessitate

plasticity to shift the visual system to a more optimal sensitivity.

Color vision is achieved through the cone photoreceptor cells, which are sensitive to
light of different wavelengths based on which opsin protein and chromophore they
possess (Wald, 1935; Yokoyama, 2008). Most documented visual plasticity concerns
the expression of the opsins, which can drastically shift the sensitivity of the
photoreceptor based on which opsin is expressed. Specifically, many fishes exhibit
opsin expression plasticity in response to changes in the light environment including
guppies (Ehlman et al., 2015), bluefin killifish (Fuller et al., 2004; 2005), reef fishes
(Steib et al., 2016; Luehrmann et al., 2018), red shiner (Chang & Yan 2019), and
cichlids (Harer et al., 2017; Hofmann, O’Quin, Smith, et al., 2010; Nandamuri,
Dalton, et al., 2017). Interestingly, these shifts in opsin expression move the visual
system in a direction that maximizes sensitivity in the new light environment, such as
switching to expression of a longer wavelength-sensitive opsin when the fish is
placed under red-shifted light (Fuller et al., 2005; Hirer et al., 2019; Nandamuri,
Yourick, et al., 2017). Therefore, these plastic responses could have some ecological
relevance and adaptive significance if they benefit visual sensitivity in a changing

environment.

Cichlid fishes have long been the object of evolutionary studies due to being an
incredibly speciose and diverse group of vertebrates. Cichlids have undergone
numerous radiations and invasions of new habitats which produced an array of

adaptive phenotypes, including variation in visual systems (Carleton & Yourick,
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2020; Seehausen, 2006). Generally, cichlids possess seven opsin genes: SWS1 (UV-
sensitive), SWS2B (violet-sensitive), and SWS2A (blue-sensitive) expressed in the
single cone cells and RH2B (blue-green-sensitive), RH2AP (green-sensitive), RH2Aa
(green-sensitive), and LWS (red-sensitive) expressed in the double cone cells. Most
of the variation in visual systems in cichlids comes about through the differential
expression of opsins which produce general palettes of adult visual sensitivity: short
(SWS1, RH2B-RH2A), medium (SWS2B, RH2B-RH2A), and long (SWS2A, RH2A-
LWS) (Carleton & Kocher, 2001; Hofmann & Carleton, 2009). The diversity of
developmental expression is even greater. Nile tilapia (Oreochromis niloticus), a long
palette species, expresses all opsins in spectral order from shortest to longest-
wavelength sensitive as they age (SWS1 — SWS2B — SWS2A in the single cones
and RH2B/RH2A — RH2A/LWS in the double cones) (Carleton et al., 2008). As this
developmental progression is likely ancestral (O’Quin, Smith, Sharma, et al., 2011),
short palette species may have come about through evolutionary tinkering with the
developmental program, a process called heterochrony, to retain short-wavelength

sensitive as adults.

Just as there are species differences in opsin expression, there are also species
differences in light-induced opsin expression plasticity. All short palette species
examined up to this point exhibit extensive plasticity of opsin expression (Hofmann et
al., 2010; Nandamuri, Yourick et al., 2017) whereas only some medium palette
species do (Hérer et al., 2019; Hofmann, O’Quin, Smith, et al., 2010; Nandamuri,
Yourick, et al., 2017), and to a much lesser extent the long palette species (Hornsby et

al., 2013; Wright et al., 2020). The long palette species O. niloticus may be slightly
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plastic during development, but not as adults (Hornsby et al., 2013). However, short
palette species in the genus Metriaclima are extremely plastic throughout life.
Metriaclima express nearly 100% SWSI in their single cones in the wild and under
broad spectrum lighting that contains UV. However, under lighting with no UV, these
species also express SWS2B. This plasticity is present even as adults and can occur in

a matter of days (Nandamuri, Yourick et al., 2017).

Despite the pervasiveness of opsin expression plasticity, no studies have been done to
look at its genetic basis. The genetic basis of other plastic phenotypes such as jaw
morphology in cichlids (Navon et al., 2020; Parsons et al., 2016) and seasonal color
in buckeye butterflies (van der Burg et al., 2020) have been described, adding to our
understanding of the complexity and lability of the genetic networks that control these
phenotypes. We are beginning to understand some of the genetic factors controlling
cichlid opsins in one environment, the lab, and studies of crosses between cichlid
species with divergent opsin expression show that relatively few loci are involved in
regulation of the opsins (Carleton et al., 2010; Nandamuri, Dalton, et al., 2017;
O’Quin et al., 2012). In a study done with a cross between Metriaclima mbenji, a
species with SWS1 expression and plasticity, and Aulonocara baenschi, a species
without SWSI expression or plasticity (MA cross), two quantitative trait loci (QTL)
were found that influenced SWS1 expression (Nandamuri et al., 2018). However, the
study was done under fluorescent lighting, which is deficient in the UV portion of the
spectrum that would normally be present in the wild. Since M. mbeni likely possess
variation at ‘plasticity genes’ which influence the expression of SWS1 in light

environments with differing levels of UV, in order to understand the full variation in
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opsin expression we need to study the genetic architecture of this trait in a range of
ecologically relevant light environments. In the present study, the MA cross is raised
under broad spectrum lighting that mimics sunlight to see how plasticity affects the
expression of SWS1 in each generation and to assess the presence and strength of the
previously discovered QTL for SWSI1 expression. In this way, if we consider the
environment and phenotypic plasticity when studying the genetic basis and
development of adaptive traits, we should be able to create a more complete picture
of the variation present in natural populations and better infer evolutionary trends

(Ehrenreich & Pfennig, 2016).

4.3 Materials and Methods

4.3.1 Hybrid cross and light environments

The QTL investigated in this study were discovered in a cross between Lake Malawi
cichlids Metriaclima mbenji and Aulonocara baenschi (MA cross; Figure 4.1a)
(Nandamuri et al., 2018). M. mbenji are part of the rock-dwelling clade of Lake
Malawi cichlids and are generally found in the top 15 meters of the lake (Ribbink et
al., 1983). In their habitat range, UV light is abundant near the surface, but is
attenuated quickly by depth (Sabbah et al., 2011). M. mbenji generally express the
short palette of opsins, which mainly consists of SWS1, RH2B, and RH2A and are
plastic for SWSI expression in response to UV light (Hofmann, O’Quin, Smith, et al.,
2010; Nandamuri, Yourick, et al., 2017). The genome of a sister species, Metriaclima
zebra, was used for identifying genetic variants. These species occur in sympatry and
have identical visual systems (Ribbink et al., 1983; Carleton & Kocher, 2001;
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Hofmann, O’Quin, Smith, et al., 2010). A. baenschi (M. Meyer et al., 1987) are part
of the sand-dwelling clade and are generally found in zones between the rocks and
sand at a depth of ~18m where visibility is generally poor (Konings, 1990). 4.
baenschi express the medium palette of SWS2B, RH2B, and RH2A and does not
express SWSI in the wild or the lab (Nandamuri et al., 2018). Since other medium
palette species express SWS1 during development (O’Quin, Smith, Sharma, et al.,
2011), the expression of early larvae was checked to confirm that 4. baenschi do not
express SWS1. Whole eyes were sampled and pooled from three 10 days post-
fertilization (dpf) A. baenschi larvae and expression of the opsins was determined

with qRT-PCR.

To characterize how light affects SWS1 expression in the MA cross, individuals from
each parental species (M. mbenji and A. baenschi), F1, and F2 were raised under
broad spectrum metal halide XM 10,000K lamps (XM Lighting, Springfield, OH,
USA), referred to as ‘UV’, which emit some ultraviolet light that stimulates the
SWSI visual pigment (UV+). In comparison, the fluorescent lights (32W; Philips,
Somerset, NJ, USA), referred to as ‘FLR’ do not provide ultraviolet light (UV-).
Spectra and quantum catch for these light environments has been described

previously (Nandamuri, Yourick, et al., 2017).
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Figure 4.1. SWSI plasticity by light environment in the MA cross. a) The MA
cross was made between 4. baenschi, a cichlid with no SWS1 expression or light-
induced plasticity, and M. mbenji, a cichlid with SWS1 expression and plasticity. F1
were intercrossed to produce F2 which were raised under UV- fluorescent lighting
(FLR) and UV+ broad spectrum lighting (UV). b) SWSI1 expression for each
generation of the cross (MM: M. mbenji, AB: A. baenschi, F1, and F2) is shown for
the FLR (blue) and UV (gold) light environments. Exact sample sizes, means, and
variances can be found in Table 4.1.
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4.3.2 Opsin expression phenotyping

Opsin expression was quantified using previously described methods (Carleton,
2011). Briefly, total RNA was extracted using QIAshredder and RNeasy Mini Kits
(Qiagen, Valencia, CA, USA) followed by a DNase step to remove genomic DNA.
Total RNA was quantified using a NanoDrop 8000 Spectrophotometer (Thermo
Fisher Scientific). cDNA was reverse-transcribed from 0.5 pg of total RNA
(Superscript 111, Invitrogen, Carlsbad, CA, USA). Opsin expression from each cDNA
sample was measured by quantitative real-time PCR (QRT-PCR) using TagMan
primers (Life Tech, Carlsbad, CA, USA) specific to each opsin on a Roche
Lightcycler 480 (Roche, Basel, Switzerland). RH2Aa and RH2A are over 99%
identical in sequence and so are combined into one measurement, “RH2A”. Each
reaction was performed in duplicate. PCR efficiencies were determined by amplifying
an opsin construct containing a single copy of each of the six opsin genes, which was
made by amplifying relevant sections of each gene from O. niloticus and cloning
them into a single vector (Spady et al., 2006). Primer and probe sequences for the

cone opsins have been published previously (Dalton et al., 2015).

Opsin expression was determined by normalizing within cone type, where the fraction
of single cone opsins made up by a particular opsin is:

Topsin

fopsin,SC =
TSWSl + TSWSZB + TSWSZA

and where Tgene is a value proportional to 1/ (1+Egene) €, with Egene being the gene’s

PCR efficiency and Cigene being the gene’s critical threshold cycle number.
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4.3.3 Castle-Wright estimation

The Castle-Wright estimator was employed to make a first approximation of the
number of genetic loci that contribute to the phenotype of SWS1 expression in both
the FLR and UV (Lande, 1981; Lynch & Walsh, 1998). The number of loci

responsible for differences in SWS1 expression between the parental species is:

Ne= [(uvm—paB)? —6*mm— 62aB]/8(c%2— 67%F1)

where N. is the number of effective loci, p is the mean SWS1 expression in the
parental species M. mbenjii (MM) or A. baenschi (AB), and ¢ is the variance in
SWS1 expression in the parents (MM and AB), F1 and F2. Multiple assumptions are
made in order to employ the Castle-Wright estimator. It is assumed that the loci are
unlinked, that all loci have equal allelic effects, that the alleles are additive, and that
the alleles increase the trait in one parent and decrease it in the other. It is possible
that an underestimation of the number of loci may occur if one or more of these

assumptions is violated in the cross.

Additionally, the degree of dominance was estimated as:

d= [(pri- pvm)/(pas-pmm)] — 0.5

where p is the mean expression of SWSI1 in the F1 or in the parents, AB and MM. To
correct for dominance, the effective number of loci calculated by the Castle-Wright

estimator changes. If h=d+0.5, the number of loci become:
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Ne, dom — [15-2h(1-h)] Ne

4.3.4 Fine-mapping of the QTL

A targeted approach was taken to focus on two previously identified QTL, one is cis
to the SWS1 gene on LG17, and the other in trans at LG14 (Nandamuri et al., 2018).
The LG17 cis-QTL and LG14 trans-QTL were genotyped using 9 and 7 microsatellite
markers respectively (primers in Table S1, Appendix B). Microsatellite marker
lengths were analyzed using an Applied Biosystems 3730x1. Each F2 was scored as
homozygous M. mbenji ‘MM’, heterozygous ‘MA’, or homozygous 4. baenschi
‘AA’. For the FLR environment, a total of 166 F2 were used for mapping for both
QTL. For the UV environment, 79 F2 were used for the LG17 QTL, while 134 F2
were used for mapping LG14. The LG17 QTL is epistatically dominant to LG14 so
that having the AA genotype at LG17 overpowers any genotype at LG 14, resulting in
no SWS1 expression (see Figure S1, Appendix B). A portion (n=55) of the UV F2
used for LG14 were first selected for having the ‘MM’ genotype at LG17, and then

were genotyped at LG14 to increase power for this group.

Mapping was done in R/qtl (Broman & Sen, 2009) using multiple imputation interval
mapping for a single QTL (function scanone). For LG14, genotypes at LG17 were
used as a covariate due to epistasis between the QTL. The 95% logarithm of odds
(LOD) significance threshold was determined using a permutation test (n=1000). The
95% Bayesian confidence intervals (CI) for the QTL were found using the function
bayesint. The percent variation explained by each QTL was found by taking the R?
from a linear regression of SWS1 expression by the genotype at the most highly

100



associated marker. Of note to LG17 mapping, in the M. zebra UMD?2a genome, the
SWSI gene resides on an unplaced scaffold, 000578F pilon_quiver, instead of on

LG17. In order to build a complete map of the LG17 region, marker positions were
found in the Oreochromis niloticus genome (UMD1) and compared to the M. zebra

genome. There was high concordance in relative marker position in these genomes.

4.3.5 Transcriptomics to find differentially expressed genes at LG14

RNAseq of F2 individuals was used in order to look for genes that were differentially
expressed in the LG14 interval. Because of the strong influence of LG17 genotype on
opsin expression, all individuals used were ‘MM’ at the LG17 locus. Half of the F2
used were LG14 ‘AA’ (n=5) and had little to no SWS1 expression and half were
LG14 ‘MM’ (n=5) and had high SWS1 expression. The RNA was the same used for
qRT-PCR phenotyping. RNA was checked for quality on an Agilent Bioanalyzer and
all samples had RIN>9. RNA library preparation using poly(A) selection and
sequencing on an [llumina HiSeq were done at GENEWIZ (South Plainfield, NJ).
Approximately 100 million 150 base pair (bp) paired-end reads were produced for
each sample. Overall sequencing quality was examined using FastQC (Andrews,
2010). Reads were mapped to the Metriaclima zebra reference genome (UMD?2a;
Conte et al., 2019) using tophat2 version 2.1.1 (Kim et al., 2013). The Cufflinks
RNAseq workflow version 2.2.1 (Trapnell et al., 2013) was then used to determine
the expression (fragments per kilobase per million mapped reads: FPKM) of each
gene and find differentially expressed genes between the LG14 MM and AA groups.

