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Vision is an important sensory modality, guiding fundamental tasks such as foraging,
escaping from predators, identification of conspecifics and selection of mates. As such,
animals exhibit a wide variety of adaptations to spectrally tune their visual systems to
closely match the environment. This extensive variation in visual system tuning is achieved

both via genetic changes as well as environmental induced plasticity.

Lacustrine cichlids of East Africa are famous for their expedited adaptive radiations.
Cichlids in these rift lakes inhabit a diverse range of light environments, from the murky
red-shifted waters of Lake Victoria to clear Lake Malawi. Consequently, African cichlids

have some of the most diverse visual systems among vertebrates on the planet, with species



expressing different combinations of seven cone opsin genes. This differential expression
is under genetic control and leads to drastic differences in the visual sensitivities between
closely related species. Moreover, cichlid species often exhibit plastic changes in opsin
expression due to alterations in environmental light conditions. The diversity of genetically
determined visual palettes and the variation in expression due to plastic changes offers an
excellent opportunity to study the proximate mechanisms governing opsin expression

divergence in this group.

Utilizing a hybrid cross between two species varying in opsin expression, we show that
divergent expression of cone opsins is regulated by multiple quantitative trait loci (QTLs).
Most of these QTLs are located in trans to the opsins, with the exception of one QTL in
cis to the SWSI opsin. Further fine-mapping of the cis-QTL revealed a deletion in the
promoter of the SWSI gene that is associated with a decrease in its expression.
Additionally, performing two reciprocal experiments, we show that adult cichlids from
Lake Malawi show rapid and reversible plastic changes in opsin expression due to
differences in lighting conditions. These studies show that both predetermined genetic
factors and environmental inputs contribute to opsin expression divergence in cichlids.
These factors enable short term and ultimately long-term adaptation to changing habitats,

facilitating the survival and perhaps speciation of these fantastic fishes.
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Fig. 6.1: Gene regulatory network for SWS1 expression



Chapterl: Introduction



1.1 INTRODUCTION

Since the publication of Darwin’s groundbreaking work ‘On the Origin of Species’ nearly
160 years ago, biologists have sought to understand the origin and maintenance of the vast
phenotypic diversity around us [1]. The Modern Synthesis Movement coupled with the
explosion in the field of molecular biology in the mid 1900s, firmly established the genetic
basis of phenotypic evolution. Genetic mutation was seen as the source of new selectable
variation and the elucidation of the mechanisms by which a particular genotype resulted in
a given phenotype became the main question in evolutionary biology [2]. However,
considering mutation to be the primary driver of variation led to a bias that ignored the
reality of evolution- that natural selection acted on phenotypes and not genotypes [3]. And
because the environment that an organism exists in plays a major role in modulating its
phenotype, the environment also plays a substantial role in generating phenotypic variation
[4, 5]. Phenotypic plasticity, defined as the capacity of a single genotype to produce
multiple phenotypes in response to environmental variation, once thought to be
“Lamarckian-like” [6] thus became included in what was till then a “gene”-centric

evolutionary theory [2, 6-8] (Fig. 1.1).
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Fig. 1.1: Genetic and environmental inputs shape phenotypes. Genetic changes can lead
to phenotypic differences. Under altered conditions, the environment can also induce the
production of new phenotypes, which selection can then act upon.

Today, even a superficial glance at the appropriate literature will indicate hundreds of
studies that show gene-by-environment interactions in a variety of organisms [9-11]. A
well-known example is the production of melanin pigment. In vertebrates, melanin is
produced at the end of a series of complex biochemical reactions in the melanocytes.
Extensive studies in mice have delineated the genes that play distinct roles at each step of
this complex pathway [12]. Mutations in any of these genes lead to the loss of the pigment
phenotype to varying degrees. However, melanin pathway has also been shown to be
influenced by environmental factors [13]. For example, colder temperatures tend to
increase melanin production and deposition to benefit heat retention. Another example is
offspring size in Trinidadian guppies. Guppies from low predation headstream sites have
fewer but significantly larger offspring than counterparts from high predation downstream
locations. Though these differences have been shown to have a strong genetic basis, there
exists considerable plasticity in offspring size [14, 15]. Female guppies from either location
when raised on re duced food rations often have offspring that are 20% larger than females
raised on a constant supply of food [14]. Similarly, lacustrine species of stickleback show
differences in trophic morphology, specializing either in zooplankton or zoobenthos. While
sympatric species pairs show clear genetic differences, foraging environment to which the
species are exposed to also has a direct effect on the morphology of the mouth parts [16].
While most of these studies have focused on morphological traits, sensory systems, such

as vision respond to both genetic and environmental control as well.



1.2 VISUAL SYSTEMS

Visual communication in animals proceeds by the generation of a visual signal that gets
transmitted through the environment and then detected by the receiver [17]. Thus, the
environment acts as a channel within which visual systems are optimized for efficient
signal perception. To adapt to environments in constant flux, animals may require plasticity
in visual sensitivity to rapidly adjust to the changes [7, 18]. Yet, stable environments may
select for fixed genetic differences to permanently alter visual sensitivities [19].
Understanding how visual systems are tuned both by genetic alterations as well as
environmental plasticity is crucial towards understanding how sensory systems evolve and

how they promote speciation.

Visual response is driven by photoreceptors that are specialized neurons in the retina
dedicated to transducing light. Response of a photoreceptor to photons is mediated by
transmembrane proteins called opsins, together with a vitamin-A derived chromophore [20,
21]. Absorption of light leads to a conformational change in the chromophore causing the
opsin to turn on a secondary signal transduction cascade resulting in neural output. Visual
systems provide an excellent platform in which to study the interplay between genetic
control and environmental-induced plasticity. First, the molecular basis of photoreceptor
sensitivity is well-understood [22, 23]. The wavelength of light that a particular
photoreceptor is most sensitive to depends on the amino acid configuration of the opsin
protein it contains. Changes in a few amino acid residues, especially in the retinal binding
pocket, result in drastic shifts in the sensitivity of the visual pigment [24, 25]. Second, most

organisms tune their visual sensitivities to match the most abundant wavelengths of the



light environment that they exist in, a phenomenon called spectral tuning [26]. This spectral
tuning can be achieved via several mechanisms such as coding sequence changes or by
regulation of opsin expression in the long term but also via plasticity across shorter time
scales such as due to seasonal alterations or change in water quality [24, 25, 27-34]. Last,
variation in visual sensitivity, both within and between species has been shown to be
conspicuously affected by natural selection. Much work has shown that visual systems are
optimized for tasks such as predator avoidance and identification of food sources [35, 36].
Also, in some organisms, such as butterflies and fish, visual sensitivities form the basis for
female preference in mate choice [37, 38]. Additionally, it has been established that that
visual sensitivities differences can lead to population differentiation and even speciation

via sensory drive [39-42].

1.3 VISUAL SYSTEMS IN AFRICAN CICHLIDS

For my thesis, I have chosen to focus on the visual systems in African Cichlids that have
some of the most diverse visual systems among vertebrates on the planet. The molecular
basis of visual sensitivity in African cichlids is derived from seven cone opsin genes [43].
Each of the seven cone opsin genes are maximally sensitive to a distinct part of the light
spectrum and include three single cone opsins-SWSI (ultra-violet sensitive), SWS2B
(violet-sensitive), SWS2A4 (blue-sensitive), and four double cone opsins- RH2B (blue-green
sensitive), RH2AL RH2Aa (green-sensitive), and LIS (red-sensitive) [44, 45] (Fig. 1.2).
As a consequence of their divergence from a riverine ancestor in the last million years,
coding sequences of the opsin genes are highly conserved among species, with only a few

key amino acid substitutions, especially in the opsins on either end of the spectrum- SWS1



and LWS [46-48]. Site-directed mutagenesis studies have revealed that these changes are
relatively minor, causing the sensitivity of the opsin to shift by just a few nanometers
(<10nm). Large differences in visual sensitivities among closely-related species in cichlids
is achieved not by coding sequence changes but by altering the complement of expressed
cone opsin genes [49, 50] (Fig. 1.3). Adult species consistently express only a subset
(usually three) of the seven genes in their retinas at any given time. This differential
expression is the most dominant mechanism for spectral tuning in cichlids and has been

shown to be under genetic control.
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Fig. 1.2: Cichlid cone opsin genes. The seven cone opsin genes in cichlids are arranged on
LG17 and two tandem arrays on LGS5. Each cone opsin is maximally sensitive to a distinct
part of the light spectrum, ranging from ultra-violet to red. The sensitivities of each opsin
are provided in the inset.
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Fig. 1.3: Visual pigment templates in three Lake Malawi species. Closely-related species
from Lake Malawi often have dissimilar cone opsin expression profiles. The spectral
sensitivities of the visual pigments for each of the species is shown. Also depicted is opsin
distribution in the single cones (SC) and double cones (DC) for each species.

Opsin expression in cichlids also changes appreciably through development. For example,
single cones in ancestral Tilapia (O. niloticus) first express SWSI opsin, then progress to

SWS2B and lastly switch to SWS24 opsin expression by six months, when the fish reach

sexual maturity [51]. In other words, the single cones show a developmental progression



from ultraviolet to violet and finally blue sensitivity by adulthood. It is hypothesized that
this progression might be a reflection on the changes in feeding behavior as the fish grow.
Other cichlid species show comparable ontogenic shifts, and differences in adult
expression are thought to be a result of heterochronic changes to the basic developmental
program [52]. For instance, in Melanochromis auratus, the program is cut short and the
photoreceptors retain SWS2B opsin as adults without ever proceeding to SWS24

expression.

In addition to the genetically-determined expression differences, cichlids tune their spectral
sensitivities in response to changes in environmental light conditions (Fig. 1.4). Plastic
changes in opsin expression have been observed in Lake Malawi cichlids during
development. When reared under fluorescent light conditions in the lab, some species show
small but significant alterations in opsin expression when compared to their wild
counterparts [53]. Further, behaviorally-relevant changes in opsin expression were
observed when individual broods were split and raised under different lighting conditions
[54]. Also, developmental plasticity was observed in some cichlids when the direction of
illumination was modified [55]. Dorsal retinas of fish showed increased LWS opsin

expression when raised under upwelling fluorescent light.

1.4 IMPORTANCE OF VISION TO CICHLIDS
To sum up, both genetically determined and environmentally induced variation in cone
opsin expression leads to cichlid species with dramatic differences in the visual perception

ability of their photoreceptors. This substantial variation in photoreceptor sensitivity is



linked to several important ecological traits [56]. First, subtle differences in cone
expression are tied to the light environment. In Lake Malawi, differences in opsin
expression are often associated with depth [57]. For example, concurrent with decreasing
levels of red light with increasing depths in the water column, wild Copadichromis species
sampled from the top 5 meters of the lake have higher LWS expression than when sampled
from 20 meters. Second, opsin expression differences are correlated with foraging needs.
In Lake Malawi, zooplanktivorous and algal feeders have higher SWSI expression than
benthic or piscivorous feeders [58]. Sensitivity in ultraviolet range is thought to enhance
contrast detection of the UV-absorbing zooplankton. Third, opsin expression is linked to
behaviors associated with foraging. For instance, tests have demonstrated that the duration
of prey capture in UV-sensitive cichlids is lengthened in the absence of ultraviolet light
input [59]. Also, optomotor response is enhanced in cichlids with higher LWS expression

than when compared to those with low expression of LIS [54].
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Fig. 1.4: Developmental plasticity in SWSI opsin expression. Lake Malawi species show
changes in SWS1 expression due to changes in rearing light conditions. A) Wild-caught M.
mbenji have significantly higher expression of SWS/ than lab-reared counterparts. B)
Broods of M. lombardoi split between UV+ and UV- light environments show changes in
SWS1 expression.

Vision also plays a vital role in cichlid mating with visual signals mediating male-male
aggression and female mate choice [60, 61]. In most species, males are brightly colored
while the females are drab and brown. During mating season, colorful dominant males get
selected by choosy females to spawn the next generation. In fact, behavioral assays testing

female mate choice under altered light environments have demonstrated that while female

cichlids chose the correct conspecific male under normal light, assortative mating patterns
broke down when male color patterns were obscured under monochromatic light [62].
Sister taxa often differ in visual sensitivities but not morphology or behavior. Thus, it is
safe to say that shifts in photoreceptor sensitivities due to opsin gene expression differences

may cause phenotypic divergence in this group.

1.5 GOALS OF RESEARCH

Despite the prominent role opsins play in the evolution of phenotypic diversity in African
cichlids, little is known about the genetic mechanisms controlling their differential
expression. Taking advantage of the ability of cichlids to produce fertile hybrids between
species and even genera, the goal is to identify the proximate genetic causes underlying
differential opsin expression in this group. Previously, an intergeneric cross between two
species (Tramitochromis intermedius and Aulonocara baenschi, TA cross) with varying
opsin expression profiles was made in the lab [50, 63]. Quantitative genetic analysis

indicated that the opsin expression differences were controlled by a few genes with large

10



effect [50]. Subsequently, a quantitative trait loci study conducted on F2 progeny of the
cross revealed 11 loci contributing to the divergent expression of 5 cone opsins [63] (Fig.
1.5). All the identified loci were in locations far from the opsins they regulate, indicating
that opsin divergence in cichlids was primarily mediated by frans genetic changes.
Subsequent fine-mapping of one of the QTLs has shown that Retinal anterior neural fold
homeobox-1 (RXI), a transcription factor known to be involved in photoreceptor
specification, controls SWS2A4 expression [64]. We recently identified a ~400 bp deletion
in the promoter of the RX7 gene (2.5 kb upstream of the start site) as the causative mutation
(Fig. 1.5). Specifically, this deletion explains 62% of variation in SWS24 expression among

53 Lake Malawi species tested.

While these previous studies have, without any doubt contributed to our understanding of
opsin expression divergence in African cichlids, neither parents of the earlier cross
expressed SWSI opsin. Therefore, knowledge about the genetic mechanisms underlying
the regulation of SWSI expression is still unknown. Expression of SWS/ opsin in cichlids
is adaptive and linked to foraging and predatory behavior [58, 59]. Finding the genetic
mechanisms underlying SWS! differential expression thus might be the first step towards

identifying the evolutionary origins of the trait.

Additionally, earlier studies have shown that cichlids are susceptible to changes in
environmental light conditions during development [54, 55, 65]. While those studies have
established that plasticity in opsin expression is an important tuning mechanism in these

fishes, we currently do not know if adult fish can also show plasticity in opsin expression.
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Plasticity is important for adult cichlids as they encounter light fluctuations in the
environment due to seasonal changes in length of day or change in the clarity of water from
agricultural runoff. Lack of plasticity to these environmental alterations might be
detrimental to their survival. Are adult cichlids plastic and if so how is plasticity of
expression translated into patterns of change in the retina and how long does it take to see

those effects?
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Fig. 1.5: QTL study for cone opsin expression in the Tramitochromis X Aulonocara cross.
Most QTL are located in trans to the opsins. Insets show the significant regions for the
SWS2A4, SWS2B, RH2A, RH2B and LWS opsins. The x-axis depicts the relative position of
each QTL to different linkage groups in Tilapia. Potential candidate genes within each QTL
are also marked. The location of the opsins is marked with a star. (Figure courtesy: Kelly
O’Quin). Deletion in the promoter of RX/ gene is associated with a decrease in the
expression of SWS24 opsin. While Aulonocara has the deletion, the mutation is absent in
Tramitochromis.