Any genes with <1 FPKM for both samples were removed from further analysis.
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4.3.6 Candidate gene and mutation identification for LG14

Differentially expressed genes in the LG14 95% CI were examined for correlation
strength with SWS1 in the cross and across cichlid species and developmental series
using 29 cichlid transcriptomes (unpublished data). Genes were also looked at for
differential expression in transcriptomes of parental species. A top candidate gene,
LOC101465397, was examined for mutations that differed in gene sequences
between the M. zebra reference and A. baenschi genomic reads in the upstream and
downstream regions to the next gene in the genome (Nandamuri et al., 2018) The
search was done manually in IGV (Robinson et al., 2011) as there is little sequence
variation between these species. For any potential regulatory sequence changes, the
JASPAR database (Fornes et al., 2020) was used to look for losses of transcription
factor binding sites (TFBS) with a score >0.9. In order to look for sequence
conservation across fishes in and around this gene, sequences from M. zebra, Nile
tilapia (Oreochromis niloticus; LOC102079500), Astatotilapia burtoni
(LOC102300260), Nicaraguan midas cichlid (Amphilophus citrinellus; scaffold
JACBYMO010000014.1:22771440-22788710), medaka (Oryzias latipes;
LOC105355514), and three-spined stickleback (Gasterosteus aculeatus;

chrl:4782851-4794911) were compared using Multipipmaker (Schwartz et al., 2000).

4.3.6 miRNA variation in the LG14 interval

Variation in miRNA sequences could also be causative. BLAST was used to locate

M. zebra pre-miRNA sequences (Xiong et al., 2019) in the M. zebra UMD2a genome.
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miRNAs within the LG14 interval were manually examined for variation between the

A. baenschi genomic reads relative to the M. zebra reference.

4.4 Results

4.4.1 Effect of light environment on SWSI expression in the MA cross

The UV environment has a significant effect on SWS1 opsin expression in
generations of the MA cross. The exact means and variances of expression for SWS1
are given in Table 4.1. As expected, when M. mbenji (MM) are raised in the UV
environment, SWS1 expression represents the majority of single cone expression,
96% on average, compared to the FLR where SWSI1 is only 39% on average (Figure
4.1b). The other parent species, 4. baenschi (AB), has no measurable SWS1
expression as adults no matter which light environment they are raised in and do not
express SWS1 during development. The FLR F1 show strong dominance similar to
the AB phenotype of no SWSI expression (1.7%), but there is increased expression in
the UV environment (10%). F2 raised in the FLR show more variance in SWS1
expression compared to the FLR F1, but still show strong dominance with low SWS1
expression (3.5%). However, raising F2 in the UV results in higher SWS1 on average
(13%) and increased variance. Interestingly, the MM parental phenotype in the UV

environment is never recapitulated in the UV F2.
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Table 4.1. SWS1 expression in generations of the MA cross and light
environment. Means and variances (in parentheses) of relative SWS1 opsin
expression in the parental (MM: M. mbenji, AB: A. baenschi), F1, and F2 generations
of the MA cross. Individuals of each generation were raised under UV- fluorescent
(FLR) and UV+ broad spectrum (UV) lighting. Values for the FLR environment are
from Nandamuri et al 2018 for comparison. Samples sizes are shown with the format
(n=FLR, UV). Asterisk notes that more individuals (n=55) were used in mapping, but
were of a selected genotype at one locus and would skew data if shown in this
comparison.

Light MM (n=10, 10) | AB (n=10,9) | F1 (n=24,20) | F2 (n=166,
79%)
FLR 39.42 (167.31) | 0.94(1.51) 1.72(0.69) | 3.56(29.2)
uv 96.76 (4.31) 0.03 (0) 10.03 (22.83) 13.18
(155.37)

4.4.2 Number of loci contributing to SWSI expression in different light environments

The Castle-Wright estimate of the effective number of loci controlling SWS1 in the
FLR was published previously (Nandamuri et al., 2018) but will be reported here for
comparison with the UV environment. Not considering dominance, and using the
means and variances of each generation in either light environment (Table 4.1), the
number of loci was determined to be 5.75 and 8.82 in the FLR and UV, respectively.
However, dominance is strong in the MA cross, with the AB phenotype of having no
SWSI expression being the dominant phenotype. The dominance (d) was calculated
to be 0.48 in the FLR and 0.39 in the UV. Therefore, it is appropriate to include
dominance in correcting the estimated number of effective loci, giving a final

estimate of 8.39 loci in the FLR and 11.59 in the UV.
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4.4.3 LG17 cis-QTL

The LG17 QTL is the largest-effect QTL found in the MA cross for SWS1
expression. This QTL is significant in both light environments (Figure 4.2). The peak
of the QTL is found within the SWS1 gene with LOD scores of 9.1 and 24.4 in the
FLR and UV respectively. In the FLR environment, the percent of SWS1 expression
explained is 31% (Figure S2a, Appendix B) and the 95% CI is between 12.6 and
14.7Mb. However, in the UV environment, the percent variation explained by LG17
is much higher, 59% (Figure S2b, Appendix B), and the 95% CI is much smaller,
between 12.6 and 13Mb. This region corresponds to the unplaced scaffold that
contains the SWS1 gene and its regulatory sequences, where a large deletion 751bp
upstream of SWS1 encompassing a conserved noncoding element and miRNA has

already been identified (Nandamuri et al., 2018).
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Figure 4.2. LG17 cis-QTL by light environment. QTL are shown for the FLR
(blue) and UV (gold) environments. The 95% significance threshold is shown with a
dashed line. Bayesian confidence intervals for each QTL are shown in horizontal bars
with the color corresponding to the light environment. The approximate location of
the SWSI gene and deletion are shown. Small vertical tick marks on the x-axis
denote marker positions, and thicker tick marks indicate markers that were genotyped
in both environments.

4.4.4 LG14 trans-QTL

The LG14 QTL is a small-effect QTL that is significant in the FLR environment, but
not in the UV (Figure 4.3). The peak of the significant QTL in the FLR was
determined to be at 12.9 Mb, between the markers at 11.8 and 13.2 Mb, and has a
LOD score of 4.9. Using single marker regression, the percent variation explained in
SWSI expression is 9% (Figure S2¢, Appendix B). The 95% CI of the QTL is from

8.9 to 16.9 Mb, a region containing 219 genes.
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Figure 4.3. LG14 trans-QTL by light environment. QTL are shown for the FLR
(blue) and UV (gold) environments. The 95% significance threshold is shown with a
dashed line. The Bayesian confidence interval for FLR, the significant QTL, is shown

with a blue horizontal bar. Small vertical tick marks on the x-axis denote marker
positions. All markers were genotyped in both environments.

4.4.5 LG14 QTL candidate gene identification

In the LG 14 interval, there were 8 genes that were differentially expressed between
the transcriptomes of FLR AA and MM F2 individuals (Table 4.2). The most
promising gene, LOC101465397, produces an uncharacterized, leucine-rich repeat
containing protein. LOC101465397 is located at 11.85 Mb, 1.1 Mb from the peak of
the LG 14 interval. The gene has the highest log10 ratio of MM:AA expression of all
the differentially expressed genes, which corresponds to an FPKM of 5.88 in the MM
and 0.45 in the AA. This gene also has the highest correlation with SWS1 in the F2 of

the cross (0.8) and among East African cichlids (0.52) of the differentially expressed
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genes in the interval. Comparison of the gene and the surrounding region in M. zebra
versus A. baenschi yielded very little variation; most mutations found were single
nucleotide changes of unknown significance in non-coding regions. However, one 38
bp deletion was found 551bp downstream of LOC101465397 that was present in A.
baenschi. In order to determine if it has some potential functionality, the sequence
was checked for transcription factor binding sites (TFBS) with JASPAR. Several
potential binding sites were found including one important for photoreceptor
development, OTX2. The region was also compared and checked for conservation in
fishes. The deleted region was identical to M. zebra in A. burtoni and differed by only
1bp in O. niloticus (97.3% identity). The Midas cichlid, 4. citrinellus, differed by 6bp
and included a 15bp expansion of adenines in the middle of the region. There was

<70% identity in medaka and stickleback (Figure S3, Appendix B).

Table 4.2. Statistically significant differentially expressed genes in the LG14
trans-QTL interval. Genes are ordered by position on LG14. The gene of interest is
shown in bold.

Gene name Position | Log10 Correlatio | Correlati
(Mb) (MM/AA) | nw/SWS1 | onw/
expression | in F2 SWS1 in
cichlids
mediator of RNA polymerase 11 9.10 0.88 0.08 0.15

transcription subunit 19a

von Willebrand factor A domain- 9.38 0.28 0.59 -0.08
containing protein SA

StAR related lipid transfer domain 9.75 0.29 0.68 -0.17
containing 10

acetylcholinesterase 11.06 -0.54 -0.63 -0.28
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uncharacterized LOC101465397 11.85 1.12 0.80 0.52

TOG array regulator of axonemal 12.64 0.56 0.47 -0.28
microtubules protein 1

mitochondrial intermediate peptidase 13.01 0.47 0.53 0.01

sarcoglycan gamma 13.08 0.35 0.58 0.10

4.4.6 Analysis of miRNA variation in the LG 14 trans-QTL

To investigate whether a miRNA may be the causative agent acting in the LG14
QTL, known miRNA sequences were identified in the region using BLAST and pre-
miRNA sequences (Xiong et al., 2019) as the query. A total of 5 miRNAs were found
inside the bounds of the QTL (Table S2, Appendix B). Manual examination of A4.
baenschi against the M. zebra reference yielded no miRNA sequence variation

between species.

4.5 Discussion

The environment under which a QTL study is done can have large effects on the
landscape of QTL given that the phenotype is environmentally sensitive (Parsons et
al., 2016; VanWallendael et al., 2020). In the MA cross, SWS1 expression is
increased in the F1 and F2 raised in the UV compared to the FLR environment likely

due to the influence of light-induced plasticity from the M. mbenji parent. The genetic
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architecture of SWS1 expression is affected by the light environment, with the LG17
cis-QTL being present in both environments but much stronger in the UV. The LG17
QTL appears to be important for expression of SWS1 in both environments, and may
represent a step in the regulatory pathway which is essential for expression to occur.
This is not surprising as this region contains the SWS1 gene itself. The LG14 trans-
QTL paints the opposite picture, where the QTL is present in the FLR and is absent in
the UV, indicating a possible environmentally-sensitive locus. Inside this QTL is an
uncharacterized gene that is differentially expressed in the cross and associated with

SWSI expression across cichlids.

4.5.1 Plasticity of SWSI expression is apparent in every generation of the cross

As expected, the parents of the MA cross had large differences in SWS1 expression
in each light environment. M. mbenji has less than half of the SWS1 expression when
raised in the FLR (39%) compared to the UV (96%), indicating plasticity in response
to light. However, 4. baenschi has no SWS1 expression in either environment and is
therefore unaffected by UV light exposure. The phenotype with no SWS1 expression
is dominant, as shown by the F1 and F2, possibly indicating that something from the
A. baenschi parent is able to shut down SWS1 expression despite the presence of M.
mbenji alleles that would normally increase expression. Plasticity does seem to have
an effect on the other generations of the cross as well, as raising the F1 and F2 in the
UV environment caused an increase in the means and variances of SWS1 expression

as compared to the FLR. Genetic variation at loci that work to change SWS1
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expression in response to light in M. mbenji is likely being activated by exposure to a
different light environment. M. mbenji may have specific alleles at loci involved in
the plastic response, such as sensors, signaling pathways, or transcription factors
(Ehrenreich & Pfennig, 2016; Beldade et al., 2011) that help decrease SWSI1 in the
FLR, increase SWSI1 in the UV, or both. While the influence of plasticity on the cross
is obvious, the M. mbenji parental phenotype in the UV is never recapitulated in the
F2. In the FLR, M. mbenji express an average of 39% SWS1 (with high variance),
and so some FLR F2 reach levels seen for the M. mbenji parent in that environment.
However, M. mbenji parentals from the UV express 96% SWSI1 (with low variance),
and the highest expression levels in the UV F2 are not even close to that amount
(60% for one individual). This suggests that there are more loci involved in regulating
SWS1 expression in the UV, and so it becomes less likely that the M. mbenji parental
phenotype will be fully recapitulated, especially with the dominant effects coming
from A. baenschi. This agrees with the Castle-Wright estimation, which determined
that there are several loci underlying SWS1 expression, with more loci acting in the

UV than the FLR.

4.5.2 Number of effective loci and dominance underlying SWS1 expression by

environment

A relatively small number of effective loci were found to be contributing to SWS1
expression in both environments using the Castle-Wright estimator. Although the
assumptions of Castle-Wright are stringent and not always reasonable in practice, the

estimator works fairly well in situations where there are high sample sizes, a small
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number of loci, and a high deviation between parental phenotypes (Otto & Jones,
2000; Zeng, 1992). The number of loci estimated to underlie opsin expression in this
cross and others between Lake Malawi cichlids is usually small (Carleton et al., 2010;
Nandamuri, Dalton, et al., 2017), sample sizes are adequate, and the phenotype of
SWSI expression between the parents is many standard deviations apart. While some
assumptions may be violated in this cross, the number of loci can be taken as a
minimum and help inform further studies. A total of 8.39 and 11.59 loci were
calculated for the FLR and UV, respectively. This agrees with the fact that the LG14
locus explains only 9% of the variation in SWS1 expression. With two loci identified
in the FLR and one in the UV, there are many loci yet to discover. Dominance values
usually range from -0.5 to 0.5, with a positive value indicating that the 4. baenschi
phenotype is dominant, while a negative value indicates that the M. mbenji phenotype
is dominant. The dominance is strong in both the FLR (0.48) and the UV (0.39) and
in the direction of 4. baenschi, but it is slightly stronger in the FLR as the plasticity in
the UV increases SWS1 expression in some individuals. This suggests that further
studies in a backcross may be helpful to better uncover the genetic variation

underlying this trait.

4.5.3 The LG17 cis-QTL is significant in both environments

The LG17 QTL has a large effect on SWSI1 expression in both light environments.
This QTL is clearly the most important locus for controlling SWS1 expression given
its strength and epistatic dominance to the LG14 QTL. Interestingly, it explains
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nearly double the amount of variation in SWS1 expression in the UV environment
(59%) than the FLR (31%). A much smaller number of F2 progeny were used in
mapping within the UV, so it is possible that the estimate of variation explained by
this QTL is an overestimation due to the Beavis effect (Beavis, 1998). However, the
difference is considerable and likely still larger in the UV. Given that the Castle-
Wright estimator determined the effective number of loci in the UV to be 11, and that
this 1s the only loci identified so far in the UV, the fact that 59% of the variation is

explained by this single locus leaves the other loci with much smaller effects.

A potential causative mutation underlying this QTL has already been identified in A.
baenschi as a 691bp deletion containing a conserved non-coding element (CNE) and
miRNA that is upstream of the SWS1 gene (Nandamuri et al., 2018). In O. latipes,
the CNE helps drive coexpression of SWS1 and the miRNA in the same cone cells
(Daido et al., 2014). Therefore, loss of this CNE in A. baenschi could be mostly
responsible for the loss of SWS1 expression. A. baenschi does not exhibit plasticity to
turn on SWS1 in a UV+ environment, and unlike most medium palette species, does
not express SWSI1 at any time during development. Because of the large effect,
epistatic interactions, and cis-regulatory nature of this QTL and the potential
underlying mutation, the loss of it in 4. baenschi may supersede any influence that
plasticity may have on SWS1 expression, although this is not known for sure. The
function of the miRNA is not entirely understood, but given its coexpression with
SWSI in cone cells (Daido et al., 2014) it may help regulate SWS1 by working to
increase SWS1 expression by repressing a repressor, or by repressing an activator of

the other single cone opsins. Some predicted targets of the miRNA include genes
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known to be involved in regulating opsins and photoreceptor development
(Nandamuri et al., 2018). CRISPR knockouts of the CNE and miRNA in the future

will help elucidate the function of these elements.

Also, despite the importance of this locus, it does not appear to be the source of all
the dominance in this cross. The dominance value calculated for this locus is low in
the FLR (0.13) and nearly zero in the UV (-0.07), especially when compared to the
value in the cross as a whole (0.48). Therefore, it is likely that an unidentified locus is
responsible for the dominance. In the future, a full RAD-seq QTL analysis from F2
raised in the UV environment may be needed to capture these unidentified QTL.
Given that the UV environment is relevant to the wild habitat of these fishes (Sabbah
etal., 2011), it is important to consider this light environment when investigating

genetic variation for opsin expression in the future.

4.5.4 The LG14 trans-QTL is light environment-specific and contains a candidate

gene

The QTL on LG14 is only significant in the FLR environment and its effect is small,
as it only explains 9% of the variation in SWS1 expression in that environment. With
31% variation explained by LG17, the addition of this QTL helps explain a total of
40% in the FLR. One possible explanation for why the QTL only appears in the FLR
is that it could have such a small effect in the UV that we cannot detect it with our
sample size. However, the fact remains that the QTL is possibly specific to the FLR

environment, indicating that this could be an environmentally-sensitive locus. When
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comparing the two environments, the individuals who are MM at both LG17 and
LG14 show higher expression in the UV than the FLR as expected due to plasticity.
Why this locus is associated with SWS1 in the FLR only, when UV light is not
present, is not yet clear. Investigation of a candidate gene at this locus will help

disentangle its effect.

In the LG 14 interval, a candidate gene was identified that was differentially expressed
in the F2 and was correlated with SWS1 expression in the MA cross and across
cichlids. The uncharacterized gene contains a leucine-rich repeat (LRR) motif, which
are generally used for protein-protein interactions in proteins involved in such varied
activities as RNA processing, immune response, neuronal development, and signaling
(reviewed in Bella et al., 2008). Whatever the function of the gene, it does show some
variation between A. baenschi and M. zebra that could be causative but requires
validation. The most interesting variant was a downstream deletion of 38bp present in
A. baenschi relative to M. zebra. The region contains TFBS, including a binding site
for a transcription factor important to retinal development, OTX2 (Chan et al., 2020),
suggesting this could be part of a downstream enhancer (Shlyueva et al., 2014). In
addition, this region and the OTX2 site were conserved in African cichlids (4. burtoni
and O. niloticus). Both of these species express SWSI1 as larvae, and O. niloticus may
be slightly plastic during development (Carleton et al., 2008; Hornsby et al., 2013;
O’Quin, Smith, Sharma, et al., 2011), although it is unknown whether A. burtoni are
plastic. 4. citrinellus, a Central American cichlid, also expresses SWSI1 as larvae but
is not plastic for SWS1 (Hérer et al., 2017), and had several mutations in this region

including a change in the OTX2 site and an indel. To provide evidence that this
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deletion is causative, it will first be genotyped in the F2 of the cross to look for a
specific association of SWS1 expression with the deletion. In addition, to test the
action of this uncharacterized gene, CRISPR-Cas9 could be used to knock out its
function in Metriaclima and look for a decrease in SWS1 expression in the FLR

environment.

Given that SWS1 expression is dramatically influenced by the presence of UV light
and that there is variation in plasticity across cichlid species, there are likely more
loci that contribute to plasticity that will hopefully be identified in the future.
Plasticity networks can be complex (Ehrenreich & Pfennig, 2016), and so may
involve many genes with small effects that could make it difficult to identify with a
QTL study. Transcriptomes could be analyzed to look for genes that are correlated

with SWS1 during the plastic response to identify more candidates.

4.5.5 Implications of plasticity in the evolution of cichlid visual systems

Cichlid species vary greatly in many aspects of vision, including plasticity (Carleton
& Yourick, 2020). The strength of light-induced plastic responses is quite variable
within cichlid species (Nandamuri, Yourick et al., 2017), similar to bluefin killifish
(Fuller et al., 2005), and clearly there are strong species differences that point to the
prevalence of genetic variation for plasticity in cichlids. Existing in a constant state of
readiness to respond to the environment could be costly and result in negative
selection against plasticity, as resources are expended on maintaining functional
regulatory pathways (Callahan et al., 2008; DeWitt et al., 1998; Snell-Rood et al.,
2010). Plasticity could also simply be lost through genetic drift if the environment is
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stable and the cost of maintenance is negligible (Masel et al., 2007). To the contrary,
cichlids have not only maintained visual plasticity, but acquired and amplified it in
several lineages (Hérer et al., 2017; Hofmann, O’Quin, Smith, et al., 2010). One
explanation is that plasticity is a natural byproduct of heterochrony. Ancestral state
reconstruction shows that the cichlid ancestor likely had opsin expression similar to
modern O. niloticus, a long palette species that goes through a progression of opsins
from shortest- to longest-wavelength sensitive through development (Carleton et al.,
2008; O’Quin, Smith, Sharma, et al., 2011). Short palette species therefore resemble
the larval state of this ancestor, a phenomenon called neoteny, and may have evolved
to retain the short palette as adults through extension of that early developmental state
(Carleton et al., 2008). Considering that O. niloticus may be slightly plastic only
during development (Hornsby et al., 2013), and that most plasticity occurs during
development, it is possible that through neoteny the short palette species have also
retained plasticity into adulthood. Perhaps the developmental pathways in place for
the expression of short palette opsins also have environmentally sensitive inputs, and

they can become assimilated together into the adult phenotype.

Despite how plasticity came to be, it has still been maintained in several lineages.
Visual plasticity could merely be neutral, as the costs of plasticity in many cases may
be negligible, allowing it to persist (Buskirk & Steiner, 2009). Alternatively, visual
plasticity could be adaptive. Cichlids are a classic example of adaptive radiation
(Kornfield & Smith, 2000; Seehausen, 2006). Ancestral riverine lineages were able to
invade new niches such as the east African great lakes and speciate rapidly, producing

a multitude of adaptive phenotypes (Kocher, 2004; Turner et al., 2001). Cichlids have
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also invaded the crater lakes of West Africa (Musilova et al., 2019) and Central
America (Torres-Dowdall et al., 2017) where they have rapidly speciated. Plasticity is
thought to be especially relevant to adaptive radiations, as it can allow persistence in
novel environments and allow buildup of cryptic genetic variation to provide more
raw genetic material for speciation to occur (Ehrenreich & Pfennig, 2016; Ghalambor
et al., 2007; Gibson & Dworkin, 2004; Gillespie et al., 2020; Pfennig & McGee,
2010; Schneider & Meyer, 2017; Wund et al., 2008). As the riverine and lacustrine
light environments differ immensely, environmental sensitivity of the ancestral visual
system could have been important for persistence and niche specialization. One such
scenario could be in trophic specialization, as UV sensitivity may be helpful for
detecting plankton and is correlated with foraging mode (Hofmann, O’Quin, Justin

Marshall, et al., 2010; Jordan et al., 2004).

In modern species, the exact benefits or costs of visual plasticity are not known,
however, visual modeling can provide some insights. The light environment of 4.
baenschi is UV-deficient given the attenuation of light at the depth where they live.
This lack of UV light might possibly facilitate the loss of SWS1 expression and
plasticity. In contrast, for M. mbenji in a UV- environment similar to the maximum
depth of their habitat range, they turn on SWS2B in addition to SWS1 (Nandamuri,
Yourick, et al., 2017). This occurs through coexpression of the two opsins in single
cones (Hofmann, O’Quin, Smith, et al., 2010; Nandamuri, Dalton, et al., 2017;
Nandamuri, Yourick, et al., 2017). Coexpression causes broader visual pigment
absorption curves intermediate to the peaks of the individual opsins that are being

coexpressed. This will lead to an overall increase in light detection by that cell.

118



Modeling coexpression shows that it may increase contrast detection, and in some
instances also increase or decrease color discrimination (Dalton et al., 2014, 2015,
2017). When in a UV+ environment, similar to the majority of their habitat range,
only SWSI is expressed, likely leading to higher light detection in that environment
and better color discrimination (Dalton et al., 2017). Because contrast detection and
color vision are important for cichlid tasks such as feeding, mating, and predator
avoidance (Jordan et al., 2004; Seehausen et al., 2008; Dalton et al., 2017), plasticity
in opsin expression that optimizes the visual sensitivity of cichlids in a certain
environment could be adaptive. Therefore, by uncovering genetic variation
responsible for regulation of environmental sensitivity of the visual system in
cichlids, we are beginning to form a more complete understanding of how visual

diversity evolved in this group.
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Chapter 5: Thyroid hormone, development, and plasticity of
opsin expression in cichlids

Yourick MR & Carleton KL (in prep)
5.1 Abstract

Thyroid hormone (TH) is ubiquitous in its importance to proper development in
vertebrates, causing synchronized and systemic shifts in gene expression in nearly all
tissues, including the retina where it is critical to the development of color vision.
Generally, organisms develop cone photoreceptors that possess short-wavelength
sensitive opsins first, and TH is vital to induce the differentiation of middle- and
long-wavelength sensitive cones later on. Cichlid fishes possess seven opsin genes in
single (SWS1, SWS2B, SWS2A) and double (RH2B, RH2AB, RH2Aa, LWS) cones
and the developmental and adult expression of these opsins varies greatly across
cichlid species. While some species, such as the tilapia Oreochromis mossambicus,
express all opsins progressively throughout development, shifting from short- to long-
wavelength sensitive, other species such as Metriaclima benetos are neotenic and
retain the shortest complement of opsins (SWS1-RH2B-RH2A) into adulthood. This
raises the question as to whether there has been a change in retinal TH signaling or
response between species. However, when treated with thyroxine, the inactive T4
form of TH, larvae of both species responded similarly with an increase in expression
of longer-wavelength opsins. This indicates that both species were able to convert T4
to the active T3 and that even neotenic species are still incredibly responsive to TH

signaling. In addition, changes in light environment can change patterns of opsin
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expression in these neotenic species, allowing the expression of a longer-wavelength
opsin, SWS2B, to increase throughout development similar to the action of TH. The
effect of TH manipulation and light environment were also investigated in neotenic
M. benetos adults. In these adults, opsin expression was shifted by TH, light, and their
interactions, indicating that their regulatory pathways may be related or interact in
some way to regulate opsin expression. Transcriptomes of retinal samples were also
compared throughout development for both a tilapia (Oreochromis niloticus) and a
neotenic species (Metriaclima zebra). Levels and patterns of TH-related gene
expression in both species showed that they have very few demonstrable differences
that could explain the variation in the developmental programs. One exception was a
TH transporter (SLC7AS) that was four times more highly expressed in tilapia. To
look for evidence of possible cis-regulation by thyroid hormone receptor (THR),
several potential THR binding sites were identified in proximal opsin regulatory
regions, including a few with sequence differences between species. Therefore, we
have identified strong evidence for the effects of TH on opsin expression, as well as a
few candidates for evolutionary changes in this important developmental

regulator. Unraveling the workings of TH regulation of color vision will help to shed

light on one significant mechanism of how diverse visual systems evolved in this

group.

5.2 Background

Development is a complex process that requires input from a myriad of internal and

external signals to progress. Hormones are some of the most potent of these signals,
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often causing large-scale, coordinated shifts in gene expression in many tissues of the

body.

One essential hormone in vertebrates is thyroid hormone (TH), which is needed for
proper growth and metamorphosis, neuronal development, metabolism regulation,
and reproduction (Deal & Volkoff, 2020; Dittrich et al., 2011; Furlow & Neff, 2006;
Mullur et al., 2014; Power et al., 2001; Thompson & Potter, 2000). Central regulation
of TH levels occurs through the hypothalamic-pituitary-thyroid (HPT) axis and
release of thyroid stimulating hormone (TSH), which controls the overall levels of
TH in the body. The thyroid gland predominantly produces thyroxine (T4), although
some of the active form, tritodothyronine (T3), is also made (Brent, 2012). The THs
are released into the blood and complex with transport proteins to travel to target cells
(Palha, 2002). Regulation of local levels of TH in target tissues provides specificity
(Little, 2016). In order to be responsive, a cell must have membrane transporters to
bring TH into the cytoplasm (Visser et al., 2011). There, deiodinase type II (Dio2)
converts T4 into active T3, which is inactivated by deiodinase type III (Di103) (Bianco
et al., 2002). T3 can bind to thyroid hormone receptors (THRs) to affect gene
expression. There are two main classes of THR, THRa and THR, that have
different transcripts and tissue specificities. THRs can dimerize or complex with a
retinoid X receptor (RXR). In the classic model, in the absence of T3, these dimers
bind to thyroid hormone response elements along with corepressors, repressing
transcription. Some corepressors include silencing mediator for retinoid and thyroid-
hormone receptors (SMRT) and nuclear receptor corepressor (NCoR) which can then

recruit other proteins such as histone deacetylases. When T3 binds, coactivators
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replace the corepressors, and the large coactivator complexes can then recruit
additional proteins such as histone acetyl transferases, increasing transcription
(reviewed in Nelson & Habibi, 2009; Zhang & Lazar, 2000). However, negative

regulation by liganded THR has also been demonstrated (Santos et al., 2011).