To better understand the evolution of visual diversity in African cichlids, especially
sensitivity to ultraviolet light through expression changes in SWSI, I have studied both

genetic and environmental effects on its expression. In Chapter 2, I discuss the number of
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genes controlling SWSI expression in a new cross between two Lake Malawi species
Aulonocara baenschi and Metriaclima mbenji (MA cross) [66]. The feasibility of a QTL
study to map the loci contributing to the divergent expression of opsins between the two
species is also discussed. In Chapter 3, using reduced-genome sequencing, [ perform a QTL
analysis on the F2 progeny of the MA cross to find the loci segregating for the differential
expression of opsins, with a particular emphasis on SWS/ (Nandamuri et al., 2018, In
review). In Chapter 4, 1 examine plasticity in SWSI expression due to changes in
environmental light conditions [67]. Comparing two complementary experiments, I test to
see if adult cichlids from Lake Malawi adjust to changes in ultraviolet illumination by
altering their opsin expression. In Chapter 5, I fine-map the second QTL for SWS524
expression in the TA cross to determine the best candidate controlling its differential
expression. Further, I highlight the interaction between one of the likely candidates and
RXI in mediating SWS2A expression together. Lastly, in Chapter 6, I synthesize the main
results obtained from this body of work and provide avenues for future research. In addition
to expanding our understanding of the molecular landscape of opsin expression, results
from this work will shed light on the evolution of visual diversity in African cichlids and

how it contributes to their rapid adaptive divergence.
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Chapter 2: Determination of the genetic architecture underlying short wavelength
sensitivity in Lake Malawi cichlids.

Previously published under: Nandamuri S, Dalton B, Carleton K: Determination of the

genetic architecture underlying short wavelength sensitivity in Lake Malawi cichlids.

Journal of Heredity 2017, 108(4):379-390.
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2.1 ABSTRACT

African cichlids are an exemplary system to study organismal diversity and rapid
speciation. Species differ in external morphology including jaw shape and body coloration,
but also differ in sensory systems including vision. All cichlids have seven cone opsin
genes with species differing broadly in which opsins are expressed. The differential opsin
expression results in closely related species with substantial differences in spectral
sensitivity of their photoreceptors. In this work, we take a first step in determining the
genetic basis of opsin expression in cichlids. Using a second- generation cross between two
species with different opsin expression patterns, we make a conservative estimate that short
wavelength opsin expression is regulated by a few loci. Genetic mapping in 96 F2 hybrids
provides clear evidence of a cis-regulatory region for SWSI opsin that explains 34% of the
variation in expression between the two species. Additionally, in-situ hybridization has
shown that SWS1 and SWS2B opsins are coexpressed in individual single cones in the
retinas of F2 progeny. Results from this work will contribute to a better understanding of
the genetic architecture underlying opsin expression. This knowledge will help answer
long-standing questions about the evolutionary processes fundamental to opsin expression

variation and how this contributes to adaptive cichlid divergence.
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2.2 BACKGROUND

Understanding the genetic basis of adaptive phenotypic change has long been a central
theme in evolutionary biology. Most traits of ecological relevance are quantitative and
likely have a complex genetic basis. Despite the complex genetic architecture, significant
progress has been made in elucidating the underlying genes, and in a few of the genetically
simpler cases, causative mutations responsible for phenotypic evolution have been
identified. Notable examples include male wing pigmentation patterns in Drosophila,
skeletal reduction in sticklebacks, branching structure in maize and coat color in beach
mice, among others [68-71]. Unraveling the genes responsible for phenotypic variation has
provided evolutionary biologists a wealth of information regarding multiple aspects of
evolution. First, the molecular nature of the identified mutations has helped delineate the
connection between genotype and phenotype [68] [71]. Second, the relative contribution
of the different kinds of mutations (coding changes or cis/trans regulatory mutations) to
phenotypic divergence has been revealed [68-71]. Third, the number, distribution and the
effect sizes of the contributing loci have been identified [69, 71]. Fourth, the elucidation of
causative mutations has helped draw evolutionary inferences regarding the origin of the
phenotypic trait [68, 69, 71]. Although causative loci of large effect have been identified,
many of these involve morphological change and may not be characteristic of a broader set
of traits [72, 73]. We have chosen to focus on sensory systems, as they may be somewhat

complimentary to morphology as well as key to organismal behavior.

Sensory systems such as vision are highly amenable for genetic dissection because of the

ease with which phenotype-genotype relationships can be tied to the ecology of the animal.

16



Opsins, the workhorses of the visual system, are transmembrane proteins that together with
a covalently coupled chromophore facilitate the perception of light [20]. Absorption of
light leads to a conformational change in the chromophore, initiating a signal transduction
cascade resulting in neural output. The amino acid composition of the opsin, particularly
those that interact with the chromophore in the retinal-binding pocket, determine its visual
sensitivity (Amax-the wavelength at which the visual pigment is most sensitive) [21]. Many
studies have pointed out that the sensitivities of visual pigments in the photoreceptors
closely match their photic environment and are under selective pressures to enhance visual
performance in different light conditions [30, 74, 75]. Also, much work has been done to
show that visual systems are optimized for tasks such as predator avoidance and
identification of food sources [36]. Additionally, in some organisms like fishes and
butterflies, it has been established that visual pigments form the basis for female
preferences in mate choice, thereby potentially contributing to phenotypic divergence [37,

38].

African cichlids are a classical example of adaptive radiation and provide an ideal template
for studying the genetic basis of evolutionary change [76-78]. These teleost fish are found
throughout the rivers and lakes of Africa but are mostly focused in the three East African
Great Lakes, namely Tanganyika, Malawi and Victoria [79]. Each of these lakes display
incredible variety, together exhibiting more than 1000 species that have arisen in the last
few million years, making cichlids the largest extant vertebrate radiation [80-82]. Cichlid
species from the Great Lakes display unparalleled diversity in many morphological,

behavioral and physiological phenotypes such as body coloration, trophic morphology and
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parental care, among others [83, 84]. One of the most impressive of these traits includes
variation in their visual sensitivities that stems from the differential expression of cone

opsin genes (the genes responsible for color vision) [45, 46, 85].

All cichlid species have seven cone opsins, each conferring maximal sensitivity to a distinct
part of the light spectrum [43]. These seven cone opsins include SWSI (ultraviolet-
sensitive), SWS2B (violet-sensitive), SWS24 (blue-sensitive), RH2B (blue-green-
sensitive), RH2Ao and RH2Ap (green-sensitive), and LWS (red-sensitive). Similar to other
fish, cichlids have both single and double cones in their retinas. SWS1, SWS2B, and SWS2A
opsins are expressed in the single cones; the expression of RH2B, RH2A and LWS opsins
is confined to the double cones [44, 45, 51]. At any given time, adult cichlid species mainly
express a subset (usually three) of the seven cone opsins in their retinas leading to large
shifts in their spectral sensitivities. In Lake Malawi, we refer to the three main gene
combinations as: short (SWSI, RH2B, RH2A), medium (SWS2B, RH2B, RH2A) and long
(SWS24, RH2A4, LWS) [49, 50]. Additionally, some cichlid species show plastic changes in
opsin expression induced by differences in light environments [53]. Wild-caught Lake
Malawi cichlids, when raised under fluorescent lights in the lab displayed small but
significant changes in opsin expression, suggesting that rearing conditions may alter

overall visual sensitivity.

To sum up, heterogeneity in cone opsin expression (both genetically determined and

environmentally induced) may have led to the evolution of closely related cichlid species

that have their photoreceptors tuned to different parts of the light spectrum. The substantial
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variation in photoreceptor sensitivity is intimately connected to species ecology and serves
to fine-tune cichlid vision in response to environmental and behavioral factors such as
ambient light, foraging and habitat preference [56, 59]. Vision plays a vital role in cichlid
mating with visual signals mediating male-male aggression and female mate choice [60,
61]. For example, behavioral assays have demonstrated that while female cichlids exhibited
species specific assortative mate choice when male color patterns were visible under
normal light, non-assortative mating was observed when conspecific male pigmentation
patterns were obscured under monochromatic light [62]. Furthermore, plasticity in opsin
expression may have improved the ability of cichlids to rapidly colonize new environments
and facilitate ecological diversification [53]. As such, any shifts in photoreceptor
sensitivities due to opsin gene expression differences may contribute significantly to

phenotypic divergence in this group.

Significant progress has been made to identify key transcription factors that are critical for
photoreceptor differentiation. Much of this information has come from work using mouse
knock-outs to test the effects of specific genes, but important factors have also been
identified in other systems such as chicken and Xenopus [86, 87]. For example,
transcription factors such as retinoic acid receptor (RAR) are known to influence opsin gene
expression in mice, fruit flies, fish and humans [88-91]. Fish typically have more cone
opsins with representatives from all four vertebrate classes (SWSI1, SWS2, RH2, LWS,
cichlids have seven cone opsins, and zebrafish have eight [92]. Although it is well known
that the RH2 and LWS tandem opsin arrays in zebrafish are mediated by cis-enhancers,

work to understand the molecular mechanisms underlying the differential expression of
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cone opsin genes is just beginning [93-95]. The existence of closely related species with
variable opsin expression and the ability to make fertile hybrids makes cichlids a powerful
system in which to study the genetic basis of opsin expression divergence in naturally

occurring populations.

Despite the prominent role opsins play in the evolution of phenotypic diversity in African
cichlids, little is known about the genetic mechanisms directing their expression. Due to
their recent evolutionary history, all species from Lake Malawi have nearly identical
coding sequences for all the seven cone opsins [46]. Preliminary studies of the opsin
proximal promoters and non-coding elements located close to opsins suggest that these
regions are highly conserved [96]. Large differences in visual sensitivities in cichlids are
achieved not by changing the coding sequence of the opsin but by altering the combination
of expressed opsin genes [49, 50]. To identify the genes responsible for the differential
expression of cone opsins, a genetic cross between two species (Tramitochromis
intermedius and Aulonocara baenschi) with varying opsin combinations was previously
made in our lab [50, 63]. A quantitative trait locus study conducted on the F2 progeny of
the cross revealed five loci contributing to the opsin expression differences between the
two parental species [63]. All five of these identified loci are located in trans far from the
opsin genes. Subsequent fine-mapping of one of the loci has indicated that the retinal
anterior neural fold homeobox-1 (Rx/), a transcription factor known to be involved in
photoreceptor specification, controls SWS24 expression [64]. We recently identified a

~400bp deletion in the promoter of the Rx/ gene (2.5kb upstream of the start site) as the
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causative mutation. Specifically, this deletion explains 62% of variation in SWS24

expression among 53 Lake Malawi species (with different opsin expression patterns) [64].

In the present study, we have made another experimental cross between two Lake Malawi
species - Metriaclima mbenji and Aulonocara baenschi (MA cross). The goals of this study
are four-fold- 1) We aim to characterize opsin expression variation in the parents (F0) as
well as the Fland F2 of the cross. 2) We want to estimate the number of genes regulating
opsin expression differences between the two species. This will help with establishing the
feasibility of a future quantitative trait locus (QTL) study to map contributing genes. Due
to the ease with which opsin expression changes from one species to another within the
recently arisen Malawi flock, we hypothesize that opsins are controlled by a few factors of
large effect. 3) We test for association with genetic markers located in close proximity to
the opsins to check for evidence of cis-regulation to explain the differences in opsin
expression. 4) We utilize in-situ hybridization to show that single cone opsins are
coexpressed in individual cone cells in a sample of F2 progeny. Results from this study
provide insights into the molecular mechanisms by which opsin expression varies

throughout the cichlid flock of Lake Malawi.

2.3 MATERIALS AND METHODS

2.3.1 Parental Species

Metriaclima mbenji (MM) and Aulonocara baenschi (AB) are two species from Lake
Malawi that diverged from a common ancestor less than a million years ago [97]. In the

lake, both species occupy different microhabitats and have different styles of feeding.
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While MM are omnivorous rock-dwellers, AB live in habitats intermediate between sand
and rocks where they forage predominantly on small invertebrates [98]. Despite their very
different habitat and behavior, Aulonocara are phylogenetically close to Metriaclima [99].
In terms of opsin expression, wild-caught MM express the short gene combination with
SWS1 in the single cones plus the RH2B and RH2A in the double cones. When previously
reared in the lab under fluorescent lights, substantial shifts in expression have been
observed in both single and double cones [53]. Wild-caught AB have the medium opsin
combination with SWS2B in the single cones and expression of RH2B and RH2A in the
double cones. Whether AB show changes in opsin expression when raised in the lab is

currently unknown and needs to be determined.

Retinas from wild-caught individuals used in this study were collected during a field
expedition to southern Lake Malawi. MM individuals (n=10) were sampled from Mbenji
Island (13°26°23.50”’S 34°29°35”E) in 2008 and were used previously in Hofmann et al.,
2010 [53]. AB individuals (n=7) were obtained from Nkhomo reef (13°0.964’S
34°20.114°E) in 2012. Immediately after capture, the fish were euthanized and retinas were
dissected at the field research station and stored in RNAlater for subsequent phenotyping.
During the 2008 field trip, live adult MM collected from the same population were brought
back to our aquaculture facility at the University of Maryland and bred in the lab for one
generation. Lab-reared AB were obtained from the aquarium trade in 2005 and bred in the
lab for a few generations. Subsequently, adult lab-raised MM (n=10) and AB (n=10)
sampled from individual broods of each species were phenotyped for opsin expression [50,

53]. All sampling for both wild-caught and lab-reared individuals was conducted in random
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with respect to sex. Student t-tests were performed in R version 3.2.3 (R Foundation for
Statistical Computing, Vienna, Austria) to test for significant differences (P< 0.05) in the

mean expression of opsins between wild-caught and lab-reared fish.

2.3.2 Hybrid cross

Cichlid species will often interbreed in lab conditions to produce fertile progeny. F1
hybrids of the MA cross were obtained by crossing a single MM female to a single AB
male. MM parental specimen used for the cross was third generation lab-raised progeny
generated from a wild-caught stock maintained in the aquaculture facility. The AB parent
of the cross was multiple generation progeny generated from fish obtained from the
aquarium trade. Around 40 F2 families (~350 F2 hybrids) were spawned from 11 F1
parents- one sire and ten dams breeding freely. In the present study, we used a total of 210
individuals- 10 each of the parental species (MM and AB), 24 F1 and 166 F2 hybrids
comprising 12 F2 families. Sampling of F1 and F2 hybrids was random with respect to sex.
All animals used in this study were at least six months old (Cichlids attain sexually maturity
at six months of age and are considered adults). It should be noted that the FO individuals
used in this study could be older than the F2 hybrids. However, previous work in other
closely related lab-reared cichlids (M. zebra, D. compressiceps, T. intermedius and
outgroup Tilapia) showed that opsin expression is labile during development, but remains

unchanged once they attain adulthood [51].