TH is known to impact development of visual systems. Many organisms possess
color vision, which relies on the presence of cone photoreceptor cells in the retina that
have sensitivities to different wavelengths of light. The sensitivity of a cone is
achieved through the use of a visual pigment, a combination of an opsin protein and
chromophore molecule, that absorb light of a particular wavelength (Wald, 1968;
Yokoyama, 2008). Organisms need at least two cone cells of differing sensitivities to
detect colors, leading to the necessity for development of different cone identities in
the retina. In many cases, proper development of color vision relies on regulation by
TH. In all cases, a natural increase in TH signaling during development causes shifts
from short to long wavelength sensitivity, allowing cones with different spectral

sensitivities to be produced.

In the retina, both THR« and B are present, but THR is the most prevalent and
functionally important THR to the development of color vision (Jones et al., 2003;
Ortiga-Carvalho et al., 2014; Volkov et al., 2020). In the mouse retina, cones
expressing short (S) wavelength sensitive opsin develop first, while cones expressing
medium (M) wavelength sensitive opsin develop later. Through the action of THRf2,
TH suppresses S-opsin and activates M-opsin (Applebury et al., 2007; Ng et al.,

2010; Roberts et al., 2006). TH also maintains the patterning of cones in the adult
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retina, as suppressing TH in adult mice results in increased expression of S-opsin and
the repression of M-opsin (Glaschke et al., 2011). Similarly, in humans, the early
retina is dominated by S-cones, with M and L (long wavelength sensitive) cones
showing up later (Xiao & Hendrickson, 2000). Human retinal organoids have allowed
for experimental manipulation of TH and THRs which shows that these are essential

for the development of M and L cones (Eldred et al., 2018).

In general, fish possess more opsin genes and cone types than mammals. Fish have
single cones that express shorter wavelength opsins (producing UV to blue
sensitivity) while the double cones express longer wavelength opsins (blue-green to
red) (Bowmaker, 2008; Carleton, Escobar-Camacho, et al., 2020; Musilova et al.,
2019). In several fishes that go through pronounced metamorphosis, such as salmon
and rainbow trout, terminally differentiated single cones switch from expressing UV
to blue sensitive opsins as fish age (Cheng & Flamarique, 2007; Hawryshyn et al.,
1989; Suliman & Novales-Flamarique, 2014; Temple, Veldhoen, et al., 2008). This
opsin switch appears to correspond to a time when TH and THRs are starkly
increased as the yolk sac is resorbed (Campinho, 2019; Greenblatt et al., 1989). A
shift in opsin expression may help fish increase visual sensitivity during different life
stages to adjust to different light environments (ex. river vs. ocean) or dietary needs
(Bowmaker, 1995; Browman & Hawryshyn, 1994b). Young salmonids are very
responsive to treatment with TH, which prematurely switches cones from UV to blue
in two weeks or less (Browman & Hawryshyn, 1992; Cheng et al., 2009; Suliman &
Novales-Flamarique, 2014; Veldhoen et al., 2006). In zebrafish, TH causes switches

in expression between different opsins in the double cones (Mackin et al., 2019),
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however, the effect of TH on the single cones is less clear (Mackin et al., 2019;
Suliman & Novales-Flamarique, 2014). Much like in mice and human retinal
organoids, THR knockout zebrafish do not develop long-wavelength sensitive cones
(Volkov et al., 2020). Clearly, the mechanism of TH regulation of color vision has

largely been conserved over evolutionary time.

Cichlids are arguably one of the most speciose and phenotypically varied family of
fishes (Turner et al., 2001). In turn, they exhibit diverse visual systems which arise
mostly from the differential expression of seven opsin genes: SWS1 (UV-sensitive),
SWS2B (violet), and SWS2A (blue) in the single cones, and RH2B (blue-green),
RH2AP (green), RH2A« (green), and LWS (red) in the double cones (Spady et al.,
2006). Adults of each species typically express a specific set of three or more opsins
at a time and may coexpress some in the same cell (Carleton & Kocher, 2001; Parry
et al., 2005; Dalton et al., 2014; Torres-Dowdell et al., 2017; Nandamuri, Dalton et
al., 2017). As varied as adult visual phenotypes are in cichlids, the developmental
progressions of opsin expression are even more diverse. The cichlid ancestor likely
went through a progression that involved sequential expression of all opsins from
shortest- to longest-wavelength sensitivity much like the modern-day tilapia in the
genus Oreochromis (Carleton et al., 2008, O’Quin et al., 2010, Figure 5.1a). Today,
nearly all possible iterations of the developmental program exist in different species,
likely due to changes in heterochrony (Carleton et al., 2008; O’Quin et al., 2011,
Haérer et al., 2017). For example, some species can be considered neotenic because
they retain SWS1 and lack a progression, which is similar to the larval state found in

the outgroup, Oreochromis (Carleton et al., 2008; O’Quin et al., 2011). Evidence
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points to TH playing an important role in the opsin progression of cichlids. Treatment
of larval Midas cichlids with TH leads to an increase in expression of longer
wavelength sensitive opsins SWS2A and LWS (Hérer et al., 2017), suggesting that
cichlids can be responsive to TH. In Oreochromis, TH is near zero in the larval stage
when SWSI is highest but increases in the beginning of the early juvenile phase
(Fujimura & Okada, 2007; Reddy et al., 1992) when SWS2B levels are also
increasing (Carleton et al., 2008). TH levels have not been measured in cichlid
species that appear neotenic, and the mechanisms that neotenic species use to retain

the larval complement of opsins into adulthood are not known.

In some instances, developmental progressions can be altered within cichlid species
due to the light environment during rearing (Hérer et al., 2017; Hofmann, O’Quin,
Smith, et al., 2010). Metriaclima sampled from their wild habitat in Lake Malawi or
raised under broad spectrum lighting with UV (UV+) express >90% SWSI in their
retina, indicating that they never went through a progression (Figure 5.1b). However,
Metriaclima raised under fluorescent (UV-) lab lighting begin life expressing SWS1,
then progress to 50/50 expression of SWS1 and SWS2B (Carleton et al., 2008;
Hofmann, O’Quin, Smith, et al., 2010; Figure 5.1¢). Adult Metriaclima and other
neotenic cichlid species retain this plasticity of opsin expression in response to light
(Harer et al., 2019; Nandamuri, Yourick, et al., 2017). The source of this
developmental and adult plasticity is still unknown. However, it is well documented
that plasticity can be mediated by hormones, including TH, as they can translate
internal and external environmental signals into changes in gene expression

(Ehrenreich & Pfennig, 2016).
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Figure 5.1. Cichlid species differ in developmental progressions of opsin
expression. The opsins expressed (SWS1: pink, SWS2B: violet, SWS2A: blue,
RH2B: blue-green, RH2A: green, LWS: red) may change depending on the

developmental stage: larval (L), juvenile (J), and adult (A) in different species and
light environments. a) Oreochromis go through a “normal” progression from shortest-
to longest- wavelength sensitive opsins in both single and double cones independent
of light environment. b) Metriaclima appear neotenic as they do not go through a
developmental progression in the wild or under lighting that contains UV light. c¢)
Metriaclima raised under UV-deficient lab lighting go through a partial progression

in single cones.

127



In this study, we manipulated levels of TH and then measured opsin expression in
Oreochromis mossambicus, a cichlid species with a “normal” developmental opsin
progression, and Metriaclima benetos, a cichlid species with a neotenic
developmental opsin progression, to investigate and compare the strength and speed
of response. For example, neotenic species may be able to retain short wavelength
sensitivity by some mechanism that prevents TH from affecting photoreceptors,
which could render them unable to respond to TH modulation. Because of these
extreme species differences in opsin progressions, we looked at transcriptomes from
developmental time-series to compare the patterns of expression of opsins,
transcription factors, and TH-related genes in two similar species. In addition, we
searched for evidence of genetic regulation of opsins and their known transcription
factors by TH in promoter and enhancer regions, and looked for species-specific
mutations. In order to look for an interaction between light-induced plasticity and TH,
we also changed TH levels in the presence of a novel light environment and measured
changes in opsin expression. Although the importance of TH to development of color
vision has been well established, little is known about the actual mechanisms of TH
regulation and how they may have been shaped through evolution to produce diverse

visual systems.

5.3 Materials and Methods

5.3.1 Species selection

A representative tilapiine, Oreochromis mossambicus (Peters, 1852), was used to

look at the effect of thyroid hormone on a species that undergoes a developmental
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progression of opsin expression. O. mossambicus are primarily riverine fish that
inhabit fresh to brackish waters in southeastern Africa. O. mossambicus larvae
express the shortest complement of opsins, SWS1-RH2B-RH2A, and as they age
switch to SWS2B then SWS2A in the single cones, and to RH2A and LWS in the
double cones. Tilapiines do not seem to exhibit significant light-induced plasticity of
opsin expression that affects the adult phenotype (Hornsby et al., 2013). A close
relative of O. mossambicus, Oreochromis niloticus, was used for transcriptomic
analysis. O. niloticus shares similarities in habitat and has the same developmental

opsin progression as O. mossambicus (Carleton et al., 2008).

Metriaclima benetos (Stauffer et al., 1997), a cichlid from Lake Malawi, was used to
look at the effect of thyroid hormone on a species that does not naturally undergo a
developmental progression of opsin expression. M. benetos inhabit rocky areas in the
top 8 meters of the lake where UV light is abundant (Ribbink et al., 1983). M. benetos
that are wild or raised under lights containing UV light retain the shortest
complement of opsins, SWS1-RH2B-RH2A, into adulthood. However, M. benetos
raised under fluorescent lab lighting, which does not contain UV light (UV-), begin
expressing SWS2B during development in addition to SWS1 in the single cones
(Hofmann, O’Quin, Smith, et al., 2010). Adult M. benetos also exhibit rapid plasticity
of opsin expression in response to light in as little as 3 to 7 days (Nandamuri, Yourick
etal., 2017). A very close relative of M. benetos, Metriaclima zebra, was used for
transcriptomic analysis. M. zebra can be found in sympatry with M. benetos in the
wild and has the same developmental opsin expression and plasticity (Ribbink et al.,

1983; Carleton et al., 2008; Dalton et al., 2015)
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5.3.2 Thyroid hormone treatments

In order to increase fish thyroid hormone levels, L-thyroxine (Sigma-Aldrich) was
first dissolved in 1M NaOH, then added to the tank water to a final concentration of
300ug/L (Raine & Hawryshyn, 2009). L-thyroxine (T4) will hereafter be referred to
as TH as it is the source of thyroid hormone used in the study. However, we note that
it must somewhere be biologically converted to the active T3 form. In order to
decrease thyroid hormone, thiourea (Sigma-Aldrich) was dissolved to a final
concentration of 0.02% in tank water (Prazdnikov & Shkil, 2019). Control tanks were
treated with 1M NaOH vehicle to control for any effect of pH change in the TH
treatments. In each experiment, fish were treated every 2 days with TH, thiourea, or
IM NaOH only. A 40% water change was also done every 2 days before a new

treatment was added. All sampling was done between the hours of 3-5pm.

Effect of thyroid hormone on the development of O. mossambicus

Larval O. mossambicus (starting at 15dpf) were allowed to develop normally or were
treated with TH over the course of 19 days under fluorescent lighting (32W 4100K;
Philips, Somerset, NJ, USA). Whole eyes were dissected from larvae and preserved in
RNAlater. Three to four samples were taken from each timepoint (3, 7, 11, 15, and 19

days) with each time point consisting of the pooled eyes of three larvae.

Effect of thyroid hormone on a neotenic species, M. benetos, during development
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M. benetos were raised and held under broad spectrum metal halide lamps (XM
10,000K; XM Lighting, Springfield, OH, USA), which mimics the broad, UV-
containing spectrum found in the wild (Nandamuri, Yourick et al., 2017). Juveniles
(1.5 months old) were treated with TH for 6 days. Whole eyes were dissected from
fish and preserved in RNAlater. Three fish were sampled from each timepoint (3 and

6 days) for the control and TH treatment groups.

5.3.3 Opsin expression phenotyping

Opsin expression was quantified using previously described methods (Carleton 2011,
Yourick 2019). Briefly, total RNA was extracted using QIAshredder and RNeasy
Mini Kits (Qiagen) followed by a DNase step to remove genomic DNA. Total RNA
was quantified using a NanoDrop 8000 Spectrophotometer (Thermo Fisher
Scientific). cDNA was reverse-transcribed from 0.5 pg of total RNA (Superscript 111,
Invitrogen). Opsin expression from each cDNA sample was quantified by quantitative
real-time PCR (qQRT-PCR) using TagMan primers (Life Tech) specific to each opsin
on a Roche Lightcycler 480 (Roche). Each reaction was performed in duplicate. PCR
efficiencies were determined by amplifying an opsin construct containing a single
copy of each of the six opsin genes (Spady et al., 2006). When using housekeeping
genes for normalization, this opsin construct was mixed in equal proportions with a
construct containing the housekeeping genes (Yourick et al., 2019). Primer and probe
sequences for the cone opsins and housekeeping genes have been published
previously (Dalton et al., 2015; Yourick et al., 2019).
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When opsin expression was determined by normalizing within cone type, the fraction

of single cone opsins made up by a particular opsin is:

Topsin

fopsin,SC =
TSWSl + TSWSZB + TSWSZA

and where Topsin 1s a value proportional to 1/ (1+Eqpsin)Ctopsin, Where Eopsin 1s the PCR
efficiency and Ctopsin 1s the critical cycle at threshold for the corresponding opsin

gene.