2.3.3 Phenotyping opsin expression and correlations among opsin genes
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After euthanizing the animals with MS-222, whole retinas were isolated from both eyes
and placed in RNAlater. Cichlid opsin expression has been shown to vary with time of day,
though the opsins are generally correlated in their circadian variation [100]. To minimize
variation in opsin expression due to time of day, all dissections were performed between
3PM and 5PM. Total RNA was extracted from the dissected retinas using the QIAshredder
and RNeasy kits (Qiagen, Valencia, CA, USA). 0.5ug of the total RNA was reverse
transcribed with Superscript III (Invitrogen, Carlsbad, CA, USA) to make cDNA. This
cDNA template was then used to quantify gene expression with quantitative RT-PCR
utilizing opsin-specific Tagman primers and probes according to our previously published
methods [43, 50]. RT-PCR Tagman primers and probes for each opsin are provided in
Table 2.1. Similar to our earlier studies, a construct containing six opsin fragments was
used as a control. All RT-PCR reactions were performed in duplicate. Single and double
cones differ in which opsins they express; therefore, gene expression was normalized as a
percent of total opsin expression within each cell type separately. For example, the fraction,
f, of SWS1 expression in the single cones is calculated as:
fswsi, sc= Tswsi/ (TswsitTsws2ptTsws24)
where T is the transcript level for each of the single cone opsin genes. Similarly, the
fraction of LWS opsin expression in double cones is:
frws, pc= Trws/ (Tru24+TrRE28+ T LWS)

Since the expression of each opsin was normalized to the total opsin expression in single
and double cones separately, we expect to find some inherent correlations in expression
between the genes of each cone type. Regardless, correlation analyses among F2

expression of all opsins were performed in R (R Foundation for Statistical Computing,
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Vienna, Austria). Correlations were deemed significant for P < 0.05 and also corrected for

multiple comparisons (Bonferroni correction).

2.3.4 Calculating number of genes controlling expression

The Castle-Wright estimator was used to calculate the number of genetic factors mediating
opsin expression [101, 102]. According to this method, the number of loci responsible for
phenotypic differences between the parental lines is:

Ne= [(umv—1aB) 2 —6*Mm—6AB1/8(6%F2—6%F1)

where N is the number of effective factors, 1 is the mean gene expression in each parental
species MM or AB, and ¢ is the variance in gene expression in the parentals (MM and AB),
F2 and F1. As the opsins are normalized relative to each cone type, the Castle-Wright
estimates obtained for each opsin within single and double cones are not independent. The
estimator is based on multiple assumptions, including that the loci are unlinked, all loci
have equal allelic effects, the alleles act additively and that the alleles increase the trait in
one parent and decrease it in the other. It is possible that one or more of these assumptions

might be violated in the cross leading to an underestimation of the number of factors.

Additionally, we also estimated the degree of dominance in this cross from the mean
expression in F1 hybrids and the parentals. Dominance is calculated individually for each
opsin gene as:

d=[(ur1- pam)/(paB-pvm)] — 0.5
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where p is the mean expression in F1 or in one of the parents, AB and MM. In the presence
of dominance, the effective number of factors as calculated by the Castle-Wright estimator
changes. If h=d+0.5, the number of factors now become:

Ne, dom = [1 5-2h(1-h)] Ne

2.3.5 Localization of opsin in the single cones

To determine whether individual singe cone cells coexpressed SWSI and SWS2B, we
performed dual-labeling fluorescent in-situ hybridization on whole retinas of four F2
hybrid individuals according to published methods [103, 104]. Briefly, following
euthanasia, retinas were removed and fixed in 4% paraformaldehyde. We used DIG or
fluorescein labeled riboprobes that were designed specifically to the full coding sequences
of SWSI or SWS2B. Probe signals were localized by sequential tyramide signal
amplification using Alexa Fluor 594 and 488 dyes (Invitrogen, Carlsbad, CA, USA) and
visualized on a Leica DM 5500B epifluroescence microscope (Leica Microsystems,
Wetzlar, Germany). In each individual, 50 single cones were identified by their
morphology and examined to determine whether they expressed either or both SWS/ and

SWS2B.

2.3.6 Testing for cis-regulation

To check for evidence of cis-regulation contributing to the differences in opsin expression
between the two species, we genotyped microsatellite markers located in close proximity
to the opsins. In cichlids, the opsin genes are positioned in three genomic regions [105].

The SWSI gene is located on linkage group (LG) 17, SWS2A-SWS2B-LWS and RH2B-
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RH2Ao-RH2Ap form two separate tandem arrays on LGS. The SWS24 tandem array is
18kb long and separated from the 26 kb long RH2B array by 30cM. The details of each
marker (location and primer sequences) are provided in Table 2.2. The cichlid genetic map
is 1300cM long with each ¢M roughly corresponding to about 750kb (genome size~10°
bp) [105]. Thus, all the microsatellite markers used in this study are well within 1cM and
therefore are in tight linkage with the opsins. Around 96 individuals were genotyped for
each microsatellite marker and association between marker genotype and opsin expression
was tested using analysis of variance (ANOVA) with a significance level of P <0.05 in R
(R Foundation for Statistical Computing, Vienna, Austria). For any positively associated
marker, a regression analysis of the phenotype (opsin expression) with associated marker
genotype was subsequently performed in R to quantify the fraction of variation in

expression.

2.4 RESULTS

2.4.1 Opsin expression in the parental species

Consistent with the previous study [53], qRT-PCR results indicate expression differences
between lab-reared and wild-caught MM individuals (Fig. 2.1A). Noteworthy changes are
observed along the SWSI-SWS2B axis, with a significant decrease in the expression of
SWSI (t-test, P= 2.01E?) and an increase in SWS2B expression (t-test, P= 1.55E'%) in lab-
reared fish. Changes are also observed along the RH2B-RH2A axis in the double cones with
an increase in RH2B (t-test, P= 0.00009) and a decrease in RH2A expression (t-test, P=
7.82E%). Expression of LWS opsin increased slightly in the lab MM, but was not

statistically significant. On the other hand, no significant differences in opsin expression
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were observed between wild and lab raised AB individuals (Fig. 2.1B). Only in SWS24
were there statistically significant differences between lab-reared and wild-caught
individuals, but the levels of SWS24 expression in both AB and MM are likely too low

(less than 1%) to contribute to visual function.

Table 2.1: Opsin-specific Tagman primer and probes used for RT-PCR. For each opsin,
the forward primer, reverse primer and the probe are provided.

Opsin Oligo name Sequence
SWS1 CicUVF.1q GGCTGTGCCTGCCCAC

CicUVR.tq AGGAGCAGCCCAGACCTTC

CicUV.tq TTITCTTTGGCTGGAGCAGGTACATCCC
SWS2A4 CicB1F.1q TTTGGTGCGCTAGCATGC

CicB1R.tq AAGGGACCACAGGCTTACCAT

CicBl.tq AGATCGAAGGTTTCATGGTAACACTCGGTG
SWS2B CicB2F.tq GCGCTGCACTTCCACCTC

CicB2R.tq GGCCACAGGAACACTGCAT

CicB2.1q TTGGATGGAGCAGGTATATCCCAGAGGG
RH2A4 CicGrnF.tq TTCTGTGCAATTGAGGGATTC

CicGrnR.tq CCAGGACAACAAGTGACCAGAG

CicGrn.tq TGGCCACACTAGGAGGTGAAGTTGC
RH2B CicGreen3F.tq TGCTGCCCCCCCATTG

CicGreen3R.tq AGGTCCACAGGAAACCTGAA

CicGreen3.tq TGGCTGGTCAAGGTACATTCCTGAGGGA
LWS CicRedF.tq CTGTGCTACCTTGCTGTGTGG

CicRedR.tq GCCTTCTGGGTTGACTCTGACT

CicRed.tq TGGCCATCCGTGCTGTTGCC

2.4.2 Opsin expression in the hybrid cross
Opsin gene expression was highly variable among the 24 F1 and 166 F2 individuals in the
MA cross. The means and variances of expression values for the single (SWS1, SWS2B,

SWS24) and double cone opsins (RH2B, RH2A, LWS) are given in Table 2.3. As expected
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from the FO (MM and AB), there was no significant expression of SWS24 in the F2 hybrids
(Fig. 2.2A). Mean levels of SWS1 expression in both F1 and F2 were similar to the parental
AB phenotype (Fig. 2.2B). Likewise, a strong dominance was observed in the SWS2B
expression, with both the F1 and F2 hybrids showing levels similar to that of the AB parent
(Fig. 2.2C). Compared to the single cones, both F1 and F2 hybrids showed higher variance
in expression levels of RH2B, RH2A and LWS opsins. Both the average expression of RH2A
and RH2B in F2 was closer to the AB parent. (Fig. 2.2D, E). In contrast, expression of the
LWS was transgressive, with the F2 hybrids extending slightly beyond the phenotypic range

of the parents (Fig. 2.2F).

All the opsin correlations are provided in Table 2.4. As expected, in the single cones of the
hybrid cross, there is a negative correlation between expression of SWSI versus both
SWS2B and SWS2A. Similarly, in the double cones there is a negative correlation between
RH2A versus both RH2B and LWS. In this study, there exists only one correlation between
single and double cone opsins that is independent of normalization- a significant negative
correlation between RH2B and SWS2A4 that is not likely to be biologically relevant due to
the low SWS24 expression.

Table 2.2: Genotyping primers for markers located in close proximity to the opsin genes.
The sequences and location of each marker relative to the closest opsin genes are listed.

Marker Location Forward primer 5’-3’ Reverse Primer 5’-3’
SWS1 37372 | LG17; located in the CACGACCAGCTACACAC | TGACGAAGGACCCCAC
(TCAA) third intron of the SWSI | ACT CATA

gene
LG5 49353 | LGS5; located 31 kb TGAAGGCGGTGGTCTTA | TGGGTGTTGGTCAGAA
(CA)34 upstream of the SWS24- | TCT ACAG

SWS2B-LWS
LG5 14393 | LGS; located 28 kb AGGACAGCATGACCCAA | GCTCCTCTCAGTGGCCT
(AAT) upstream of the RH2B- | AAC GTA

RH2AB-RH2Aa
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Table 2.3: Means and variances (in parenthesis) of relative opsin expression in the FO, F1
and F2 generations of the hybrid cross.

Opsin MM (n=10) AB (n=10) Fl (n=24) F2 (n=166)
39.422 0.938 1.725 3.556
SWS1 (167.313) (1.505) (0.685) (29.199)
60.56 98.287 98.042 96.111
SWS2B (167.32) (2.019) (0.715) (28.469)
0.018 0.774 0.233 0.333
SWS24 (0) (0.279) (0.068) (0.388)
25.901 16.366 13.727 14.522
RH2B (6.407) (3.027) (45.1) (32.809)
73.037 82.921 73.151 76.392
RH24 (7.999) (4.648) (195.056) (115.027)
1.062 0.713 13.122 9.086
LWS (0.174) (1.381) (196.739) (91.614)

Table 2.4: Opsin gene correlations and p-values (in parenthesis) in F2 hybrids. Opsin
expression is measured relative to the total opsin expression within each cone type (single
cones / double cones). Correlations significant at p-value <0.05 are bolded. Correlations
significant after Bonferroni correction are starred.

SWSI SWS2B SWS2A RH2B RH2A | LWS
I
SWSI
20.993 T
SWS2B
0)
20.166 0.052 I
SWs24 (0.032) (0.509)
0.046 20.014 20.279% I
RH2B (0.555) (0.857) (0.0003)
0.035 20.047 0.103 20.458* I
RH24 (0.6583) (0.5477) (0.1883) (5.711E1)
s 20.663 0.061 0.052 20.09 20.847
(0.3957) (0.4344) (0.5029) (0.2723) 0)

2.4.3 Castle-Wright estimates of genetic factors controlling opsin expression

Based on the means and variances in opsin expression in the three generations (F0, F1 and
F2), we have calculated the number of factors mediating each opsin (Table 2.5). The

Castle-Wright equation provides an estimate of 5.75 genes regulating SWS1 and 5.64 genes
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for the SWS2B opsin. Consistent with the low levels of SWS2A4 expression in this cross, the
estimator computed that 0.11 genes are controlling it. In the double cones, for the RH2B,
RH2A4 and LWS opsins, the Castle-Wright equation provided an estimate of -0.83, -0.13
and 0 genes respectively. The low and negative estimates of genetic factors for the double
cone opsins arises from the fact that the expression values for these opsins exhibit high

variance in F1 and F2 hybrids relative to the mean difference between the parental species.

Opsin expression is characterized by dominance in the MA cross. The calculated
dominance values (d) for each opsin are as follows: SWS1: 0.48, SWS2B: 0.494, SWS2A4: -
0.22, RH2B: 0.78, RH2A4: -0.49 and LWS: -34.99 (Table 2.5). Dominance values usually
range from -0.5 to 0.5 and the skewed value obtained for the RH2B is indicative of the
decreased mean expression in the F1 and F2 hybrids relative to the parents. Similarly,
calculated dominance for LWS is impacted by transgressive expression in the F1 and F2
individuals. Dominance values for the SWSI, SWS2B and RH2B opsins are positive and
closer to AB parental expression levels, dominance in SWS24 and RH2A is negative,
leaning towards the expression in MM parent. Inclusion of the dominance values has a
moderate effect on the number of effective factors controlling expression for SWSI and
SWS2B, raising the number to 8.39 genes for both the opsins (Table 2.5). For SWS24,
RH2B and RH2A4, dominance has negligible effect on the number of genetic factors. The
number of genetic factors for LWS reaches 4.17, likely an artifact from the abnormal

calculated dominance.

2.4.4 Opsin coexpression in the single cones
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The cichlid retina is composed of a regular mosaic comprising four pairs of double cones
surrounding every single cone [106]. /n situ hybridization indicated that whenever SWS1
was expressed, it was coexpressed in a single cone that also expressed SWS2B (Fig. 2.3).
Although three of the four F2 hybrids tested expressed SWS! opsin, the frequency of SWS1
expression varied both overall among individuals and spatially across their individual
retinas. However, all single cones in all four individuals examined showed SWS2B
expression.

Table 2.5: Castle-Wright estimates of the number of factors (N.) controlling the expression

of each opsin. We also list the dominance (d) and Ne dom estimated with effects of
dominance.

Opsin Ne Dominance (d) Ne,dom
SWS1 5.75 0.48 8.39
SWS2B 5.64 0.49 8.39
SWS24 0.11 -0.22 0.13
RH2B -0.83 0.78% -1.83
RH24 -0.13 -0.49 -0.19

LWS 0 -34.99* 4.17

*Dominance values usually range from -0.5 to 0.5. The abnormal dominance values are
due to decreased mean expression in the F1 and F2 hybrids relative to the parents.