When opsin expression was determined by normalizing to the average of three

housekeeping genes, the amount of a particular opsin is:

f — (2(1 + Ehouse)Cthouse)/3
gene,3HK (1 + Egene)Ctgene

5.3.4 Developmental transcriptomes

Transcriptomes were sequenced for developmental series of both O. niloticus and M.
zebra. O. niloticus 1s comparable to O. mossambicus in undergoing a strong
developmental shift in opsin expression. M. zebra was comparable to M. benetos in
retaining the larval-like short wavelength opsin combinations. The samples came
from developmental studies, where fish were raised under fluorescent (UV-) lights
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with a 14h on: 10 h off light cycle. Whole eyes (<60 dpf) or retina (>60dpf) were
sampled and combined from 1-3 individuals (M. zebra) and 1-7 individuals (O.
niloticus) with more individuals included at younger developmental stages. M. zebra
aamples were taken at 31, 87, 132 and 178 days post fertilization (dpf), while O.
niloticus were samples at 14, 28, 36, 62, 114 and 196 dpf. qPCR results from total
RNA extracted with Trizol were published previously (Carleton et al., 2008). RNA
samples for retinal transcriptome sequencing were selected based on their opsin
qPCR results. RNA was quality checked on an Agilent Bioanalyzer and all samples
had RIN>9. Retinal transcriptomes were prepared using a TruSeq RNA sample
preparation kit version 2 (Illumina) and run on an Illumina HiSeq 1500 with 100 bp
single-end reads. The reads were aligned with tophat2 (Kim et al., 2013) to either the
O niloticus (UMDNMBU; Conte 2018) or M zebra genome (UMD2a; Conte 2019).
The read counts (fpkm) were determined with cufflinks and assigned to gene models
from M zebra. The locations of these gene models for O niloticus were obtained by
mapping the NCBI RefSeq genes for M. zebra (GCF_000238955.2) onto the O.
niloticus genome (Conte et al., 2019) using GMAP (version 2015-07-23; T. D. Wu &
Watanabe, 2005). Data for different gene predictions were combined into single loci
identified by their LOCID with scripts in perl and ruby. This combined alternative

splice variants of each gene into a single expression value.

Key TH-related genes, putative opsin transcription factors, and opsins were
investigated to see how the expression of these genes changed through development
in M. zebra and O. niloticus. The opsins were SWS1, SWS2B, SWS2A, and LWS.

SWS2A was not included for M. zebra as it is not expressed. Transcription factors
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that are likely involved in patterning opsin expression are Tbx2a, Rx1, Mitfa, Crx,
and Six7 (Schulte et al., 2014; Sandkam et al., 2020; Nandamuri et al., 2018; Viets et
al., 2016). TH enters the cell through membrane transporters which may include
SLCOI1CI, SLC16A10, SLC16A2, and SLC7AS (Eldred et al., 2018). Once TH
enters the cell, it is activated and inactivated by deiodinases; Diol, Di02, and Dio3
(Bianco et al., 2002). There are two copies of D103 in cichlids whose expression was
combined. Active thyroid hormone can then affect gene expression by binding to
thyroid hormone receptors such as THRb, THRa, or THRa-B. To look for evidence of
an effect of these genes on opsin expression through development, simple linear
regressions were run in R to find significant linear relationships between each opsin

and gene of interest at a level of p=0.05. (Table S4, Appendix C)

5.3.5 Investigation of thyroid hormone receptor binding sites

Conserved regulatory regions and promoters of the cone opsin genes (SWS1,
SWS2B, SWS2A, RH2B, RH2AB, RH2A«a and LWS) were identified by comparing
across fishes (Boffelli et al., 2003; Gumucio et al., 1996; O’Quin, Smith, Naseer, et
al., 2011). These comparisons used the genomic sequences around the opsin genes for
O. niloticus (UMD2a; Conte et al., 2019), Oryzias latipes (Medakal oryLat2;
Kasahara et al., 2007) Gasterosteus aculeatus (gasAcul; Jones et al., 2012) and
Danio rerio (danRer11; Howe et al., 2013) obtained from the UCSC genome
browser. Comparable regions for M. zebra, Astatotilapia burtoni (Brawand et al.,
2014), and Amphilophus citrinellus (Xiong et al., 2020) were also extracted from

NCBI. Multipipmaker (Schwartz et al., 2000) was used to identify Conserved
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Noncoding Elements (CNEs) for regulatory regions shared between O. niloticus and
either O. latipes or G. aculeatus. These regions were extracted from the O. niloticus
genome and then analyzed using JASPAR (Fornes et al., 2020). This identified
transcription factor binding sites (TFBS) for known opsin transcription factors
(0OTX2, RAX, Crx, Nrl, Nr2e3, TBP; Swaroop et al., 2010) with a focus on
transcription factors in the thyroid hormone family (THR, RAR, RXR, ROR). NR2C1
and NR2C2 share a binding motif with THR such that one NR2C1/2 site is “half” of a
THR site, so they were also included (Lee et al., 1997; Olivares et al., 2017). We
conservatively used a relative score of 0.9 to identify putative binding sites. For THR
binding sites we included all sites identified with a score >0.8. The identified sites
were annotated in Geneious (https://www.geneious.com) for visualizing their relative
positions. This enabled us to identify potential sites where thyroid hormone and
retinoic acid receptors might act as homo- or hetero-dimers, as well as site proximity

to other known retinal transcription factors.

5.3.6 Interaction of light and thyroid hormone manipulation on adult fish

M. benetos were raised under fluorescent lights until adulthood (>6 months old). Half
of the fish were moved into new tanks under the same fluorescent (FLR) lighting and
treated with TH (n=6), thiourea (n=5), or control (n=5). The other half were moved
under broad spectrum metal halide lamps (UV) and treated with TH (n=6), thiourea
(n=6), or control (n=6). Treatments lasted for 14 days. Retinae were dissected and
stored in RNAlater. Spectra for the UV and FLR have been published previously

(Nandamuri 2017). Significance of the treatment, light environment, and interaction
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of both on expression of each opsin were determined using a 2-way ANOVA and

post-hoc Tukey’s HSD test in R, at a significance level of p=0.05.

5.4 Results

5.4.1 Thyroid hormone accelerates the developmental program in O. mossambicus

Over the 19-day treatment time, control fish remained stable in their expression of
each opsin. This agrees with the relatively slow changes in opsin expression that
occur over 6-9 months of cichlid development. However, TH caused a marked
increase in the relative levels of long-wavelength sensitive opsins. SWS1 is the
predominant single cone opsin in larval O. mossambicus control fish for the duration
of the experiment (93% + 0.84). SWS1 drops quickly in TH-treated larvae to 59% (%
1.4) in 3 days and is only 4.7% (£ 1.1) of the single cone opsin by day 19 (Figure
5.2a). SWS2B is very low in control fish for the duration of the experiment (6.6% =+
0.84). SWS2B increases in TH-treated larvae to 40% (£ 1.4) in 3 days and is 81% (£
4.3) of the single cone opsin by day 19 (Figure 5.2b). Interestingly, SWS2A is the
only opsin that does not change after 3 days of treatment. SWS2A has no measurable
expression in controls throughout the experiment, and treatment with TH for 3 days
does not increase SWS2A expression. By day 7, SWS2A increases to 2.8% (+ 0.76)

and 1s 14% (£4.9) of the single cone opsin by day 19 (Figure 5.2¢).

RH2B is the predominant double cone opsin in controls throughout the experiment
(56% £ 0.1). In the TH treatment group, RH2B is only slightly lower after 3 days

(47% =+ 0.8), but steadily declines thereafter and is 7.8% (& 1.8) of the double cone
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opsin pool by day 19 (Figure 5.2d). RH2A expression over the experiment in controls
is stable at 39% (£1.1). After 3 days of TH treatment, RH2A appears to dip to 16%
(£1.05), then increases back to levels similar to the controls by day 19 (43% + 2.0)
(Figure 5.2e). LWS is very lowly expressed in controls (4.4% + 0.8) as expected from
this species at this age. After 3 days of treatment, LWS expression jumps to 36% (%
1.8) of the double cone opsin pool where after it increases very slowly to 48% (= 1.1)

at the end of the time-course at 19 days (Figure 5.2f).
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Figure 5.2. TH is a potent accelerator of the developmental progression. TH
increases levels of longer wavelength opsins not usually expressed until later in O.
mossambicus development. Control samples for the time-course are shown with black
circles. TH treatments are shown with colored triangles. Sample sizes for the control
are: 3 day (n=4), 7 day (n=4), 11 day (n=3), 15 day (n=3), and 19 day (n=3). Sample
sizes for the TH treatment are: 3 day (n=4), 7 day (n=4), 11 day (n=3), 15 day (n=3),
and 19 day (n=3). Error bars show standard error of the mean for each group.
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Expression in each treatment is measured relative to cone type so that the single cone
opsins (SWS1, SWS2B, and SWS2A) and double cone opsins (RH2B, RH2A, and
LWS) both sum to 100.

5.4.2 Thyroid hormone drastically changes opsin expression in a neotenic species

Control M. benetos opsin expression of the 1.5mo fish remained constant over the 6-
day time course. Interestingly, M. benetos responded strongly and quickly to
treatment with TH, which caused an increase in the relative levels of long-wavelength
sensitive opsins in both cone types. In the single cones of controls, SWS1 is the
predominant opsin (93% =+ 1.2) as would be expected when this species is raised in a
UV environment. Treatment with TH for 3 days significantly decreased SWSI to
54% (£0.8) of the single cone opsin, and after 6 days expression decreased further to
only 28% (£6.6) (Figure 5.3a). SWS2B in controls was only a small proportion of the
single cone opsin expression (6.6+1.2). With TH treatment, SWS2B increases to
44% (+0.3) after 3 days and to 69% (£5.7) after 6 days (Figure 5.3b). SWS2A is not

expressed in controls and was not affected by TH treatment (Figure 5.3c¢).

In controls, RH2B makes up 12% (+ 0.5) of the double cone opsins expressed. After 3
days of treatment with TH, RH2B is significantly decreased to 5.7% (£ 0.4) (Figure
5.3d). For all double cone opsins, expression was not significantly different between
the 3- and 6-day TH treatment groups. RH2A is the most highly expressed opsin
(75% +£ 0.8) in controls and was reduced to 59% (£5.8) after 3 days of TH treatment

(Figure 5.3e). In controls, LWS is expressed in equal proportions to RH2B (12% +

139



0.8) and increased to 34% (& 5.2) after 3 days of TH treatment. All p-values for these

comparisons can be found in Table S1 (Appendix C).
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Figure 5.3. TH has strong effects on opsin expression in a neotenic species. TH
increases relative levels of longer wavelength sensitive opsins in M. benetos. Control
samples for the time-course are shown with black circles. TH treatments are shown
with colored triangles. Error bars show standard error of the mean for each group.
Each group has a sample size of 3 individuals. Significance for each comparison is
given in Table S1 (Appendix C). Expression in each treatment is measured relative to
cone type so that the single cone opsins (SWS1, SWS2B, and SWS2A) and double
cone opsins (RH2B, RH2A, and LWS) both sum to 100.

5.4.3 Developmental transcriptomes

The transcriptome data agreed with qPCR results in describing how opsin expression
varies through development (Carleton et al., 2008). Lab-raised M. zebra have an
altered developmental program compared to wild fish. Lab M. zebra begin by
expressing only SWS1, then SWS2B slowly turns on. From about 87 dpf onward,
SWSI1 and SWS2B are expressed at nearly equal levels. LWS has very little
expression and SWS2A is not expressed so it was not included (Figure 5.4a). O.
niloticus expresses SWS1 first, which decreases to minimal expression between 36-
and 62dpf. SWS2B expression begins to ramp up around 28dpf, reaching a peak at
36dpf at which point it begins declining. SWS2A expression turns on around 36dpf
and increases from there, becoming the predominant single cone opsin in the adult
retina. LWS increases steadily throughout development and becomes the predominant

opsin in the adult retina (Figure 5.4b).

The transcriptomes enabled tests of whether factors important for thyroid hormone

transport and conversion might be linked to opsin expression. Transcription factors
linked to regulation of photoreceptor specification and opsin expression show some
differences between species. In both species, the levels of Crx and Six7 are similar,
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but Crx was found to be tightly positively correlated with SWS1 expression in M.
zebra (Figure 5.4c). Rx1 is positively correlated with SWS2A expression in O.
niloticus and is not expressed in M. zebra (Table S2, Appendix C; Figure 5.4d).
Similarly, Tbx2a and Crx are positively correlated with LWS expression in O.
niloticus, but these transcription factors have almost no expression in M. zebra (Table

S2, Appendix C).

None of the transporters were significantly correlated with opsin expression in M.
zebra (Figure 5.4e). In O. niloticus, transporter SLCO1C1 on LG7 was found to have
a significant negative correlation with SWS2A expression (Table S2, Appendix C;
Figure 5.4f). All transporters had similar expression levels between species except for
SLC7AS, which was around four times higher throughout O. niloticus development

(FPKM=58.3 +2.7) than in M. zebra (FPKM=14.6 £0.4).

The deiodinases show only small differences in expression throughout development
in these species. In M. zebra, levels of Diol and Dio2 are low and stable. Dio3 does
start out lower in M. zebra than in O. niloticus, but it increases between 31 and 87dpf
(Figure 5.4g). Dio3 is strongly negatively correlated with SWS1 expression in M.
zebra (Table S2, Appendix C). In O. niloticus, D102 is negatively correlated with
SWSI and positively correlated with SWS2A although there is not much variation in

Dio2 expression overall (Table S2, Appendix C).

Finally, patterns and levels of THRs are very similar in these species, with THRb

being the predominant receptor expressed (Figure 5.41 and 5.4j).
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Figure 5.4. Expression of key genes for opsin and TH regulation during
development. FPKM of opsins (a,b), opsin transcription factors (c,d), TH membrane
transporters (e,f), deiodinases (g,h), and TH receptors (i,j) is shown for the neotenic
species M. zebra (left) and the normally developing O. niloticus (right) development.
The M. zebra timepoints are 31, 87, 132, and 178 days post fertilization (dpf). The O.
niloticus timepoints are 14, 28, 36, 62, 114, and 196 dpf. Each time point is one
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sample which may include several individuals for younger ages. The asterisk (*)
indicates that SLC7AS expression in O. niloticus is actually three times higher than
what is shown.