2.4.5 Testing for cis-regulation of opsins

Three markers, one located in close proximity to each of the three-opsin arrays (SWS1,
RH2B-RH2Aa-RH2Ap, and SWS2A-SWS2B-LWS), were tested in 96 F2 hybrids for
association with all the opsins. Only one marker (SWS1 37372) tested significant for
association with SWSI (P= 1.61¢") and SWS2B (P= 8.35¢™"). This positively associated

marker is located in the third intron of the SWS1 gene and suggests that cis-regulation might
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be important for the expression of SWSI. However, it is to be noted that with the ~ 0.5 ctM
resolution resulting from genotyping 96 F2 individuals, genomic blocks of at least 400kb
will be inherited together (cichlid genetic map is 1300cM with each c¢cM roughly
corresponding to 750kb). By testing for a marker located in the third intron of the SWS/
gene, we are testing for the presence of a cis-acting factor located within that 400kb block.
It might be possible that other gene/s located within that interval could also be contributing
to the difference in SWSI expression. We quantified the fraction of variation in SWSI
expression by performing a regression analysis of SWS1 expression on genotype at the
SWS1 37372 marker in the F2 individuals (MM/MA/AA; Fig. 2.4). In the hybrid cross,
this tightly linked marker explained 34% of the variation. However, it should be cautioned
that this number could be an overestimate as a consequence of the Beavis effect that states
that the proportion of phenotypic variances associated with identified QTL are greatly
overstated with a small sample of progeny [107]. We found no evidence of cis-regulatory
factors that explain the differences in opsin expression between the two parents of the cross,
for either the SWS24-SWS2B-LWS or the RH2B-RH2Aa-RH2Ap tandem arrays, both of

which are located on LGS5.

2.5 DISCUSSION

2.5.1 Plasticity in opsin expression

Using quantitative PCR, we have shown that light-induced plasticity differences occur in
some cichlid species but not in others. AB showed no changes in opsin expression between
wild caught and lab reared conditions but MM demonstrated significant expression

differences. These observations agree with previous results in the lab that showed that the
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magnitude of plasticity varies between several Lake Malawi species [53]. When compared
to solar illumination (>50000 lux; decreases exponentially with depth), fluorescent lights
in the lab are two orders of magnitude lower in intensity (500 lux), and more crucially,
deficient in ultraviolet (UV) wavelengths (< 400nm) [53]. The net result of this UV
deficiency is that the quantum catches of single cones with SWS/ visual pigment is reduced
to negligible levels. The altered light spectrum might induce the expression of additional
opsins as a plastic response to increase the amount of light collected by the photoreceptors
in certain species. This might explain the reason for the simultaneous decrease in SWS1
and an increase in SWS2B expression in MM. SWSI is never expressed in adult AB,
therefore no such deficits in quantum catches ever occur, so plastic changes might not occur

in this species.

2.5.2 Co-expression in the single cones

Using fluorescent double-labeling SWS1 and SWS2B mRNA probes; we have shown that
some single cones in the retinas of F2 hybrids coexpress SWS1 and SWS2B opsins. These
results add to the growing list of studies that report expression of multiple opsins in single
photoreceptors [108-111]. Even more importantly, these results complement our previous
work to examine coexpression in both single and double cones in the closely related
Metriaclima zebra, where we showed that coexpression exhibits a spatial distribution in
the retina that tunes the sensitivity of specific retinal regions to the different background
spectra that they view in the lake [103, 108-111]. It is known that the presence of two
opsins in the same cell broadens its spectral range, thereby increasing the quantum catch

of the photoreceptors and serving as an adaptation for the retina to catch more light [103].
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This is particularly relevant in the present study as the F2 hybrids are reared in the lab
where light intensity is much lower than in the wild. One potential downside to the
coexpression of opsins is a decrease of spectral opponency that reduces the ability to
discriminate colors [112]. Behavioral experiments that test the ability of cichlids to
discriminate wavelengths are currently in progress in the lab. It would be interesting to test
if F2 hybrids with varying levels of coexpression show differences in color perception. The
SWSI opsin is located on LG17 and the SWS2B opsin is present on LG5 [105].
Coexpression of these two opsins in the same cell might be mediated by a common
transcription factor that binds to specific sites in the promoters of both the opsins. As such,
work is currently in progress to determine if the promoters of these opsins have any shared

identity.

2.5.3 Opsin expression differences are controlled by a few genes

As a first step towards understanding the genetic basis of opsin expression in this cichlid
cross, we used the Castle-Wright estimator to predict the number of genes underlying the
interspecific differences in expression. This widely used method provides a minimum
number of genetic factors underlying a trait and is based on the amount of segregational
variance occurring in a cross [ 102]. The Castle-Wright estimator assumes fixed differences
between the parents, additive gene action, equal allelic effects and unlinked loci. Despite
these stringent assumptions, several modeling and quantitative trait loci studies have
suggested that the estimator functions fairly well [113-115]. When the number of factors
is low, sample sizes are high and the parental populations differ by several standard

deviations, the Castle-Wright estimate is close to the number estimated from full QTL
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analyses [113, 116]. Within cichlids, this method has been successfully applied to a variety
of phenotypes such as jaw morphology and pigmentation traits [50, 83, 84, 113, 114]. In
our own work, using the Castle-Wright equation, we previously estimated that around 10-
12 genes underlie opsin expression differences in a hybrid cross between Aulonocara
baenschi and Tramitochromis intermedius [50]. A follow-up QTL study on the F2 hybrids
of the same cross, using RAD-seq tags identified 11 QTL contributing to the differing
expression of opsin genes, suggesting that the Castle-Wright estimator is relatively robust
and can be applied to F2 crosses between phenotypically divergent species [63]. In all cases
the number of genetic factors should be considered as a lower bound on the total number

of loci controlling the trait of interest.

In the MA cross, we find that the number of genes controlling the opsins is relatively small
with six genes for each of the SWS1 and SWS2B opsins. Both these opsins show a dominant
mode of inheritance in the MA cross which on inclusion in the Castle-Wright equation
brings up the number of factors to eight for each of these opsins. Consistent with negligible
levels of expression in the parents as well as the hybrids, the estimator computes zero
contributing factors for the SWS24 opsin. The skewed estimates obtained for the double
cone opsins (RH2A4, RH2B and LWS) imply that one or more assumptions underlying the
Castle-Wright estimator may not have been fulfilled in this cross suggesting that perhaps
the genetic architecture underlying double cone opsins is more complicated. A more
complete QTL study may provide some insights as to which of the assumptions have been
violated. From this point forth, all discussion will focus on the two single cone opsins,

SWS1 and SWS2B.
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Fig. 2.1: Variation in opsin expression between wild-caught and lab-reared adult cichlids.
Mean relative opsin expression for Metriaclima mbenji (MM) (1A) and Aulonocara
baenschi (AB) (1B) for both single and double cones are shown. Dark gray bars are lab-
reared individuals and light gray are wild-caught. Opsin genes that differ significantly (P
< 0.05) between the two treatments are marked with an asterisk. Error bars are +SE. 1A:
MM shows significant differences in expression for all opsins except LS. 1B: Except for
the SWS24 opsin, AB show no statistically significant differences in opsin expression.

Since expression of each opsin (SWS1 or SWS2B) in the cross is characterized as a fraction
of total expression in single cones (SWSI+SWS2B+SWS2A), Castle-Wright estimates
obtained for the SWSI and SWS2B opsins are not independent of each other. Due to
negligible levels of SWS2A4 expression in the cross, expression of SWS1 and SWS2B opsins
becomes inversely correlated. In other words, as expression of SWSI increases, SWS2B
expression decreases and vice-versa. Thus, in the MA cross, approximately eight loci seem
to be regulating the expression of the SWS1 and SWS2B opsins. However, we hypothesize
that the actual number of factors mediating the expression of these two opsins might be
lower than the estimated number due to two main reasons. First, we show that SWS/ and
SWS2B are being coexpressed in the same cone in F2 hybrids. Since the two opsins are
expressed in the same cell, their expression might be mediated by a common set of genetic
factors. Second, the plasticity assay in Metriaclima mbenji individuals points to the
existence of a trade-off between the expression of SWSI and SWS2B opsins. This leads us
to speculate the presence of other factors that activate the expression of one opsin while
repressing the other. Taken together, these reasons suggest that expression divergence

along the SWSI-SWS2B axis may require coordinated changes at multiple loci, at least

some of which might directly regulate the expression of both opsins.
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Fig. 2.2: Boxplots of opsin expression from the parental, F1 and F2 generations in the MA
cross. The line within each box represents the median of the data, the areas of the box
above and below the line indicate the upper and lower quartiles and the whiskers show the
expression range of each opsin. A) SWS2A expression; B) SWSI expression; C) SWS2B
expression; D) RH2A expression; E) RH2B expression; F) LWS expression.
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Fig. 2.3: In-situ hybridization showing coexpression of SWSI/ and SWS2B opsins in the
retinas of F2 hybrids. A) SWS2B expression in all single cones; Scale bar: 20um B) Merge
of SWS2B expression and DIC showing cone mosaic in the retina. C) SWSI expression in
a few single cones. D) Merge of A and C showing that SWS1 is coexpressed with SWS2B.
One goal of this work is to ascertain the feasibility of a future quantitative trait locus study
to map the genomic loci that control opsin expression. The estimated number of genes
identified here supports conducting a QTL study to map loci for expression divergence
along the SWSI-SWS2B axis between Metriaclima mbenji and Aulonocara baenschii.
According to Beavis 1998, one standard deviation difference between the expression levels

of the parents gives enough power to detect one QTL in 200 individuals [107]. Using that

rule, we speculate that an experiment with 200 F2 hybrids should provide sufficient power
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to detect at least multiple, if not all, of the eight genetic determinants for the opsins (11

standard deviations difference between AB and MM for both SWSI and SWS2B opsins).

2.5.4 Genetic regulation of opsins

Experimental work in humans, rodents and fish have identified that both cis and trans
regulation might be important for opsin expression [87, 117, 118]. Locus control regions
(LCRs), which are cis-regulatory modules, have been implicated in controlling the
differential expression of opsins in primates and zebrafish [93, 119]. Similarly, several
transcription factors such as thyroid hormone receptors and retinoic acid receptors have
been shown to modulate the expression of opsins [87]. These transcription factors are
usually located in genomic regions far from the opsins and facilitate gene expression by

binding to specific sites within opsin promoters.

In the present study, we found a statistically significant association of SWSI/ opsin
expression with a marker located in the third intron of the SWS1 opsin gene. This marker
explains 34% of the variation in expression of SWSI between the parents, and points to the
possibility of the existence of a cis factor contributing to SWSI expression differences
between the two parents of the cross. This is surprising because previous hybrid crosses in
the lab have suggested that differential cone opsin expression in cichlids is not controlled
by cis-regulatory regions adjacent to the opsin but are controlled by trans loci located
elsewhere in the genome [63, 64]. Currently, we are fine-mapping this region with
microsatellite markers interspersed at regular intervals. Besides confirming the positive

association, fine-mapping will help narrow the region enough to determine whether there
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is truly a cis-factor in the SWSI regulatory region or another gene acting in ¢rans but closely
located near SWSI. It should be pointed out that the significantly associated marker only
partially explains the variation in expression, so there are likely additional factors acting in

trans that will hopefully be identified in a full QTL study.
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Fig. 2.4: Cis-variation for SWSI expression. 34% of variation in SWSI expression is
explained by SWS1 37372 marker located in the third intron of the SWS/ gene. AA:
Aulonocara baenschi MA: heterozygote MM: Metriaclima mbenji.

2.5.5 Genetic architecture underlying opsin expression

Previous studies have indicated that opsin expression in cichlids varies considerably.

Besides intergeneric differences, sister species from Lake Malawi often have dissimilar

expression profiles [49, 120]. Furthermore, some species show developmental variation in
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opsin expression with different opsins being expressed at different life stages [51]. Adding
to the variation in opsin expression are the plasticity-induced changes as shown in the
present study. The ease with which opsin expression changes within and between species
in cichlids suggests that opsin expression has a relatively simple genetic architecture.
Additionally, population sizes in cichlids are small, implying that selection must be strong
to overcome drift [121, 122]. Thus, it makes sense that a few genes control a strongly labile
phenotype such that this trait can respond to selection rapidly. Results from the current
study lend support to this hypothesis with eight loci regulating differential expression of
the single cone opsins (SWS1/SWS2B) in an intergeneric cross. The lability in opsin
expression permits drastic differences in visual sensitivity among closely related Lake
Malawi cichlid species. This might have enabled them to rapidly adapt to changing photic

environments or to different modes of foraging.

Out of the eight loci estimated for the single cone opsins from the Castle-Wright equation
in this study, it is noteworthy that we have already recognized one locus in cis to the SWS1
gene that explains SWS1-SWS2B expression divergence. This is interesting because SWS1
expression has been previously shown to be correlated with foraging [58, 123]. Compared
to benthic feeders and piscivores, zooplanktivorous species in Lake Malawi have increased
SWSI1 expression. Additionally, behavioral evidence indicates that removal of UV

illumination lengthened the duration of finding prey in UV sensitive cichlids [59].

Particularly intriguing is the transgressive segregation of the LWS opsin in this cross.

Transgressive segregation is a common phenomenon in cichlids and has previously been
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observed in hybrid crosses for a variety of phenotypes such as jaw morphology and color
patterns [83, 124, 125] [126, 127]. Although caused by several factors, the simplest
explanation for transgressive segregation is the presence of two loci with antagonistic
effects controlling a trait [128]. It is possible that alleles at opposing loci cancel each other
out such that the parental lines show no expression of the trait. Consequently, a
combination of parental alleles with effects in the same direction can lead to transgressive
expression in the hybrids. If this is indeed the case, future QTL studies will help identify

the ‘plus’ and ‘minus’ loci for LWS expression.