5.4.4 TH-related transcription factor binding sites in opsin regulatory regions

Regions conserved to medaka and stickleback were found near opsin genes using
Multipipmaker. Undescribed regions with conservation were labeled as conserved
noncoding elements (CNEs), except for the CNE upstream of SWS1 which has been
previously described (Daido et al., 2014; Nandamuri et al., 2018). Promoters and
known locus control regions (LCRs) were also identified. Most of the opsins can be
found in two separate tandem arrays on LG5 (SWS2B, SWS2A, LWS / RH2B,
RH2Aa, RH2AB) while SWS1 is on LG17 (O’Quin, Smith, Naseer, et al., 2011).
Many photoreceptor- and opsin-specific TFBS were found in these regions, adding
some support for their functionality. A focus was placed on THRB and closely
clustered NR2C1/2 sites, although the exact function of the latter is unclear. NR2C1/2
sites have high similarity to THR “half sites” (AGGTCA) and may indicate a place
where NR2C1/2 and/or THR may bind, if two NR2C1/2 sites are within 2-4bp of
each other (Glass, 1994; Lee et al., 1997; Paquette et al., 2014). Results for the THR
related sites are shown in Table 5.1 and displayed in Figure 5.5. At the SWSI gene,
one THRB site was found in the upstream miRNA729. No sites were found in the
CNE or promoter. Upstream of SWS2A and SWS2B there were two NR2C2 (var.2)
sites spaced 4 base pairs (bp) apart in CNE2. There was a 1bp change in each NR2C2
site in M. zebra relative to the other cichlid species which slightly decreased the

JASPAR score, indicating a possibility for weaker binding. No sites were found in the
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other CNEs or promoters of SWS2B or SWS2A. In LWS, THRB sites were found in
the LCR and promoter, of which the promoter site was one of the stronger THRB
sites found with a JASPAR score of 0.86. There were many more sites found in the
regions common to the entire RH2 array. The LCR had two THRB sites, one of
which also had a JASPAR score of 0.86. In CNE1, there was a THRB site and two
NR2C2 (var.2) sites spaced 3 bp apart. CNE4 had two NR2C2 (var.2) sites spaced 2
bp apart. The promoter of RH2Aa had two THRB sites. No sites were found in the
promoters of RH2B or RH2A. Other than the NR2C2 sites in CNE2 upstream of
SWS2B/A, there was no variation observed in these sites between M. zebra and the

other cichlids.
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Figure 5.5. Locations of predicted transcription factor binding sites in opsin
regulatory regions. Most opsins are found on LG5 in two separate arrays containing
RH2B, RH2Aa, and RH2Ab and SWS2A, SWS2B, and LWS. The SWS1 opsin is on
LG17. Regions with predicted TFBS for THRB (yellow ovals) and double NR2C2
sites (pink ovals) are labeled as CNEs, promoters (Pro), or miRNAs (miR726 and
729). Arrows shows the direction of transcription.

Table 5.1. Predicted transcription factor binding sites for opsin regulatory
regions. Sites were identified in several conserved noncoding elements (CNE) and
known regulatory regions such as miRNAs, locus control regions (LCR) and
promoters for the opsins. Here we focus on THR binding sites as well as
NR2C2(var.2) sites (highly similar to THRB “half sites”) that were within 4 base
pairs (bp) of each other. Any genetic variation between the neotenic species, M.
zebra, and the species with more “normal” progressions, O. niloticus and A. burtoni,
are denoted with how many bp are affected. The asterisk (*) indicates that these bp
changes weakened the JASPAR score in M. zebra compared to O. niloticus.

Opsin Region Factor JASPAR | bp changes
score
SWS1 miRNA729 | THRB 0.83 none
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SWS2B/A CNE2 NR2C2(var.2)-4bp-NR2C2(var.2) |0.92-0.91 | 1bp in each*
RH2B/Aa/AB | LCR THRB 0.82 none
LCR THRB 0.86 none
CNEI NR2C2(var.2)-3bp-NR2C2(var.2) |0.91-0.94 | none
CNEI THRB 0.82 none
CNE4 NR2C2(var.2)-2bp-NR2C2(var.2) |0.96-0.93 | none
RH2A« Promoter THRB 0.81 none
Promoter THRB 0.83 none
LWS LCR THRB 0.81 none
Promoter THRB 0.86 none

5.4.5 Light plasticity and thyroid hormone interact to shift opsin expression in adults

Opsins varied in their response to TH manipulation, light environment, and the

interaction of both variables in adult fish (Table S3, Appendix C). In agreement with

our previous studies, light had a significant effect on all opsins except SWS2A, which

is expressed at low or undetectable levels in M. benetos (Nandamuri, Yourick et al.,

2017). Interestingly, the UV environment seems to have a positive effect on all opsins

affected, increasing their expression. Light treatment had a significant effect on all

opsins except RH2A. Significance values for all pairwise comparisons between

treatments for each opsin can be found in Table S4 (Appendix C). As expected, TH
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increased the expression of longer wavelength sensitive opsins and decreased shorter
opsins. Thiourea had the reverse effect. In the single cones, SWS1 expression was
significantly decreased by TH and increased by thiourea compared to the control
(Figure 5.6a). SWS2B showed the opposite response (Figure 5.6b). SWS2A, which is
expressed at very low levels, increased significantly with TH treatment (Figure 5.6¢),
although it is likely not a biologically relevant level of expression. In the double
cones, RH2B expression was increased by thiourea but was not significantly
decreased by TH (Figure 5.6d). RH2A was not significantly affected by either
treatment (Figure 5.6e). LWS expression increased with TH treatment but was not
significantly decreased by thiourea (Figure 5.6f). The interaction of light and TH
treatment was significant in SWS2B and LWS, indicating a possible synergistic effect

of these two variables to change opsin expression.
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Figure 5.6. TH and light environment interact to affect opsin expression. Opsin
genes vary in their response to TH treatment, a change in light environment, or the
interaction of both variables. The significance of each of these terms for each opsin is
denoted with an asterisk (*). The fluorescent (FLR) light environment is shown in
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blue and the UV light environment is shown in gold. Expression is measured as the
expression of each opsin relative to the average of three housekeeping genes.

5.5 Discussion

Overall, TH treatment shifted opsin expression in a predictable manner. It increased
expression levels of the longest wavelength sensitive opsins in each cone type. This
occurred in both species with a “normal” developmental program and ones that were
neotenic. This effect of TH manipulation still occurred in adults of the neotenic
species and had significant interactions with the light environment. Transcriptomes of
developmental time-series demonstrated the pattern of expression of many genes in
opsin and TH pathways, and TFBS analysis indicated that THR may interact with

opsin regulatory regions to affect transcription.

5.5.1 Thyroid hormone treatment recapitulates and accelerates the natural

developmental progression

O. mossambicus, a cichlid with developmental progression of the opsins, experienced
a pronounced shift toward the adult opsin phenotype when treated with TH. While
control larval fish express SWS1, RH2B, and RH2A, larvae treated with TH quickly
began expressing SWS2B, SWS2A, and LWS. This result matches the effect of TH
on opsin expression seen in other fishes (Browman & Hawryshyn, 1992; Cheng et al.,
2009; Suliman & Novales-Flamarique, 2014). TH greatly accelerates the natural
progression of opsin expression. After 7 days of treatment with TH, when the fish are

22dpf, SWS2A begins to be expressed. In normal development, SWS2A does not
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begin to turn on until about 36dpf (Carleton et al., 2008). Interestingly, while SWS2B
is increased in expression within 3 days of TH treatment, SWS2A does not begin to
turn on until at least 7 days after TH treatment. TH did not immediately activate
SWS2A, the longest wavelength opsin in the single cones, perhaps indicating some
constraint on the developmental program. Given the normal progression in this
species, SWS2B may have to be activated by TH before SWS2A can be turned on.
Alternatively, there may be some other slow acting switch perhaps driven by the
miRNA, or effects of other LCR regulators or developmentally regulated genes, such

as Rx1 (Schulte et al., 2014).

RH2A showed an unexpected pattern of response to TH; it decreased after 3 days,
then increased to a greater level than the control, finally ending at the same level as
the control (Figure 5.2¢). One explanation is that this is an artefact of the
normalization method, which measures opsin levels relative to each other within cone
type making them non-independent. Also, the measure of “RH2A” is actually
capturing expression of two nearly identical genes, RH2Aa and RH2ASB, that have
slightly different expression in Oreochromis. RH2Aa 1s more highly expressed, but
RH2AB is expressed for a time during development and is not found in adults
(Carleton et al., 2008). Perhaps TH differentially regulates these highly similar genes,
but the qRT-PCR assay is not designed to separate the two homologs and quantify

those differences.
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5.5.2 Thyroid hormone regulation and the maintenance of neoteny

M. benetos is a cichlid with a neotenic opsin phenotype, which does not go through a
full developmental opsin progression. Instead, it expresses the complement of opsins
with the shortest wavelength sensitivity. One way to achieve this is to maintain low
TH during M. benetos development. However, TH is important for global
development and has been shown to increase as fish age (Campinho, 2019; Reddy et
al., 1992), so how can species like M. benetos maintain short wavelength sensitivity
into adulthood? One hypothesis is that M. benetos photoreceptors may be insensitive
to rising levels of TH in the body, and therefore would not be responsive to TH
treatment. In contrast to this hypothesis, we found that M. benetos juveniles were able
to respond to TH, as opsin expression shifted significantly within only 3 days of
treatment. Expression was shifted more towards SWS2B in the single cones and LWS
in the double cones. The opsins in M. benetos reacted to TH in a similar manner to O.
mossambicus except for SWS2A, which as expected, was not activated due to the
down regulation of an important transcription factor, Rx1, in M. benetos (Schulte et

al., 2014).

If it is not a systemic effect, several hypotheses can be posited as to how this neotenic
species has evolved to maintain short wavelength sensitivity in the face of more
global TH levels. First, photoreceptors may modulate intake of TH into the cell by
reducing expression of membrane transporters. The only evidence for differential
transporter activity is that the developmental transcriptomes found four times higher

expression of the membrane transporter, SLC7AS, in O. niloticus as compared to M.
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zebra. SLCTAS is a T3/T4 transporter known to increase in expression during
development of human retinal organoids (Eldred et al., 2018). While this decreased
level could be important, there is still significant expression of SLC7AS and other

transporters such that some TH transport should still occur in M. benetos.

Second, levels of active TH in the photoreceptor could be modulated through
differential expression of deiodinases. Dio2 converts inactive T4 to active T3, while
Dio3 inactivates T3. In this way, photoreceptors could reduce the amount of active
TH by decreasing Dio2 or increasing Dio3 activity. Of note, the TH used in this study
was T4, which must be converted to T3 in the cell. Because M. benetos showed
changes in opsin expression, it is likely that the T4 was being converted in the
photoreceptors by Dio2, suggesting that Dio2 is expressed. Indeed, Dio2 is expressed
at similar levels in M. zebra and O. niloticus transcriptomes. Dio3 expression is
strongly upregulated by TH (Garcia-G et al., 2004; Hérer et al., 2017; K. M. Johnson
& Lema, 2011; Marlatt et al., 2012) and therefore, increased levels of Dio3 could be
indicative of higher TH levels in the tissue of interest. Interestingly, Dio3 showed a
strong negative correlation with SWS1 expression in M. zebra development. As the
developmental transcriptomes for M. zebra were raised in UV-deficient lab lighting,
the fish begin by expressing only SWS1 but gradually turn on SWS2B and turn off
SWSI. If Dio3 levels are reflective of TH levels, the increase in Dio3 could support
an increase in TH that would be correlated with decreasing SWS1 expression. Since
lab-raised M. zebra are not as fully neotenic as fish raised with UV lighting, it is not
known whether this relationship would be seen in fish raised under more natural UV

rich conditions.
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Third, photoreceptors could have differential expression or regulation of THRs,
which affect gene expression when bound to T3. O. niloticus and M. zebra both
showed similar levels and patterns of THR expression during development. It is also
possible that TH response elements in the promoters or enhancers of genes important
for opsin regulation may have been lost in the lineage leading to M. zebra. However,
several putative THR binding sites were found in regions key to opsin regulation and

these were identical in M. zebra and O. niloticus (though see TFBS analysis below).

Lastly, it may be possible that overall levels of TH are reduced throughout
development in these neotenic species. Although this seems unlikely given the
importance of TH regulation to proper development of many tissues, there is an
inkling of support for this hypothesis from work on Central American cichlids (Harer
2017). Crater lake cichlids are slightly more neotenic than the Great Lake Midas
cichlid. Both ultimately express the long wavelength set of opsins, but crater lake
species retain the shorter wavelength SWS1 and RH2B opsins a bit later in
development. Hirer et al (2017) attribute this to their having lower TH levels as they
have higher Dio2 and lower Dio3 expression. Given that M. benetos is much more
neotenic and shorter wavelength sensitive than the crater lake cichlids, is it possible
that they could exhibit even lower TH levels? This hypothesis would help explain
how treating M. benetos with TH caused changes in gene expression, indicating that
the downstream machinery for TH regulating opsin expression may be intact.
However, the expression of D102 and Di03 in M. benetos and O. niloticus
transcriptomes are quite similar. Following the arguments in Hérer et al (2017) this

would suggest similar TH levels. It is possible that either these deiodinases are not
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good proxies for TH levels in the African cichlids, or retinal TH level differences are
not the cause of neoteny. Direct measurement of TH levels in the blood and retina
over development in different species would help provide evidence for or against this

hypothesis.

5.5.3 Light-induced plasticity and possible link to thyroid hormone

Neotenic species of cichlids tend to be more plastic in their responses to changes in
light environment than species that complete the opsin developmental progression
(Harer et al., 2017, 2019; Hofmann, O’Quin, Smith, et al., 2010; Hornsby et al., 2013;
Nandamuri, Yourick, et al., 2017). Whether the fish are raised under different lighting
or are moved into that lighting as adults, the resulting shift in opsin expression is
rapid and moves in a direction that maximizes visual input (Nandamuri, Yourick et
al., 2017; Hérer et al., 2019). The mechanism by which this light-induced plasticity
occurs is still unknown, however, regulation of opsin expression by TH is a viable
hypothesis which requires further testing. Indeed, the very changes in opsin
expression in response to TH shown in the present study and numerous others can
certainly be characterized as plasticity (Mackin et al., 2019). Adult M. benetos, a
neotenic and plastic species, were used to test for an interaction between light
environment and TH treatment on opsin expression. First, it should be emphasized
that adults of this species are responsive to treatment with TH, indicating that opsin
regulatory regions were not shut down during development and remain open for
activation or repression. Each opsin responded differently to TH manipulation, but in

general they responded as expected with longer wavelength sensitive opsins of each
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cone type (SWS2B, SWS2A, and LWS) increased by TH and decreased by thiourea.
The shorter wavelength opsins of each cone type (SWS1 and RH2B) reacted in an
opposite manner. RH2A was unaffected by treatment, possibly because of the
consolidation of RH2Aa and RH2A into one measurement as discussed previously.
Most opsins were significantly affected by a change from fluorescent (UV-) to broad
spectrum (UV+) lighting. SWS2B and LWS exhibited a significant interaction of
light and TH to change their expression. These interactions hint at the possibility that
TH and light environment are related in some way to regulate opsin expression. As
TH is clearly a fast and potent modulator of opsin expression, it is an obvious

candidate for involvement in light-induced plasticity.

Hormones are poised to be mediators of phenotypic plasticity as they often help
integrate signals from the external and internal environment into changes in gene
expression that affect many phenotypes (Ehrenreich & Pfennig, 2016; Lema, 2014;
Nijhout, 2003). In the case of light-induced plasticity, UV light is the external signal
which is being transduced into changes in opsin expression. Development of
Metriaclima opsin expression takes different trajectories depending on whether UV
light is present. In the presence of UV, Metriaclima only express SWS1, but when
UV is not present, the fish go through a partial progression that ends with both SWSI
and SWS2B expressed. In the absence of UV light, the developmental progression
partially phenocopies the normal progression due to TH, possibly indicating an
interaction between light and TH to control opsin expression. Since TH signaling is

likely an integral part of the opsin developmental program in cichlids, it could also
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have been co-opted, through selection or neutrality, to be light-responsive in different

species at different points in development.

If TH signaling is involved in light-induced plasticity, then TH pathways must be
light-sensitive. Instances of light periodicity, such as seasonality and light
entrainment of daily rhythms, have been shown to affect TH levels by regulation of
the deiodinases in Japanese quail and rats (Bedolla & Torre, 2011; Yasuo et al., 2005;
Yoshimura et al., 2003). Circadian clock genes BMAL1 and Per2 control expression
of Dio2 and are required for determining cone spectral identity in mice (Sawant et al.,
2017). In quail, there is also evidence that UV light stimulates OPNS5, a UV-sensitive
non-visual opsin expressed in parts of the brain, to affect levels of thyroid-stimulating
hormone (Nakane et al., 2014). Evidence from Midas cichlids suggests that absence
of light during rearing changes the developmental progression of opsins, and this may
happen through differences in TH (Karagic et al., 2018). Light-induced plasticity and
TH-induced shifts in opsin expression are both reversible (Nandamuri, Yourick, et al.,
2017; Browman & Hawryshyn, 1994; Cheng et al., 2009) and can be induced during
development and in some cases adulthood (Glaschke et al., 2011; Hofmann, O’Quin,
Smith, et al., 2010; Nandamuri, Yourick, et al., 2017). In the future, transcriptomes
will be examined for overlap in differential gene expression during light and TH
responses to test this hypothesis. In addition, THR knockouts can be tested to see if

light-induced plasticity is affected.
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5.5.4 Potential THR binding sites in key opsin regulatory regions

Several candidate THR binding sites were found in opsin regulatory regions,
indicating the possibility for cis-regulation of opsin expression by THR. SWS1
regulation is likely achieved not just through its proximal promoter, but through an
upstream CNE and miRNA (Daido et al., 2014; Nandamuri et al., 2018). A potential
THR binding site was found within the miRNA sequence. Although the classic model
of liganded THR binding is activating, it may be possible that binding of liganded
THR at this specific site could cause steric hindrance of transcription of the miRNA
and lead to decreased expression of SWS1, a form of negative regulation (Santos et
al., 2011). Interestingly, no predicted THR sites were found in the promoters of
SWS2B or SWS2A even though they are activated by the presence of TH. It is
possible their activation comes through a potential repressor being repressed by the
trans-activity of the miRNA upstream of SWS1. Only one pair of NR2C2 sites were
found upstream of SWS2B/A in an uncharacterized CNE (CNE2) whose function is
not known. SWS2A expression is regulated by the transcription factor Rx1 (Schulte
et al., 2014), so it is possible that THR could instead act in trans to affect Rx1
expression. Future work will investigate THR binding sites in the regulatory regions
of these known opsin transcription factors. Other potential THR sites were found in
the LCR (O’Quin, Smith, Naseer, et al., 2011) and promoter of LWS, which would
likely positively regulate LWS by the binding of liganded THR. Positive regulation of
LWS by THR binding would match the results of this and numerous other studies of
TH and opsin expression (Mackin et al., 2019). The RH2 array had several THR sites

in the LCR, and RH2A« in particular had two binding sites in its own promoter.
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RH2Aa is coincidentally the longest-wavelength of the RH2 opsins and is the RH2
opsin found in adult cichlids (Parry et al., 2005; Carleton et al., 2008). In this case, it
may be a target for positive regulation by THR given that TH generally increases the
levels of the longest-wavelength opsins by switching from RH2B to RH2A«
expression through development (Carleton et al., 2008). In addition, numerous single
and paired NR2C2 (THR half site) sites can be found in these key regions, but it is

not known at this time whether these would bind THR and/or affect transcription.

5.6 Conclusion

Thyroid hormone has large effects on the development of color vision across
vertebrates. In cichlids, one of the largest and most diverse families of vertebrates, the
developmental progressions of color vision are incredibly varied. Despite the normal
action of TH to push visual sensitivities to longer wavelengths with age, some
cichlids retain short wavelength sensitivity throughout their lives. These neotenic
species also possess lifelong plasticity to changes in the light environment. In this
study, it was shown that neotenic species responded to TH treatment in a similar
manner to the species with normal opsin progressions. Adults of the neotenic species
were also able to respond to TH, changes in light, and a combination of both. Patterns
of expression of TH-related genes through development and potential THR binding
sites were mostly similar or identical in both species. Future work will attempt to
further address how TH regulation varies in different species and how this may have
contributed to the evolution of the variation in developmental and adult opsin

expression seen in cichlids today.
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Chapter 6: Synthesis

6.1 Introduction

Evolutionary biology has long sought to understand the evolution of phenotypes. The
construction of phenotypes incorporates genetic and environmental components.
Environmental cues can be those that are internal or external and can affect the
phenotype on different spatial and temporal scales (Demas & Nelson, 1998; Dufty et
al., 2002; Malagon et al., 2020; Maruska & Fernald, 2013; Romney et al., 2018).
Phenotypic plasticity is the response to such environmental inputs, allowing different
phenotypes to be produced under different environmental conditions (West-Eberhard,
2003). Sensory systems are a particularly interesting phenotype as they must function
in particular environments. The environment has an effect on sensory systems, such
as the visual system, since the transmission of signals must occur through an

organism's surroundings.

Cichlid fishes are a particularly good system to study questions of the effects of
genetics and the environment on the phenotype. Cichlids exhibit strong, genetically
fixed species differences in adult and developmental opsin expression (Carleton &
Kocher, 2001; Carleton et al., 2008; Hérer et al., 2017; O’Quin, Smith, Sharma, et al.,
2011). However, developmental and adult light-induced plasticity of opsin expression
varies across several lineages (Hérer et al., 2017; Hofmann, O’Quin, Smith, et al.,
2010; Nandamuri, Yourick, et al., 2017), showing that environment can have a
significant effect on the phenotype. Given the scope of phenotypic variation in cichlid

color vision, it is important to characterize not only the genetic variation but also the
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environmental inputs. The work presented in this thesis has focused on trying to
better understand these mechanisms of environmental control, the main results of

which are summarized as follows.

6.2 Main Inferences

6.2.1 Light-induced plasticity in short palette species is not confined to development

Much of plasticity acts during development, as this is when pathways that produce
adult phenotypes are most active and amenable to change (Jamniczky et al., 2010).
Plasticity in adults is more rare, although examples exist in fishes of light-induced
plasticity of opsin expression in adults (Fuller & Claricoates, 2011; Hérer et al.,
2019). Given that cichlids, especially those with the short palette, have marked
plasticity in SWS1 and SWS2B when raised in the lab (UV-) versus collected from
the wild (UV+), it stood to reason that they may also be plastic as adults. In nearly
reciprocal experiments, adult fish from the wild were moved to the lab and lab-raised
fish were moved to broad spectrum lighting that simulated the wild. In both
experiments, these fish experienced significant shifts in opsin expression, especially
of SWS1, in as little as three days. The direction of change in expression matched
with the amount of UV light content in the new environment. Therefore, plasticity in
adults is rapid, reversible, and in the direction that maximizes light detection by the

organism.
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6.2.2 Opsin expression is regulated by diurnal cycles which affects gqRT-PCR

normalization

Diurnal cycles are known to affect expression of countless genes, including opsins
(Halstenberg et al., 2005; A. M. Johnson et al., 2013; Katti et al., 2010; P. Li et al.,
2005). This variation in opsin expression throughout the day and night could have a
large impact on methods for measuring expression, of which qRT-PCR is by far the
most common. qRT-PCR requires normalization and several types have been used for
opsin expression including measures relative to housekeeping genes, total RNA, total
opsin, and cone type which were compared with the 24 hour data set. It was
determined that using the average of the three stable housekeeping genes was best for
observing diurnal opsin cycles, while cone type was best for removing diurnal
variation. The opsins were most highly expressed in the late afternoon and cycled

together, suggesting some common diurnally-sensitive mechanism of regulation.

6.2.3 The light environment affects SWS1 expression in a hybrid cross and changes

the QTL landscape

Cichlid species differ in their ability to shift opsin expression in response to light
(Hofmann, O’Quin, Smith, et al., 2010; Nandamuri, Yourick, et al., 2017). Therefore,
there is likely genetic variation for plasticity contributing to these species differences.
QTL for SWSI expression have been identified previously using a cross between a
species with SWS1 and plasticity (M. mbenji) and a species without SWS1 or
plasticity (4. baenschi) (Nandamuri et al., 2018), but the study was only done under

UV-deficient lighting. To test for environmental differences, all generations of the
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cross were raised again under UV lighting. Plasticity did act in the cross, with
increased SWS1 expression in the UV environment. The cis-QTL, LG17, was found
to be important in both environments, while the frans-QTL on LG14 was only
significant in the UV-deficient environment. A potential candidate gene, an
uncharacterized leucine-rich repeat (LRR) protein, for LG14 was identified that was
differentially expressed and correlated with SWS1 in the cross and across cichlids.
Finding genetic variation that is involved in environmentally-sensitive pathways will
help to explain evolutionary patterns of plasticity in cichlids, and may identify how

the environmental sensors detect shifts in cues.

6.2.4 Thyroid hormone is a potent regulator of opsin expression in cichlids

Thyroid hormone (TH) is necessary for the development of long-wavelength sensitive
cones in many organisms including mice, humans, and salmonids (Roberts et al.,
2006; Eldred et al., 2018; Browman & Hawryshyn 1992). In salmonids in particular,
TH facilitates a developmental progression from short to long wavelength sensitivity
as the fish age (Temple et al., 2008). Cichlids show a wealth of different
developmental opsin progressions. O. mossambicus, a long palette species, has a
progression that mirrors salmon while M. benetos, a short palette species, does not
undergo a progression. Treatment with TH resulted in dramatic increases in
expression of longer wavelength opsins in both species, indicating that despite the
retention of short wavelength sensitivity in M. benetos, they were still responsive to
regulation by TH. There were few obvious species differences in the expression of

TH-related genes in developmental time series, except for a TH membrane transporter
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which was four times more highly expressed in O. mossambicus. Potential THRB
binding sites were found in opsin cis-regulatory regions, indicating the possibility for
direct regulation by THRB. In addition, there may be a link between TH and light-
induced plasticity, as there were significant interactions between TH treatment and
light environment on opsin expression in adult M. benetos. Indeed, hormones are
often involved in plastic responses (Nijhout, 2003; Lema, 2014; Ehrenreich &
Pfennig, 2016) and TH pathways have been shown to be light sensitive (Bedolla &

Torre, 2011; Sawant et al., 2017; Nakane et al., 2014).

6.2.5 Potential ecological and evolutionary implications of plasticity

Although we do not definitively know the consequences of opsin expression
plasticity, cichlids likely experience fluctuating environments within lifetimes or
across evolutionary time. Developmental and adult plasticity could allow better
overall light detection at different strata of their habitat where UV light diminishes
quickly with depth (Dalton et al., 2017, Sabbah et al., 2011). Even adults that
establish territories at different depths would theoretically be able to change opsin
expression in a matter of days to match the new environment. In addition, seasonal
changes in turbidity and man-made eutrophication would have the greatest effect on
the rocky shallows where the most plastic species reside (Ehlman et al., 2015;
Guildford et al., 2007; Otu et al., 2011). Across evolutionary timescales,
developmental plasticity in the riverine cichlid ancestor could have aided in
colonization and adaptation to new light environments partly through genetic

assimilation. Cichlids have also experienced severe and frequent fluctuations in the
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depth and light environment of Lake Malawi since their invasion (Ivory et al., 2015;
Lyons et al., 2016), possibly leading to the retention of plasticity in some lineages.
Uncovering genetic variation for plasticity and better characterization of plasticity

across species would lead to improved inferences about the role of plasticity in

cichlid evolution.

a.Lake Malawi b. Lake Malawi
Deep, Clear ‘ Shallow, Turbid

Expression

SWS1 SWS28|

Figure 6.1. Ecological and evolutionary implications of visual plasticity. a) Under
current conditions in Lake Malawi (deep & clear), plasticity could help maximize
visual input at different depths. b) Under historically fluctuating light environments

(between deep & clear and shallow & turbid) due to changes in lake depth, plasticity
could have been maintained over time.