2.6 CONCLUSION

The diversity that characterizes the African lake cichlids makes them an excellent system
to address questions regarding adaptive radiation and the evolution of spectral tuning
mechanisms. Important future directions include a comprehensive QTL study to identify
all the loci responsible for the differential expression of opsins. Knowledge about the
proximate genetic mechanisms will provide us a chance to draw inferences regarding the
evolution of opsin expression in cichlids, a trait that differs between species and has fitness
consequences based on foraging, environmental preference and mate choice. The effects

of selection and drift on opsin expression variation could then be readily tested.
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differential expression of opsins in African cichlids.
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3.1 ABSTRACT

Dissecting the genetic basis of phenotypic diversity is one of the fundamental goals in
evolutionary biology. Despite growing evidence for gene expression divergence being
responsible for the evolution of complex traits, knowledge about the proximate genetic
causes underlying these traits is still limited. African cichlids have some of the most diverse
visual systems among vertebrates, with species expressing different combinations of seven
cone opsin genes. Using opsin expression variation in African cichlids as a model for gene
expression evolution, this study aims to investigate the genetic architecture of opsin
expression divergence in this group. Results from a genome-wide linkage mapping of the
F2 progeny of an intergeneric cross between two species with differential opsin expression
show that opsins in Lake Malawi cichlids are controlled by multiple quantitative trait loci
(QTLs). Most of these QTLs are located in trans to the opsins except for one cis-QTL for
SWS1 on LG17. A closer look at this major QTL revealed the presence of a 691bp deletion
in the promoter of the SWSI opsin (located 751bp upstream of the start site) that is
associated with a decrease in its expression. Phylogenetic footprinting indicates that the
region spanning the deletion harbors a microRNA miR-729 and a conserved non-coding
element (CNE) that is conserved in zebrafish and other teleosts. This suggests that the
deletion might contain ancestrally preserved regulators that have been tuned for SWS1 gene
expression in Lake Malawi. While this deletion is not common, it does occur in several
other species within the lake, suggesting that ancestral polymorphic deletions may
contribute to cichlid visual diversity. In addition to expanding our understanding of the
molecular landscape of opsin expression in African cichlids, this study sheds light on the

molecular mechanisms underlying phenotypic variation in natural populations.
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3.2 BACKGROUND

Deciphering the genetic mechanisms underlying phenotypic diversity has long been at the
forefront of evolutionary biology research. Much of what we know about the molecular
basis for phenotypic variation comes from studies in classic model systems such as yeast
and Drosophila [68, 129-132]. This work has, without any doubt, vastly advanced our
understanding of trait evolution. We now know that the emergence of novel phenotypes
can result from both mutations in coding sequences that alter the structure or function of
the proteins, or by mutations in the regulatory sequences that modify the spatial and
temporal expression patterns of genes. There have been animated debates in the literature
on the importance of coding sequence versus regulatory mutations and the relative
contribution of cis versus frans regulatory mutations in bringing about phenotypic change
[72, 73, 133, 134]. Although theory predicts that cis-regulatory mutations must
predominate owing to their highly specific effects and reduced pleiotropy, results from
actual studies are often conflicting [135-137]. Adding to the confusion is the fact that some
of these studies were performed using inbred wild type and mutant lab raised individuals.
Consequently, knowledge about the genetic processes responsible for phenotypic
divergence in natural populations has been severely limited. However, recent advances in
cost effective sequencing methods allow us to unravel the mechanistic basis for natural
adaptation by combining sequence information with traditional quantitative trait loci
mapping and candidate gene approaches. Such methods have recently been employed to
uncover skeletal appendage patterning in sticklebacks, eye loss in Astyanax, feathered feet

in pigeons and coat coloration in beach mice [138-141]. Yet a coherent understanding of
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the relative roles of cis- versus trans- regulatory changes requires more studies representing

a broader set of traits in naturally-occurring populations.

Vertebrate opsins mainly comprise four main cone opsin families - SWS1, SWS2, RH2 and
LWS [24]. Experimental work in a variety of model systems has identified key factors
governing photoreceptor differentiation and opsin expression [86, 87]. These studies have
identified that opsins are controlled both by cis-factors and tramns-acting elements. For
example, studies in humans have shown that opsin genes are controlled by cis-enhancers
located upstream of the genes [142]. Similarly, work in mice has shown that Thyroid
Hormone Receptor Beta (THR) transcription factor specifies photoreceptors to a M-cone
(LWS family) fate [143]. Nonetheless, these studies fail to present a complete
understanding of the molecular mechanisms underlying opsin differentiation, simply
because model organisms such as mice and humans do not express representatives from all
cone families. Owing to gene duplication events, fish typically have a more complex set of
cones that are members of the four prototypical vertebrate cone classes [92]. This provides
ample opportunity to study genetic factors underlying the specification of opsins that are
usually absent in many other vertebrates, such as SWSI. In fact, separate studies in trout
and zebrafish have identified that SWS1 opsin is downregulated by THR/ and upregulated
by TBX2B respectively [144, 145]. However, neither trout nor zebrafish have variable
SWSI1 opsin expression between closely related species and mechanisms driving the

differential expression of SWSI opsin largely remain unknown.
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African cichlids are a particularly promising system to study the genetic basis of
phenotypic diversity [78, 146, 147]. This highly speciose group of freshwater fish inhabit
rift lakes throughout Africa, most notably in the three great lakes- Malawi, Victoria and
Tanganyika [79]. Incredible bursts of parallel adaptive radiations have occurred in each of
these lakes, making cichlids the largest extant vertebrate diversification to date [81, 148,
149]. Just in Lake Malawi, more than 500 species have arisen in the last few million years
following multiple repeated colonization and hybridization events [82, 150]. Cichlids are
amenable for studying the genetics of adaptive traits for three main reasons. First, different
species and even genera of cichlids can interbreed to produce fertile hybrids [50, 83, 151].
This makes mapping of traits for intraspecific and even interspecific comparisons possible.
Second, owing to their recent divergence, key polymorphisms are likely to be shared
between species [80]. Besides enabling us to find causative mutations, inferences about the
evolutionary history of the trait can be easily drawn. Third, well-developed genomic
resources are available for cichlids, with complete genomes for the riverine ancestor

Tilapia and representative species from each of the three Great Lakes [152].

Within Lake Malawi, cichlids exhibit incredible diversity for a variety of anatomical,
physiological and behavioral traits [84, 125, 153, 154]. Closely related species often
occupy different habitats, have varied coloration patterns, display numerous feeding
strategies and breeding behaviors. For this study, we focus on the diversity of their visual
systems, particularly in terms of the genes responsible for color discrimination, the cone
opsins. All cichlid species have seven cone opsin genes in their genomes, each maximally

sensitive to a different part of the light spectrum [43]. These include three single cone
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opsins- SWS1(ultraviolet-sensitive), SWS2B (violet-sensitive), SWS24 (blue-sensitive),
and four double cone opsins- RH2B (blue-green-sensitive), RH2A-alpha and RH2A-beta
(green-sensitive), and LWS (red-sensitive). While the SWS1 opsin in cichlids is located by
itself on LG17, the remaining opsins form two tandem arrays (SWS24-SWS2B-LWS and

RH2B-RH2Aa-RH2A ) separated by 30Mb on LG5 [105].

In Lake Malawi cichlids, large variation in visual sensitivities both within and between
species has been shown to be mediated not by coding sequence changes but by alterations
in the expression of the cone opsin genes [45, 46, 85]. Adult species from Lake Malawi
express only a subset of the seven genes, leading to dramatic differences in their visual
sensitivities [49, 50]. Besides being important for foraging, predator avoidance and habitat-
preference, vision is key for cichlid fitness because it plays a major role in mate choice and
courtship [56, 59-61, 155]. In most species, the males are colorful while females are drab
and brown. During breeding season, colorful dominant males display aggressive mating
behaviors and get visually selected by choosy females to spawn the next generation [62,
156]. Sister taxa in cichlids often differ in visual sensitivities but not in morphology or
behavior. Therefore, it has been hypothesized that the differences in visual capabilities due
to variation in opsin gene expression may contribute significantly to the rapid speciation

within this group [39, 157].

A genome-wide mapping study using hybrids from an intergeneric cross between

Tramitochromis intermedius and Aulonocara baenschi (TA cross) was previously carried

out in our lab to identify genomic regions regulating the differential expression of opsins
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[63]. Results from that study identified 11 QTL for 5 cone opsins segregating in the cross-
2 loci each for single cone opsins (SWS24 and SWS2B- LGS, LG23) and 7 loci for double
cone opsins (RH2B, RH2A, LWS- LG1, LGS, LG10, LG15 and LG23) Here, RH2A a and
RH2A[ are more than 99% identical and thus have been merged together as RH2A. Most
of these QTLs are positioned on chromosomes that do not contain the opsin genes they
control, indicating that the cone opsins on LG5 are not coordinated by cis-regulatory
regions adjacent to the opsin, but are regulated by trans-acting loci located elsewhere in
the genome. Even the QTLs on LG5 are located distantly from the opsin genes, separated
by ~ 720 kb, and conservatively classified to be functioning in trans. More importantly,
since neither of the parental species from the cross had SWS!I expression, the QTL study

was unable to find loci controlling its differential expression.

To find genetic loci controlling the differential expression of SWS! opsin, the current study
relies on a new hybrid cross between two Lake Malawi species- Metriaclima mbenji and
Aulonocara baenschi (MA cross) [66]. In cichlids, the SWSI gene is a single copy opsin
on LG17 separated from the rest of the 6-opsin cluster [105]. Previously, we found an
association between SWSI expression and a micro-satellite marker located in the third
intron of the opsin gene, suggesting that SWS1 opsin could be governed by cis-regulation
[66]. However, this association was tested with just one marker and only in a subset of the

Fo.

Here, we use restriction-site associated DNA sequencing (RADseq) and QTL mapping

with markers across the whole genome, using F» progeny from the same cross to get a more
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complete picture of the genetic mechanisms governing SWSI expression. We find three
QTLs controlling the differential expression of SWSI- two in trans on LG14 and LG20,
and one located in cis to the SWSI opsin gene on LG17, indicating that the modulation of
SWS1 opsin expression evolved through changes in both cis-regulatory sequences as well
as trans-acting factors. Also, we identify additional loci segregating for the differential
expression of the other opsins (SWS2B, RH2B, RH2A4 and LWS). In addition to presenting
a more detailed picture of the genetic architecture of opsin expression in cichlids, this study
will lead to a more coherent understanding of the molecular mechanisms contributing to

adaptive phenotypic diversity.

3.3 METHODS

3.3.1 Genetic cross

F> hybrids generated from an intergeneric cross between two Lake Malawi species
Aulonocara baenschi and Metriaclima mbenji (MA cross) were sampled for this study here
[66]. Briefly, hybrid progeny were generated from a mating between a single A. baenschi
male and a single M. mbenji female. A single male and ten females from the F; generation
were randomly chosen and then mated to generate 350 F» progeny (~40 F> families). All
individuals used in this study were sexually mature (>6 months of age) and raised under
laboratory conditions. Sampling was done randomly with respect to sex. Following
euthanasia with a lethal dose of buffered MS-222, retinas were dissected and stored in

RNAlater at -20C.

3.3.2 Phenotyping opsin expression
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Opsin expression in the F> hybrids was quantified as described previously [66]. RNA was
extracted from dissected retinas and transcribed into cDNA with Invitrogen Superscript 111
(Invitrogen, NY, USA) following manufacturer instructions. Relative opsin expression
from each cDNA sample was measured by real-time, quantitative PCR (RT-PCR) using
opsin specific Tagman primers and probes on a Roche Lightcycler 480 according to
previously published protocols [43, 53, 158] (RH2A4 a and RH2A4 3 genes that are more than
99% identical were combined and noted as RH2A4). Gene expression was normalized as a
percent of total opsin expression within single cones and double cones respectively.
Therefore, the fraction, f, of SWS1 expression in the single cones is calculated as:
fswsi1, sc= Tswsi/ (TswsitTsws2p+Tsws24)

where T is the transcript level for each of the single cone opsin genes. Similarly, the
fraction of LWS opsin expression in double cones is:

frws, pc= Trws/ (Tru24+TrRE28T T LWS)

3.3.3 RAD-Seq Libraries

To identify SNPs for QTL mapping, restriction-site associated DNA sequencing (RAD-
Seq) was performed on F» progeny. Reduced representation libraries were constructed by
Floragenex Inc. (Portland, OR, USA) according to the protocol of Baird et al., 2008 [159].
High-molecular weight genomic DNA was extracted from fin clips of 157 F> hybrids and
the 2 Fo parents using DNeasy blood and tissue kits (Qiagen Inc. CA, USA) and quantified
on a BioTek FLX800 fluorometer (BioTek, VT, USA) with Quant-iT dsDNA High-
sensitivity kit (Invitrogen, NY, USA). 20ng/ul DNA from each sample was digested with

HF-SbfAI restriction enzyme, ligated to 95 unique barcode linkers and combined into two
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libraries (the second library had 66 F> and the two Fy individuals). Each library was then
randomly sheared to an average size of 500bp and size selected between 300-500bp.
Following ligation with Illumina adapters and PCR enrichment, both libraries were gel
purified and quantified, before being sequenced single-end on an Illumina Hi-Seq 2000 at

the University of Oregon Genomics Core Facility.

Raw sequence reads were filtered for quality using the FASTX toolkit. /n silico analysis
for identification of SNPs and determination of genotypes was performed with the built-in
wrapper program denovo_map.p! in Stacks (version 1.35) as described by Catchen et al.,
2011 [160]. Briefly, demultiplexed reads of each individual were assembled into unique
loci and heterozygous alleles were identified (allowing for a maximum of 1 mismatch).
Then, orthologous stacks from the Fo parents were matched into a common catalog of loci
and differentially fixed SNPs were identified between them. Lastly, the F» stacks were
compared to the parental stack catalog to infer genotypes at each locus. Conservative
criteria were imposed for inferring genotypes from stack loci. Default parameters were
modified to require the minimum number of reads to call homozygous genotype in the F2
to be 10 (min_hom_seqs), the minor allele frequency below which a stack is deemed a
homozygote to be 1/15 or 0.066 (min_het seqs); the minimum frequency of minor allele
to be called a heterozygote to be 2/15 or 0.133 (max_het segs). Genotypes with minor
allele depth between 0.066-0.133 were considered to not have adequate support and were
deemed ‘unknown’. The RAD loci were filtered further to exclude markers that were not

differentially fixed between the Fo parents. Finally, the consensus sequence of each RAD
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marker was aligned to the M_zebra UMDI1 genome assembly using BLAST [161]. Only

markers with unique hits in the M. zebra genome were included for consequent analyses.

3.3.4 Linkage Map Construction

Genetic linkage mapping was performed in R/qtl following the guidelines described in
Broman and Sen [162]. Markers were excluded from subsequent analyses if they were not
genotyped in at least 90% of the individuals or failed to satisfy Hardy-Weinberg
expectations (after correcting for multiple comparisons). All the RAD-Seq markers were
grouped into linkage groups by requiring a maximum recombination frequency of 0.35 and
a minimum logio odds ratio (LOD) threshold of 10. Within each linkage group, markers
were then ordered by repeatedly rippling the order of a 7-marker sliding window,
ultimately choosing the order with the fewest obligate crossovers. Large-scale changes in
marker order were made manually and markers that did not fall into linkage groups were
dropped from the analysis. A LOD score for each genotype was calculated in order to
identify statistically unlikely events, such as closely placed double crossovers. After
excluding such incorrect genotypes, final intermarker distances were estimated using the
Kosambi map function [163]. Lastly, linkage groups (LGs) in the constructed map were
aligned to the anchored O. niloticus (O_niloticus UMDI) genome assembly to assign to

the correct cichlid LG nomenclature [164].

3.3.5 QTL analyses

Quantitative trait loci (QTL) regulating opsin expression were detected following methods

in O’Quin, et al., 2012 [63]. QTL analyses were performed in R/qtl using the fully
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automated model selection algorithm Stepwise that searches for multiple interacting QTL
for each opsin [162]. With the stepwise analysis, LOD of association between opsin
expression and the genotypes at every marker were computed using forward selection to a
model with 10 QTL, followed by backward elimination to the null model of no QTL.
Missing genotype data at the putative QTL were taken into account by using Haley Knott
regression. The function fitqtl was used to calculate the Logarithm of Odds (LOD) score
and percentage of variance in opsin expression (PVE) explained by each QTL. Significance
thresholds for the QTL were determined from the 95™ percentile of the genome-wide LOD
scores calculated from 1000 permutations. Markers with the highest LOD score were used
to test the effect of each QTL. Interval estimates of the location of the QTL were obtained
from 95% Bayes credible intervals (BI) extended to the nearest genotyped markers. For
each QTL, candidate genes were estimated by matching the markers flanking the Bayes
intervals (BI) to their corresponding regions in the O. niloticus (O_niloticus UMD1)

genome [164].

3.3.6 SWS1 coding sequence analysis

SWSI coding sequences from M. mbenji, A. baenschi and M. zebra were obtained from
Genbank (Accession numbers: M. mbenji: HM049223.1, A. baenschi GQ422525.1, M.
zebra: NM_001310074.1). Following translation using the Expasy Translate tool, amino
acid sequences from all three species were aligned along with bovine rhodopsin
(UniProtKB P02699) using ClustalW (version 2) to identify amino acid substitutions that

might be functionally relevant [165]. Attention was paid to sites where the substitution
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altered amino acid polarity, specifically in the retinal binding pocket of the opsin protein,

similar to previous methods [48].

3.3.7 SWS1 promoter sequencing

The promoter of the SWSI gene was Sanger sequenced with overlapping primer sets in
both the FO of the cross as well as in a panel of 17 species from Lake Malawi with
previously characterized opsin expression profiles [64]. The primers were designed based
on M. zebra genome. Primer sequences provided in Table 3.1. DNA from each sample was
PCR amplified, size selected by gel-electrophoresis, and sequenced using Applied
Biosystems Big Dye Terminators on a ABI 3730xl. For each species, sequences from all
the primers were assembled and edited manually in Geneious (version 11.0.5) before
making comparisons [166]. The SWS1I promoter sequence alignment file for the 17-species
panel has been submitted to Genbank (Accession numbers: XXXX). Since sequencing
showed that the deletion was identical across species, 29 additional Lake Malawi species
(with known opsin expression) were genotyped for the presence or absence of the deletion
by fragment size on an agarose gel [64]. Further, whole genomes from 14 species native
to the Malawi catchment area, were obtained from the Wellcome Trust Sanger Institute
[167] (12 of the Wellcome genome species are also included in the 29 species Malawi
panel, and 2 species- Aulonocara stuartgranti and Astatotilapia calliptera are not).
Sequence data from each species was aligned to the M. zebra reference assembly before
looking for differences in the SWSI promoter. Finally, previously published genomes of
cichlids archetypal of Lake Tanganyika (Neolamprologous brichardi), Lake Victoria

(Pundamilia nyererei) and two ancestral riverine species (A4statotilapia burtoni and
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Oreochromis niloticus) were also examined to look for the deletion in the SWS1 promoter

[152].

Table 3.1: Sequencing primers for the promoter of the SWS/I opsin gene.

Primer Name Sequence 5°-3°
SWSI1 promoter 3 F ctggtccaggatgaaaatgg
SWS1 promoter 3 R gccaaccagctcactgttgt
SWS1 promoter 2 R ctcagagtccggagaacgtc
SWS1 promoter 1 _F tacctcgcttctcacccact
SWSI1_mnpromoter F cctcaatgctccaaaaagga
SWSI1_mnpromoter R cagacaggggccaggtaata

3.3.8 Phylogenetic footprinting assay

DNA spanning from the last exon of TNPO3 (the gene upstream of SWST) to the first few
exons of the SWSI gene were obtained from the M. zebra genome assembly (LG17:
12796067-12802659). Orthologous DNA regions spanning the same interval were
obtained from the genome assemblies of four other teleost fish- Tilapia (Oreochromis
niloticus, Tilapia Broad assembly (LG17: 11751000-11756599), medaka (Oryzias latipes,
NIG/UT MEDAKAIl/oryLat2 assembly, scaffold1021: 45422-53836), stickleback
(Gasterosteus aculeatus, Broad/gasAcul assembly, chrUN: 22268595-22274962) and
zebrafish (Danio rerio, GRCz10/danRerl0 assembly, chr4: 13578911-13588818).
Comparative sequence analysis was implemented in mVista (accessible at http://www-
gsd.Ibl.gov/vista/) to perform pairwise alignments of orthologous DNA sequences from
multiple species [168]. Sequences were aligned with the global alignment tool MLAGAN
and regions were deemed as conserved elements if they showed 50% identity within a 50

bp window for all species except zebrafish [169]. Since the divergence time between M.
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zebra and zebrafish is nearly twice as much (230 million years) as that of its next distant
relative- stickleback (117 million years), the conservation parameters in zebrafish were
relaxed and set to 25% identity within the same 50 bp interval (M. zebra- medaka: 98

million years, and M. zebra- Tilapia: 25 million years) [170].

Transcription factor binding site (TFBS) analysis on the CNE in the promoter of the SWS1
opsin was performed using the JASPAR CORE Vertebrata 2016 database [171]. Settings
were adjusted to shortlist putative transcription factor binding profiles with a relative score
of =2 0.80. The identity of the microRNA (miRNA) was established using mirBase [172].
Potential target genes for the miRNA were predicted using the computational algorithm
miRanda according to the methods described in Enright et al 2003 [173]. 3> UTR FASTA

sequences for all cichlid genes were obtained from the Tilapia Broad assembly.

3.4 RESULTS

3.4.1 Opsin expression variation in the F2 hybrids

As described in Nandamuri et al., 2017, opsin expression measured by quantitative PCR
varied considerably among the 157 F> hybrids in the MA cross [66]. Most opsins showed
a dominant pattern of inheritance in the F> hybrids, with expression of SWS1, SWS2B and
RH2B leaning towards levels observed in 4. baenschii Fo, while that of RH2A4 was closer
to levels in M. mbenji Fo. Consistent with expression in both the Fo parents, the F» hybrids
showed negligible levels of SWS24 expression. Expression of LWS opsin in the double
cones was transgressive with F» hybrids showing higher expression than either of the

parents of the cross. Since expression of each opsin in the cross is characterized as a
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fraction of total expression in single cones (SWSI1, SWS2B, SWS2A4) and double cones
(RH2B, RH24, LWS) respectively, and since most F> hybrids show negligible SWS524

expression, SWSIland SWS2B opsins become inversely correlated.

3.4.2 RAD-Seq Genotyping

After removal of reads with ambiguous barcodes, Illumina sequencing of the two RAD-
Seq libraries yielded a total of ~185 million reads for the F2 hybrids. Around 97% of these
reads (~178 million) passed the quality filters and were retained for subsequent processing.
This represented a total of ~ 66,500 Sbfl restriction sites in the cichlid genome,
corresponding to an average read depth of 17x for each F» individual. Similarly, after
filtering and barcode processing, the average read coverage in the M. mbenji Fo and A.
baenschii Fo was 16x (~1 million reads) and 70x (~4.6 million reads) respectively. The low
coverage in the M. mbenji Fo was due to the low-quality DNA. In total, Stacks software
identified 2370 RAD-Seq SNPs following stringent cutoffs. After filtering to identify
differentially fixed SNPs in the Fo, anchoring to a unique location in the M. zebra genome
and adherence to Hardy-Weinberg equilibrium, we retained a conservative set of 1217
SNPs for linkage map and QTL analysis. The total fraction of missing genotypes across all
1217 SNP markers and 157 F» individuals was 4.5% while the frequency of each genotypic
class was 26.1% homozygous for M. mbenji alleles (MM), 25.4% homozygous for 4.

baenschi alleles (AA) and 48.5% heterozygous (MA).

3.4.3 Linkage Mapping and anchoring to M. zebra genome
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A high-density linkage map comprising 22 linkage groups spanning 1558.1cM was
assembled (Fig. 3.1). The average intermarker distance was 1.3cM and the maximum
distance between consecutive markers was 20.9cM. Previous karyotyping work has shown
that a haploid cichlid genome is comprised of 22 chromosomes indicating that the linkage
map obtained in this study is complete, with one linkage group per chromosome [105].
Also, the length of the map is comparable to previously published linkage maps constructed
from other cichlid crosses with closely related species [63, 84, 174]. The linkage map

anchored 662,849,923 bp, representing 69.3% of the M. zebra genome assembly.

3.4.4 QTL for Single Cone Opsins

Using quantitative trait locus mapping, we detected a total of nine significant QTL for
single cone opsin expression- three for SWSI (LG14, LG20 and LG17), three for SWS2B
(LG14, LG20 and LG17) and three for SWS524 (all on LG23) (Fig 3.2). However, the three
SWS24 QTL were likely an artifact of the multiple scan for two reasons: 1) the three loci
on LG23 are in close proximity to each other and not separated by at least one genotyped
marker. 2) the significant signal is driven by just 10 (of the 157 F») individuals showing
less than 2% SWS2A4 expression. Therefore, the SWS24 QTL were removed from
subsequent analysis. Due to the nature of normalization in the single cones and the absence
of SWS2A expression in most F2 hybrids, overlapping QTLs were obtained for both the
SWS1 and SWS2B opsins. The LOD scores, QTL intervals and percent variance in opsin

expression (PVE) explained by each of the QTLs are provided in Table 3.2.
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Genome-wide LOD threshold calculated at a significance of P=0.05 is 3.9 for both the
SWS1 and SWS2B opsins. For the SWS1 opsin, the QTL on LG17, spanning a region of 6.2
cM, is the most significant of the three QTL (LOD= 17.97) (Fig 3.3A). Coincidentally, the
SWS1 opsin gene is located within this QTL interval, suggesting that the SWS1 expression
is cis-regulated. Additionally, this QTL had the largest effect on SWSI expression,
accounting for 31.65% of the variance in F> hybrid expression. The two QTLs on LG14
(LOD= 6.62) and LG20 (LOD= 8.58) are trans QTL explaining 9.8% and 13% variation
in SWSI expression respectively (Fig 3.3A). The SWS2B opsin is located on LGS.
Therefore, all three QTL found in this study are located in frans. Similar to SWS1, LG17
(LOD=17.1) is the largest contributor to SWS2B expression, explaining 31.3% of the
variance (Fig 3.3B). Around 8.7% and 14.6% F» expression variance is explained by the

remaining QTL on LG14 (LOD= 5.68) and LG20 (LOD= 9.04) respectively (Fig 3.3B).

Effect plots for SWS1 show that the two QTLs on LG14 and LG17 are additive with higher
SWS1 expression observed in the F2 hybrids that are homozygous for the M. mbenji alleles
(MM>MA>AA) (Fig. 3.4A). However, the QTL on LG20 shows a dominant pattern of
inheritance with both heterozygotes and 4. baenschi homozygotes showing equal levels of
SWSI expression (MM>MA=AA) (Fig. 13A). Effect plots for SWS2B are identical except
in the opposite direction (LG14 and LG17: MM<MA<AA; LG20: MM<MA=AA (Fig.

3.4B).

3.4.5 QTL for Double Cone Opsins
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The genome-wide LOD thresholds for RH2B, RH2A and LWS opsins are 3.81, 3.91 and
3.78 respectively. For the double cone opsins, we identified a total of six significant QTL:
one for RH2B on LG16 (LOD= 4.97) (Fig. 3.5A); two for RH24 on LG10 (LOD= 6.37)
and LG16 (LOD= 8.27) (Fig. 3.5B); and three for LWS on LG14 (LOD= 6.46), LG10
(LOD= 15.44) and LG16 (LOD= 4.18) (Fig. 3.5C). All of these QTL are in trans to the
double cone opsin genes that are located in two separate tandem arrays on LGS5. Similar to
the single cones, the normalization procedure leads to some degree of autocorrelations
between the expression of the double cone opsins. As a result, we obtain overlapping QTLs
for all the double cone opsins on LG16, and for RH24 and LWS on LG10. It is important
to note that SWS1, SWS2B and LWS opsins have one overlapping QTL on LG14 that is
independent of the normalization, suggesting that genetic cross-talk exists between the

single and double cones (Fig. 3.2).

The LOD scores, QTL intervals and percent variance in opsin expression (PVE) explained
by each of the QTLs are provided in Table 3.3. The double cone opsin QTL on LG16
explain 13.56%, 18.2% and 6.67% of the F> variance in RH2B, RH2A and LWS expression
respectively. While the LWS QTL on LG10 is a major contributor accounting for 29.25%
of the variance in the F> expression, the overlapping RH24 QTL only explains 13.61% of
its variation. Lastly, 10.65% variance in LWS expression is explained by the QTL on

LG14.

Similar to the single cone opsin QTL on LG20, RH2B QTL on LG16 shows dominance,

with equal levels of expression in F» heterozygotes and A. baenschi homozygotes
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(MM<MA=AA) (Fig. 3.6A). While the expression of RH2A opsin on LG10 is additive
(MM<MA<AA), heterozygous genotypes at LG16 have lower levels of RH2A4 expression
than either of the M. mbenji or A. baenschi homozygotes, indicating underdominance

(MM>MA<AA) (Fig. 3.6B). Lastly, the three loci regulating LWS expression on LG14,

LG10 and LGI6 demonstrate underdominance (MM>MA<AA), additivity

(MM>MA>AA) and overdominance (MM<MA>AA) respectively (Fig. 3.6C).

Table 3.2: Summary of QTL for single cone opsin expression in the MA cross.
Opsin LG | location(cM) | LOD PVE 95% BI (cM) 95% BI (markers)
SWS1 17 39.28 17.97 | 31.65 38.02-44.21 RAD 33279 to RAD 39835
SWS1 20 81 8.58 13.04 75.64-85.07 RAD 22102 to RAD 52696
SWS1 14 56.81 6.62 9.77 44.96-95.69 RAD 41335 to RAD_2689
SWS2B 17 39.28 17.09 313 38.02-44.21 RAD 33279 to RAD_39835
SWS2B 20 81 9.04 14.6 75.64-84.86 RAD 22102 to RAD_8560
SWS2B 14 92.5 5.68 8.72 44.97-95.69 RAD 41335 to RAD_2689

Table 3.3: Summary of QTL for double cone opsin expression in the MA cross.