6.2.6 The opsin gene regulatory network is highly labile and environmentally

sensitive

Our current understanding of opsin expression regulation is that it involves relatively
few genes, most of them being transcription factors (Carleton, Conte, et al., 2020;

Nandamuri, Dalton, et al., 2017; O’Quin et al., 2012). This network has to be labile
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enough to facilitate more significant developmental changes in opsin expression and
environmental inputs to fine tune expression across changing habitats. As our
knowledge of the gene regulatory network is expanded, it has become clear that
environmental inputs into the regulatory network have significant effects on opsin
expression. For example, the absence of UV light actually allows a whole new opsin,
SWS2B, to be expressed in the single cones of short palette species due to light-
induced plasticity. Variation in light throughout the day induces a specific cycle of
opsin expression. The presence of thyroid hormone can dramatically shift sensitivity
to longer wavelengths and may be responsible for species differences in
developmental opsin progressions. It is possible that this developmental program is
sensitive to the environment such that it can be co-opted to respond to environmental
shifts. There are hints as to how these mechanisms of environmental regulation could
be interconnected and use similar pathways in the network to influence opsin
expression. For instance, light-induced plasticity may work through some mechanism
that affects TH levels or utilization during development and adulthood of neotenic
species in different light environments (Chapter 5). While less is known about diurnal
regulation of the opsins, it is interesting to note that important circadian regulators
such as BMAL1 and Per2 have been found to affect local active TH levels due to
changes in Di102/Dio3 expression, thereby changing opsin expression and cone
identity (Sawant et al., 2017). It seems that sensitivity to light, both in the spectral
aspect (UV) and diurnal cycles, is a key feature of the opsin regulatory network,
which may both work to change levels of a master regulator, TH (Figure 6.2).

However, there is still much to discover about the mechanisms of action involved in
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environmental regulation of opsins, but doing so will certainly enhance our

understanding about the rapid evolution of visual diversity in this incredible group of

fishes.
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Figure 6.2. Environmental inputs into regulation of opsin expression in cichlids.
The opsin regulatory network has many inputs that allow the environment to

influence opsin expression. UV light likely works through light sensitive pathways
that may include loci like the one on LG14 to affect opsin expression during
development and in adults, which could involve TH or a separate unknown

mechanism. Diurnal light cycles could affect opsin expression regulation by circadian
clock pathways, and/or through TH. TH likely also directly regulates opsin

developmental progressions which vary depending on the species and light
environment.

6.3 Future directions

This thesis has provided several key insights into the environmental inputs that can

shape opsin expression. By demonstrating the speed of the response, as well as some
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of the environmental inputs, such as light spectra, light intensity, and hormones, it has
been shown how the environment might play a strong role in determining opsin
expression. This work has further identified additional questions that require
additional study to continue to unravel how the genetic network has evolved to shape

visual sensitivity.

6.3.1 Determining and testing genes involved in light-induced plasticity

The LG14 QTL showed an interesting pattern of significance where it was present in
the UV- environment and not the UV+. The QTL clearly affects SWS1 expression,
and that may occur in an environmentally-sensitive manner. The candidate leucine
rich repeat (LRR) containing gene is not one previously known to affect opsin
expression. Therefore, its mode of action on opsins either directly or indirectly will
require further experiments. Downstream from the uncharacterized LRR candidate
gene, a 38bp deletion was found in A. baenschi that could be part of an enhancer.
Indels are the most common causative variation for opsin expression seen so far in
cichlids (Carleton, Conte, et al., 2020). Downstream enhancers are less common but
not unheard of (Shlyueva et al., 2004). To provide more evidence for this deletion, it
will be genotyped in the cross to look for a specific correlation with SWS1
expression. In addition, a CRISPR knockout could be made to specifically test the
action of this gene. CRISPR mutants have successfully been made in cichlids (Juntti
etal., 2016; M. Li et al., 2020). The QTL has a small effect on SWS1 expression
(9%), but could be detected if the knockout was made in a short palette species raised

in the UV- environment.

169



In addition, other genes involved in the plastic response could be identified with
transcriptomes of plasticity time-series using correlation network analysis (Langfelder
& Horvath, 2009). Special emphasis will be placed on examining TH-related genes as

they could be involved with light-induced plasticity.

6.3.2 Testing functionality of the SWSI cis-regulatory elements

The deletion of a CNE and conserved miRNA in A. baenschi upstream of the SWSI
gene is an incredibly promising candidate mutation for the large effect LG17 QTL.
Although these elements seem to have some importance to SWS1 expression, we do
not have functional evidence at this time to be sure what effect they have in cichlids.
In medaka, the CNE appears to help drive expression of both SWS1 and the miRNA
(Daido et al., 2014). However, the function of the miRNA is unclear. miRNAs often
exhibit negative control on their targets by binding to the 3> UTRs of mRNA and
inhibiting translation of the message. The predicted targets of this miRNA, miR-729,
are in the thousands (Daido et al., 2014; Nandamuri et al., 2018), but include some
genes known to be involved in cone patterning such as retinoid X receptor, which can
heterodimerize with THR to affect expression. If the miRNA is important for SWS1
expression, it could have several modes of action. The miRNA could repress a
repressor of SWS1, allowing SWS1 to be expressed. It could also repress activators
of the other opsins, such as SWS2B, preventing them from being expressed. To test
the functionality of both the CNE and miRNA, CRISPR mutants could be made in a

short palette species to see if the expression of SWS1 or the other opsins are affected.
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6.3.3 Investigating regulatory mechanisms of thyroid hormone

TH clearly can have major effects on color vision by quickly shifting the retina to
longer wavelength sensitivity. TH has a role in developmental opsin progressions in
other fishes, but we do not know if that is the case in cichlids. The species differences
in development, like those between a normally developing species like O.
mossambicus and a neotenic species such as M. benetos, could come about because of
differences in how TH pathways are regulated. One possible explanation was that TH
levels are lower in neotenic species like M. benetos, leading to the retention of short
wavelength sensitivity. TH levels throughout development in the body and retina
could be measured using an ELISA to test this hypothesis. The actual regulation of
genes by TH is through THR binding to response elements near genes. We found
predicted binding sites for THR in opsin regulatory elements, but that does not
guarantee actual binding. Because of the large number of possible binding sites in cis-
and trans-regulatory elements, ChIP-seq could be used to determine everywhere that
THRB is bound in the genome in samples of TH- versus thiourea-treated individuals.
TH- and thiourea-treated individuals can also be used for transcriptomes to look for
differential expression of genes that could be important for regulating opsins in
response to TH. Lastly, THRB CRISPR mutants can be made in O. mossambicus or a

related species to look at its effect on developmental and adult opsin expression.
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Appendices

Appendix A: Supplementary materials for Chapter 3
All supplements can be found at https://doi.org/10.1111/1755-0998.13062

Appendix B: Supplementary materials for Chapter 4
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Figure S1. Interaction of the LG17 and LG14 QTL in the FLR. Two-way
genotypes from LG17 and LG14 are shown with the average expression of SWSI.
Note that all individuals with AA at LG17 have no SWS1 expression regardless of
their genotype at LG14. Genotypes come from the most highly associated markers in
each QTL. The standard error of the mean is given in parentheses.
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Figure S2. Percent variation explained by the QTL in each environment. Linear
regressions of SWS1 expression against the genotypes (AA: A. baenschi homozygote,
MA: heterozygote, MM: M. mbenji homozygote) at the most highly associated
marker at each QTL show the percent variation explained (R?) for a) the LG17 cis-
QTL in the FLR, b) the LG17 cis-QTL in the UV, and c¢) the LG14 trans-QTL in the
FLR. The LG14 trans-QTL is not significant in the UV environment and is not

shown.
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Figure S3. Alignment of LOC101465397 downstream deletion across fishes. A
deletion downstream of the uncharacterized candidate gene LOC101465397 was
found in A. baenschi. The region in M. zebra was compared with other cichlids:
tilapia (O. niloticus), A. burtoni, and A. citrinellus to look for conservation. The
region was also compared to other teleosts: medaka (O. latipes) and stickleback (G.
aculeatus). The 38 base pair deleted region is highlighted in yellow. The red box
denotes the OTX2 binding site. Dots show that the base pair at that position is the
same. Dashes show gaps.

Table S1. Primer se

uences for microsatellite markers.

QTL | Marker Forward Reverse
sc119-40195 | ACCCACAAAAGCAGAAATGC AACCTGGGTCACACGTTTTC
sc119-40230 | CAATGGCACAAACTGTGGAC TGCATTTCGCCATAGAAACA
sc119-40230 | ACCGGGAGAGTGACATTGAC TGATGGCAGAGTGGGATACA
sc119-40282 | ACCCAGTAACCTCCAGCAGA CCAGAGCCTGAGACCAGAAG

LG17 sc102-37241 | TCCACATGTTTGCCATCCTA TCCACATGTTTGCCATCCTA
sc102-37285 | CGCATTTAGGCGGTAACTGT CAGCAGCTCTTTCAGCTTCA
sc102-37338 | AGGAGCACGCAGGGTAAATA CGCGCTCACACTGTTTACAT
SWS1 37372 | CACGACCAGCTACACACACT TGACGAAGGACCCCACCATA
SWS1 37381 | TGGGAAGCCTGTAAGAGCAA TGCACCATCCAAAGGAGATT
sc154-45147 | ACTACGGCAGGTCAGCAGAT AGCTGACATGGACGAAATCC
39111 AGTAATCCTGCCACCGAAGC GTGTGTGAGTGTTGCACGTG
39448 ATGGAGAGGGAGGCATGAGA | GGTGTGTGTCCCTTATGCCA
39616 CTGAGGACTTGTCTCCTGCC CACCCAAAATCACAGCACGT

LG14 | 39729 GTGATGTGGGCACTCCTTCA TGTGTCACCCCTTCCAAGTG
39800 AGGGGTTAGGATTAGGCCGT TGAAGTCGCAAAGGGAGTGG
39965 TGATGTTGCCATGTGCTCTG TCCCTGCATGCCTACTCATC
40206 TGCAAAACAGCGAATGTGCA GCTCAAATCTTCTCTGGGGCT
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Table S2. IDs and positions of pre-miRNA sequences in the LG14 QTL interval.
The pre-miRNA sequences were used from Xiong et al 2019.

pre-miRNA ID Position on LG14 (bp)
NW_014447983.1 39738 10,032,393-10,032,454
NW_014447983.1 39840 11,988,114-11,988,058
NW_014447983.1 39844 12,111,018-12,110,957
NW_014447983.1 39853 12,398,890-12,398,830
NW_014445396.1 11573 12,968,963-12,968,903

Appendix C: Supplementary materials for Chapter 5

Table S1. Tukey’s HSD of M. benetos TH time-course. Comparisons between
different treatments (Control, TH) and time-points (3- and 6-day) for opsin

expression. Significant comparisons are shown with an asterisk (*).

Opsin Comparison p-value
SWS1 3Con — 6Con 0.82
3Con — 3TH* 1.4x10*
6Con — 6TH* 6.5x10°
3TH — 6TH* 3.6x1073
SWS2B 3Con — 6Con 0.76
3Con - 3TH* 6.2x107°
6Con — 6TH* 2.8x10°
3TH - 6TH* 1.4x10*
SWS2A 3Con — 6Con 0.99
3Con—-3TH 0.64

175



6Con — 6TH 0.21
3TH - 6TH 0.74
RH2B 3Con — 6Con 0.81
3Con - 3TH* 3.6x1073
6Con — 6TH* 1.7x1073
3TH - 6TH 0.46
RH2A 3Con — 6Con 0.99
3Con - 3TH* 0.03
6Con — 6TH* 9.6x1073
3TH - 6TH 0.66
LWS 3Con — 6Con 0.93
3Con - 3TH* 1.5x1073
6Con — 6TH* 3.7x10*
3TH - 6TH 0.28

Table S2. Transcriptome linear regression significant results. Expression (fpkm)

of each opsin was regressed against expression of genes in the TH pathway. Only

potentially significant results are shown. Expression of each pair was either positively

(+) or negatively (-) correlated.

Species Comparison Effect sign | p-value R?

O. niloticus SWS1-Dio2 - 0.026 0.68
SWS2A-SLCOICI.LG7 | - 0.041 0.61
SWS2A-Dio2 + 0.027 0.68
SWS2A-Rx1 + 0.037 0.62
LWS-Tbx2a + 0.036 0.63
LWS-Crx + 0.042 0.61

M. zebra SWS1-Crx + 0.036 0.89
SWS1-Dio3 - 0.028 0.92
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Table S3. ANOVA results of TH and light environment. Significant variables for

each opsin are shown with an asterisk (*).

Opsin Variable p-value
SWSI Treatment* 2.3x107
Light* 1.5x10°
Treatment:Light 0.15
SWS2B Treatment* 2.6x1012
Light* 6.1x10°°
Treatment:Light* 3.6x10*
SWS2A Treatment* 5.1x107
Light 0.92
Treatment:Light 0.95
RH2B Treatment* 8.0x10*
Light* 3.5x10°
Treatment:Light 0.67
RH2A Treatment 0.06
Light* 3.3x107
Treatment:Light 0.97
LWS Treatment* 6.8x10713
Light* 5.8x10713

Treatment:Light* 3.7x108
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Table S4. Tukey’s HSD for treatment variable in TH and light environment.

Significant comparisons for each opsin are shown with an asterisk (*).

Opsin Comparison p-value
SWSI TH-Control* 4.9x10*
Thiourea-Control* | 9.6x107
Thiourea-TH* <1.0x107
SWS2B TH-Control* 5.7x10%°
Thiourea-Control* | 1.3x10°
Thiourea-TH* <1.0x107
SWS2A TH-Control* 1.7x107°
Thiourea-Control 0.59
Thiourea-TH* 1.2x10¢
RH2B TH-Control 0.24
Thiourea-Control* | 0.04
Thiourea-TH* 5.5x10*
RH2A TH-Control 0.91
Thiourea-Control 0.16
Thiourea-TH 0.06
LWS TH-Control* <1.0x107
Thiourea-Control 0.06
Thiourea-TH* <1.0x107
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