Opsin | LG | location(cM) LOD PVE 95% BI (cM) 95% BI (markers)

RH2B | 16 64.19 4.97 13.56 51.27-71.89 RAD_10047 to RAD_19271
RH24 | 16 67.5 8.27 18.2 51.27-71.89 RAD 10047 to RAD 19271
RH24 | 10 54 6.37 13.61 42.9-54.86 RAD 14019 to RAD 39775
LWS 10 52.91 15.44 | 29.25 48.02-54.63 RAD 45540 to RAD 1385
LWS 14 52.5 6.46 10.65 44.97-56.81 RAD 41335 to RAD 49138
LWS 16 69 4.18 6.66 51.27-71.89 RAD 10047 to RAD 19271
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Fig. 3.1: Linkage map constructed from 157 F2 hybrids of an intergeneric cross between
two species from Lake Malawi. The map includes 1217 markers in 22 linkage groups
spanning 1558.1cM. RAD markers used to construct the map are labeled on the right side
of each linkage group. For sites that have more than one marker, the number of additional
markers at the location are labeled in brackets. Genetic distances in cM are depicted on the
right. The linkage groups are named according to orthologous linkage groups in Tilapia.
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Fig. 3.2: Quantitative trait loci (QTL) mapping in the MA cross. Analysis detected 12
intervals on 5 linkage groups that segregated for the differential expression of opsins
between the two FO species. In the single cones, SWSI and SWS2B have 3 co-localizing
QTLs on LG14, LG17 and LG20. While RH2B in the double cones has only 1 QTL on
LG16, RH2A and LWS share 2 QTL on LG10 and LG16. Single cones and double cone
share 1 QTL on LG14. The opsins in cichlids are present on two chromosomes- LG5
(SWS2B, SWS24, LWS, RH2B, RH2Aa, RH2AL) and LG17 (SWS1).

3.4.6 Candidate genes for opsin expression

The QTL intervals on LGs 14, 20, 17, 16 and 10 each map to distinct regions of the O.
niloticus genome, spanning on average 8 Mb. The Orochromis niloticus genome was used
since the gene annotations in the Tilapia assembly were complete. Except for the SWS1
opsin cis-QTL on LG17, all the other trans-QTL contain numerous genes that potentially
could contribute to the differential expression of the opsins (SWS2B, RH2B, RH2A, LWS).

We have flagged certain genes as the most likely candidates based on their previous
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implication with opsin expression in the TA cross and/or association with photoreceptor

function in other organisms (Table 3.4).
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Fig. 3.3: QTL mapping for SWSI and SWS2B opsins. Horizontal dotted line indicated
genome-wide significance threshold for both opsins. The black line at the bottom of each
QTL indicates the 95% Bayesian credible interval. The asterisk denotes the location of the
most significant marker. A) QTL for SWS1 expression on LG14, LG20 and LG17.

B) QTL for SWS2B expression on LG14, LG20 and LG17.
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Fig 3.4: Mean opsin expression among genotypic classes at each single cone QTL. Effect
plots for each opsin at the marker with the highest LOD score in each QTL. In each plot,
MM: M. mbenji homozygote, AA: A. baenschi homozygote, MA: heterozygote. Error bars
indicate standard deviation. A) SWS1 expression

B) SWS2B expression.
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Fig. 3.5: QTL mapping for RH2B, RH2A and LWS. Horizontal dotted line indicated
genome-wide significance threshold for all opsins at a significance P=0.05. The black line
at the bottom of each QTL indicates the 95% Bayesian credible interval. The asterisk
denotes the location of the most significant marker (highest LOD score) in each QTL.

A) QTL for RH2B expression on LG16.

B) QTL for RH2A4 expression on LG10 and LG16.

C) QTL for LWS expression on LG14, LG10 and LG16.

=
2

RAD_1385 (LG10) RAD_21856 (LG16)

80} +
+

75+

RAD_21856 (LG16)

o)
ik

o -
5 O

+
16+ 5

14

124

Relative RH2B expression
Relative RH2A expression
(>3
Relative RH2A expression
g

(5]
(5]
~
al
1
+

70+

RAD_13062 (LG14) RAD_59215 (LG10) RAD_19271 (LG16)

-

[e)]
1
+

12 +

: +
10- 4\;

8 ;

—
(&)
1
+o-4

—_
T

—
T

N
|
Relative LWS expression
A

Relative LWS expression
+o%
Relative LWS expression

oo
|
4

(o2}
|
I - -
4
o
|

Fig. 3.6: Mean double opsin expression among genotypic classes at each QTL. Effect plots
for each opsin at the marker with the highest LOD score in each QTL. In each plot, MM:
M. mbenji homozygote, AA: A. baenschi homozygote, MA: heterozygote. Error bars
indicate standard deviation.

A) RH2B expression

B) RH2A expression

C) LWS expression.
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Table 3.4: Putative Candidate genes for the differential expression of opsins in all QTLs

except LG17.

Gene Location Accession number | Function Reference
(if
available)

Paired box LG14:3942202 XM _005461712.1 | Involved in neural [175]

protein Pax-3-B development.

Zinc finger LG14:4686207 XM_005454306.1 | Regulates the proliferation of [176]

protein neuro- photoreceptor progenitors

d4

Max-binding LG14: XM _005463727.1 | Transcriptional repressor

protein MNT 14694887 associated with retinitis

pigmentosa.

T-box LG10:5759829 XM 005471922.1 | UV photoreceptor specification | [144]

transcription in zebrafish

factor TBX2b

Retinal guanylyl | LG10:8655640 | XM 003456801.2 | Expressed with the cone cells [177]

cyclase 2 in the retinas of zebrafish

GPCR Kinase 1 | LG10:8655640 XM _003456840.2 | Phosphorylates rhodopsin and | [178]

leads to its deactivation

Rhodopsin LG10:8655640 XM _003438995.2 | Opsin gene expressed in the [179]

rod cells

Nuclear LG20:25027615 | XM _005478044.1 | Interacts with NR2E3 and plays | [180]

Receptor critical role in photoreceptor

Subfamily 1D1 development

For genes without references, all information was obtained from Genecards (http://www.genecards.org/).

3.4.7 SWS1 coding sequence comparison between M. mbenji and A. baenschi

In both grandparents of the MA cross, M. mbenji and A. baenschi, the 5 exons of the SWS1
gene encode a 336-amino acid opsin protein that shows extensive sequence similarity to
the SWS1 encoded by M. zebra (Fig. 3.7). However, the opsins are not completely identical
and differ from each other at 10 amino acid sites. We determined that 2 out of these 10
sites (corresponding to bovine rhodopsin sites 114 and 160) could change the polarity of
the amino acid and thus be spectrally tuning, thereby resulting in subtle distinction in the

spectral sensitivity of the SWSI opsin between the two species.

3.4.8 Cis-regulatory elements important for SWS1 expression
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To test for causative regulatory mutations for the differential expression of SWS/ opsin,
we sequenced approximately 2kb of the promoter of the gene in both M. mbenji and A.
baenschi Fo using overlapping primer sets. We found a 691bp deletion located 751bp
upstream of the start codon of the SWS1 gene in A. baenschi (low SWSI expression) that
was absent in the promoter of M. mbenji (high SWSI expression) (Fig. 3.8). To test if this
region was variable in other cichlid species, we sequenced 17 species from Lake Malawi
with previously characterized opsin profiles. Although nine of the 17-species panel had
low/negligible levels of SWS1 expression, none of the species in the panel had the deletion
in the SWSI promoter. We further analyzed this region for the presence/absence of the
deletion in 29 additional species from Lake Malawi by size using gel-electrophoresis. Only
one of the 29 species tested, Placidochromis milomi, shared the promoter deletion.
Additionally, examination of cichlid genomes sequenced by Malinsky et al., 2017 revealed
that the same deletion was present in three species- Aulonocara stuartgranti,
Placidochromis milomi and Trematocranus placodon [167]. All three of these species have
no/low SWS1 expression. While the Trematocranus individual from our lab did not have
the deletion, the sample from Malinksy et al., 2017 did, suggesting variation between
individuals of a species. This kind of individual variation is not unexpected and has been
previously documented in Malawi cichlids [167]. Finally, neither of the representative
cichlid species from Lake Tanganyika and Lake Victoria nor the two riverine ancestors had

the deletion.

We used mVISTA to perform phylogenetic footprinting of the SWS1 promoter of M. zebra

(lacking the deletion) with orthologous regions from several other teleosts (tilapia,
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stickleback, medaka), including zebrafish. Our results show that the promoter of the SWS1
gene bears a high degree of conservation for two well described elements- a miRNA
(encoded on the strand opposite to that of the SWS/I opsin) and a conserved non-coding
element (CNE) [181, 182] (Fig. 3.9A, B). Both these elements were located within the
region spanning the deletion. /n silico analysis of the CNE predicted several putative
binding sites for transcription factors connected with photoreceptor development in other

systems (Table 3.5).

Using mirBase, we ascertained that the predicted sequence of the miRNA is similar to that
of zebrafish miRNA, dre-mi-729. We used the 3> UTRs of all genes in the Tilapia genome
(O_niloticus UMDI1, GCA _001858045.2), to find prospective targets for miR-729. Out of
the ~28,000 genes predicted in the cichlid genome, we found that the miR-729 could
potentially interact with 1,024 genes. Subsequent filtering of this list based on conserved
roles in photoreceptor development and regulation enabled us to identify six top candidate
genes that could play key roles in modulating opsin expression through their regulation by
miR-729 (Table 3.5).

Table 3.5: Potential targets of miR-729 and transcription factors (TFs) with putative
binding sites in the CNE.

Putative targets of miR-729 Potential binding TFs in the CNE

1. Retinoic acid receptor alpha-A 1. Cone-rod homeobox

2. Retinoic acid receptor RXR-gamma-B 2. Neural Leucine Zipper

3. Cone-rod homeobox 3. Orthodenticle Homeobox

4. Thyroid hormone receptor alpha 4. Microphthalmia-Associated Transcription

5. Homeobox protein SIX2 Factor

6. Thyroid hormone receptor-associated protein 3 | 5. Retina and Anterior Neural Fold Homeobox
6. Visual System Homeobox
7. Ventral Anterior Homeobox
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Fig. 3.7: Comparison of coding sequences between A. baenschi and M. mbenji. Alignment
of coding sequence of SWSI opsin from the two FO of the cross, M. zebra and Bovine
rhodopsin. Gray bars indicate amino acid residues present in the retinal binding pocket that
are predicted to be spectrally tuning. 10 amino acids (indicated by asterisks) are different
between M. mbenji and A. baenschi. 2/10 sites (indicated by the black square) represent
substitutions that cause a change in the physical properties of the site. These two sites could
alter the sensitivity of the SWS1 opsin in A. baenschii relative to M. mbenji. Amino acids
are numbered according to bovine rhodopsin.

3.5 DISCUSSION
In order to unravel the molecular mechanisms underlying the visual diversity in Lake
Malawi cichlids, we utilized an intergeneric cross (M. mbenji X A. baenschi) and reduced

representation sequencing of the F2 genome to find loci linked with cone opsin expression.
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We find a total of 12 QTL regulating the expression of six opsins between the two species,
corresponding to five unique genomic loci. It is possible that the modest size of our F
population restricted our power to detect additional small QTLs with minor effects and also
might have led to an overestimation of the variances explained by the individual QTL
[107]. Although the absolute variances for each QTL might be inflated, we hypothesize
that the relative magnitudes of the identified QTL for each opsin are most likely accurate.
Future fine-mapping with additional F> individuals will help provide more exact estimates

of the absolute variances explained by each QTL.

-1442 bp -751 bp Aulonocara baenschii

_- 691 bp deletion

PROMOTER TSS

Metriaclima mbenji

PROMOTER [
mi-729 CNE

Fig. 3.8: Cis-regulatory mutation in the SWS1 opsin regulates its expression. Schematic
representation of the promoter of the SWS!I gene in both the FO of the cross. Sequencing
revealed a 691bp deletion located 751bp upstream of the translation start site (TSS) of the
opsin in A. baenschii (low SWSI expression) that is absent in the promoter of M. mbenji
(high SWS1 expression). The region spanning the deletion comprises a miRNA miR-729
(transcribed on the strand opposite to that of the opsin) and a conserved non-coding element
(CNE). Change in the expression of SWS1 in both the species is denoted by the black arrow
located to the right of the gene.

3.5.1 Regulation of SWS1 opsin in Lake Malawi Cichlids
QTL mapping revealed three QTLs controlling the differential expression of SWSI- two in

trans on LG14 and LG20, and one located in cis to the SWSI opsin gene on LG17. The cis-
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QTL is the largest of the three QTL spanning a 7Mb region on LG17 with the SWS1 opsin
gene located 20bp from the most significant marker. Finding a QTL located in cis to the
SWS1 opsin is very surprising because results from this study as well as our previous TA

cross suggest that all other opsins are regulated by multiple #rans acting loci [63].

Comparison of the SWSI protein sequences revealed two amino acid differences between
the parental species of the MA cross that could potentially alter the maximal sensitivity of
the opsin. However, based on evidence from previously site-directed mutagenesis analysis,
we theorize that the shift would be very small, shifting the sensitivity of the opsin by just
a few nanometers [48]. Thus, the sensitivity of the visual system would be affected
negligibly by the coding sequence changes, especially when compared to the substantial
shift due to the change in opsin expression from SWSI to SWS2B (~65nm) [49]. While
adult 4. baenschi have no appreciable expression of SWS/ in their retinas, M. mbenji show
high levels of expression [66]. We postulate that the differential expression of SWS1 opsin
is partly due to the cis-regulatory mutation in the SWS1I gene. Specifically, the ~700bp
deletion located in the proximal promoter of A. baenschi leads to the loss of enhancers

needed to drive SWS1 expression.

Our findings indicate that the region spanning the deletion in the SWS/ promoter comprise
a miRNA miR-729 and a non-coding element (CNE) that is highly conserved in nearly 250
million years of teleost evolution. Such extensive conservation points to the functional
importance of both elements to SWSI expression. Exactly how the miR-729 and CNE

modulate the SWS/ gene and its expression in cichlids is still unclear. miRNA’s usually
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bind to the 3’ UTR of genes and work as post-transcriptional repressors [183]. It is possible
that the miR-729 prevents the misexpression of genes in the wrong cone type. For example,
experimental work in mice has shown that Retinoic Acid Receptor Gamma (RXRY)
suppresses S-cone opsin (homologous to SWS1 in teleosts) [91]. RXRY is one of the putative
targets of miR-729 in cichlids. We hypothesize that in M. mbenji (lacking the deletion),
miR-729 works to keep the levels of RXRY low, so that the SWS1 cone opsin expression is
not repressed. In A. baenschi, absence of the miR-729 due to the deletion can lead to high
expression of RXRY, thereby preventing SWSI expression. Some of the putative
transcription factors that can bind to the CNE in cichlids include upstream genes well-
known to be involved with photoreceptor development such as Cone Rod Homeobox (CRX)
and Orthodenticle Homeobox 2 (OTX2). With A. baenschi missing these transcription

factor binding sites, we postulate that its SWS1 expression will be low.

It is interesting to note that some of the predicted targets for miR-729 are the same
transcription factors with putative binding sites in the CNE. All cone cells arise from the
same pool of retinal progenitor cells and it has been shown that the adoption of a specific
cone fate depends on the precisely timed, coordinated and often repeated expression of key
transcription factors [184, 185]. It is possible that the spatial and temporal expression of
miRNA could act as a negative feedback loop and determine a certain cell-fate decision.
Previous work in medaka has shown that the homologous SWSI CNE drives the
coexpression of both the miR-729 and the SWSI opsin in the same cone cells [182]. This
SWS1 cone-specific expression of miR-729 in cichlids will be tested in the future with the

help of reporter constructs. In order to conclusively prove that the miR-729 and CNE play
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arole in moderating SWS1 expression, future studies with CRISPR targets against the miR-

729 and specific sites within the CNE will be carried out.
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Fig. 3.9: Phylogenetic footprinting of the SWSI promoter in teleosts. A) VISTA alignment
of the SWS1 promoter region from tilapia, stickleback, medaka and zebrafish relative to M.
zebra (X-axis) show that both the mi-729 and CNE are conserved among teleosts. Grey
peaks indicate more than 50% conservation in a 50bp sliding windows; the arrow at the
bottom indicates the start site of SWS/ gene. Horizontal grey bar below the X-axis shows
the location of the putative deletion in a few species from Lake Malawi. B) VISTA
comparison of the same region between M. zebra and zebrafish. Grey peaks indicate more
than 25% sequence conservation in 50bp sliding windows. Both the mi-729 and CNE are
marked by black bars below the horizontal axis.

In trying to determine whether the SWS1 promoter deletion was common, we found that
only 4 of 50 species tested in Lake Malawi had the mutation. All species that had the
deletion have low SWS1 levels but all species with low SWS1 expression did not have the
deletion. This is not surprising because we found two other QTL that influence SWS1 opsin
expression in our cross. It is possible that the differential expression of SWS1 is achieved
by other mechanisms that arose in parallel in various species in Lake Malawi. Interestingly,
the species with the deletion were quite disparate and include two species of Aulonocara,
one species of Placidochromis, and one species of Trematocranus. This suggests random
sorting of the deletion into different lineages as occurs for ancestral polymorphisms. None
of the species outside the lake, particularly species from Lake Victoria (P. nyererei) and
Tanganyika (N. brichardi) and the riverine species (O. niloticus and A. burtoni) had the
deletion indicating that the deletion in the SWS/ promoter arose within Lake Malawi and
is likely being shared either by hybridization or sorting through the flock as standing

genetic variation [150, 186]. Future work looking at whole genomes from various species

in each of these lakes will enable us to identify if other species carry the deletion.

3.5.2 Opsin expression in cichlids is controlled by multiple, overlapping QTL
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With the exception of one cis-QTL for SWSI on LG17, our results indicate that most opsins
in cichlids are controlled by trans loci located in genomic regions distant from the opsins.
Being upstream of the immediate genes regulating the trait, frans changes are often thought
to be inefficient because of the widespread and often negative pleiotropic effects achieved
by simultaneously affecting multiple downstream targets [187]. We speculate that in
cichlids, frans mutations might actually be favored for two main reasons. First, evidence
from other organisms points to the existence of Locus Control Regions (LCRs) that
modulate the expression of downstream opsin tandem arrays [93]. These LCRs are usually
driven by multiple frans acting factors operating as switches. By virtue of its sequestered
location (LG17), SWS1 opsin need not be driven by a LCR and thus its promoter might be
susceptible to accumulating cis-changes. Second, closely related species in Lake Malawi
often exhibit coordinated differences in the expression of multiple opsins [120]. Such
synchronized changes can be more easily achieved by a single trans change influencing

multiple downstream opsins as opposed to individual cis mutations in the opsin promoters.

The QTL for single cone (LG14, LG20 and LG17) and double cone opsins (LG10 and
LG16) are co-localized to the same chromosomal regions. Although this might be a direct
outcome of the normalization procedure used in the study, previous in-situ hybridization
work both in the hybrids of the MA cross as well other Malawi species have shown that in
conditions of altered light spectra, both the single cone and double cone opsins are co-
expressed in their respective cell types in certain parts of the retina [55, 66, 103]. Therefore,
it is not unreasonable to hypothesize that at least a few loci controlling their expression

might be shared as well. Co-mapping of a QTL for LWS with 2 QTLs for SWSI and SWS2B
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opsins, independent of the normalization, is striking. Such genetic coupling between the
single and double cone opsins hints at pleiotropic effects, although at this stage multiple
linked genes cannot be ruled out. Future fine-mapping of the shared QTL interval on LG14

will help resolve this issue.

Previously, Castle-Wright estimates based on gene expression levels in the three
generations of the cross (Fo, F1 and F2) suggested that ~8 genes govern differences between
SWS1/SWS2B opsin expression in the MA cross [66]. In the current study, we were able to
detect only 3 of 8 loci for these opsins. Failure to recognize additional loci might be due to
the complex architecture of the single cone opsins including multiple genes with
pleiotropic and epistatic effects along with dominance. For the green-sensitive opsins in
the double cones (RH2A4 and RH2B), we were successful in identifying 3 QTL on LG10
and LG16. This was more than what had been previously predicted from the Castle-Wright
estimator. The LIS opsin exhibits transgressive expression in the F2 generation of this
hybrid cross, which we previously theorized was due to the presence of two loci with
opposing effects in each parent [66]. Subsequent segregation of the alleles with effects in
the same direction leads to F2 offspring with high expression levels. Consistent with our
hypothesis, in the present study we found 3 QTL for LWS opsin with divergent effects.
While the inheritance of M. mbenji alleles in the largest QTL on LG10 increases LWS
expression, the M. mbenji alleles seem to decrease expression in the other QTL on LG14
and LG16. Failure to find the fourth QTL for LWS as projected by the Castle-Wright

estimator might be due to the limitations discussed above.
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Together with our previously published QTL generated from the TA cross, we now have a
total of 23 QTL regulating the differential expression of all six cichlid cone opsin classes.
Of the 23 QTL, two (RH24 and LWS on LG10) replicate between the two studies. Also,
the putative QTL for SWS24 expression on LG23 (which we discarded in this study, for
reasons- see Results) matches the QTL of the same opsin from the TA cross. The common
parental species between the two crosses, 4. baenschi might be the source of these replicate
QTL. Nevertheless, we postulate that QTL results from both the crosses can be combined
for two main reasons- First, different species in Lake Malawi all diverged from a recent
ancestor less than a million years old [80]. This recent evolutionary history resulted in the
maintenance of a high degree of homology between the genomes of different species. Most
cichlid species have similar genomic structure, with contiguous stretches of nearly identical
sequence. Second, standing genetic variation, mostly as ancestrally-inherited
polymorphisms, seems to be an important source for genetic diversity in cichlids [186].
Repeated selection of the same allele independently by different species can lead to shared
genetic mechanisms. Currently, fine-mapping and identification of candidate gene (and
causative mutation) in the QTLs from the TA cross is in progress in the lab. It will be
interesting to see if the same genes can explain the variation in opsin expression in the MA

cross as well.

3.5.3 Candidate genes for differential expression of opsins
All the trans QTL identified in this study correspond to discrete regions in the genome and
contain numerous candidate genes. Although the list provided in Table 3.5 is drastically

condensed, it is the first step towards identifying suitable candidates and also provides a
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point of reference for our fine-mapping efforts. There is the possibility that the differential
expression of the opsins in these regions is being regulated by other factors such as

microRNAs, non-coding RNAs and epigenetic elements that we have not considered here.

One of the candidate genes for LWS expression is T-box Transcription Factor TBX2B,
located in the QTL on LG10. In zebrafish, this gene has been implicated in promoting the
production of SWS1 cone cells by repressing the rod differentiation pathway [144]. Another
good candidate is NEUROD4, a cell cycle regulator gene on LG14 that promotes
photoreceptor fate, while inhibiting other retinal cell fates in zebrafish [176]. Other genes
connected to photoreceptor function thereby making them suitable candidates include
GRK1 on LG10 (phosphorylates the rod opsin leading to its inactivation) [ 1 78], and NR1D1
on LG20 (affects the survival of the S-cones; mutations in this gene lead to increased

sensitivity to blue light in humans) [180].

3.6 CONCLUSION

In this study, we have shown that both cis and trans regulatory changes contribute to the
divergence in photoreceptor sensitivity in African cichlids. Additionally, we uncover a
regulatory deletion in close proximity to the start site of the SWS/ opsin that likely aids its
expression variation in these fishes. This is the second regulatory deletion that we have
identified as possibly playing a role in cichlid opsin expression (see [64] ) suggesting that
indels may be an important source of variation and might contribute to cichlid explosive

radiation.
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Expression of SWS1 opsin in Lake Malawi cichlids is tied to their visual ecology, having
been previously linked to foraging and predatory behavior [58, 59]. Zooplanktivorous
cichlids and algal browsers in Lake Malawi usually have higher SWSI expression than
species that do not rely on plankton for their nourishment. Furthermore, behavioral
evidence in cichlids with SWS1I expression shows that the duration of finding prey is
significantly increased under illumination conditions devoid of ultraviolet input. Finding
the cis-regulatory deletion and other loci controlling its differential expression serves as

the first step towards understanding the adaptive origins of this trait.
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4.1 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, SWSI, in only three days. Modeling quantum catches in the light environments
revealed a possible link between the light available to the 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.
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4.2 BACKGROUND

Phenotypic plasticity is the ability of an individual genotype to produce multiple distinctive
phenotypes in response to varied environmental conditions [5, 7, 188]. 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 [8, 189].

Historically, phenotypic plasticity has been overlooked as being important to adaptive
evolution because it could possibly shelter the genotype from the effects of selection [6,
190]. However, recent theoretical modeling and experimental research has revealed that
under the right conditions, environmentally induced plasticity can promote diversification
and speciation events, such as in adaptive radiations [16, 191-193]. 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 [194, 195]. 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 [196], courtship behavior in sticklebacks [197], life
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history traits in nematodes [198], color morphs in spiders [199] and limb length in Anoles
[200]. 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 [20]. 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 [27, 201] . 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 [26, 202, 203]. This spectral “tuning” of the
photoreceptors to ambient light is ecologically relevant and serves to enhance contrast
detection in visually driven tasks [36]. 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 [35, 39].

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 [21, 204]. These genetic modifications usually take place slowly,
accumulating gradually over evolutionary time [205, 206]. On the other hand, plasticity

induced changes fine tune visual acuity much more rapidly, within the lifetime of the
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organism [207, 208]. Some of these physiological mechanisms include seasonal reversals
in chromophore usage in connection with migration behavior [209] or alterations in the

dietary availability of carotenoids [210, 211].

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 [50, 51, 212]. Across species, opsin
expression variation in African cichlids causes significant differences in spectral
sensitivities between closely related taxa [45, 49]. This differential opsin expression results
in closely related species with huge differences in their visual capabilities and aids cichlid
diversification across all major axes such as habitat, foraging and mating preference [56,
59-61]. Within a single species, opsin expression changes can be hardwired ontogenic
events, often correlated with changes in habitats or foraging behaviors [51]. For example,
cone opsins in riverine Tilapia convert their expression from shorter to longer wavelengths
as the fish grow and reach adulthood. This kind of developmental progression has also been
observed in other fish species such as salmon [213], goatfish [214], eel [215], trout [216],

flounder [217] and black bream [218].

In addition to the 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
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expression was observed in guppies [219] and black bream [31]. Contrary to these results,
rearing conditions had no effect on opsin expression in cave-dwelling mollies [220] and
South American cichlid Aequidens pulcher [221]. Although not tested during development,
adult sticklebacks showed minor plasticity in opsin expression [222]. 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 clear freshwater [212, 223]. Two separate experiments have
documented that killifish show pronounced developmental and adult plasticity in opsin
expression [224, 225]. 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 SWSI 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 [80, 81, 146]. Due to their recent evolutionary history, all cichlid species have
nearly identical sequences for each of their seven corresponding cone opsin genes (SWS1,
SWS2B, SWS2A, RH2B, RH2AfS, RH2Aa and LWS) [46]. Large differences in visual
sensitivities among cichlid species are achieved by changing the complement of expressed
opsin genes [49, 85]. 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.
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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 [50, 63, 66]. 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 [53]. Further, differences in opsin expression were observed
when individual broods were split and raised under different lighting conditions [54]. Also,
developmental plasticity was observed in cichlids with increased L WS expression in dorsal
retinas when fish were raised under upwelling fluorescent light, [55]. 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
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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 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 [50, 123]. 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.

4.3 MATERIALS AND METHODS

4.3.1 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 [97, 152]. Both species occupy similar ecological niches in the
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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
- SWS1 and minor levels of SWS2B expression in the single cones; and RH2B and RH2A
expression in the double cones [49]. When raised under different lighting conditions, a
plastic response in opsin expression has been previously demonstrated in M. mbenji [53].
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 [51]. 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).

4.3.2 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 (BFLR)) and then varied

spectral content (fluorescent vs metal-halide illumination, UV-rich).
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Natural to Narrow

The natural light environment was estimated from measurements taken at Thumbi Island
(14°1'8"S 34°48'53"E) [226]. 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 [227]. 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

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 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.
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4.3.3 Sample collection

Natural to Narrow

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 DAY35
sample had 9 individuals), to look for changes in opsin expression (Fig. 4.1A). 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 . Specimens were euthanized

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

Narrow to Broad

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 (Fig. 4.1B). Samples were

96



collected using the same methods as Natural to Narrow with either 9 or 10 individuals

collected for each treatment.

4.3.4 Quantification of opsin expression
Opsin expression was quantified using formerly described methods [158]. Briefly, RNA
was extracted from dissected retinas using the QIAshredder and RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) and transcribed into cDNA (Superscript II1, 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
RH2Ap 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 [43].
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/ (TswsitTsws2a+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+TrRE28+ T LWS)

To eliminate the effects of normalization to the opsin pool within a cone type, opsin

expression was also normalized to another gene, GNAT?2 [55]. GNAT?2 is the cone-specific
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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/Tonar: = (1+Eanar2) M2 J(1+Ep) <t

where ‘1’ is the cone opsin of interest, EGyar2 and Cignar are the PCR efficiency and critical

number for GNAT? respectively.
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Fig. 4.1: 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.

4.3.5 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 [228]. 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, = [ IMLHRA)dA

where I(A) represents the normalized irradiance spectra of the environment, L(1) is the lens
transmission, and R(A) represents the photoreceptor absorption values at each wavelength
[229]. Since opsin gene sequences and visual pigment peak sensitivities are similar for
different Metriaclima species, the Anax 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 [49]. Lens transmittance was
measured from four lenses of adult lab-reared M. benetos [230]. 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.

4.3.6 Statistical tests
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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.

4.4 RESULTS

4.4.1 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

4.1 and 4.2.

Table 4.1: 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?2).

A) Single cone opsins:

SWSIlasc | SWS1gnar2 | SWS2Biasc | SWS2Bonar2 | SWS2Awasc SWS2AGnar2
DAY3 — 1 0.0088 0.0002* 0.0079* 0.9485 0.7643 0.5786
DAYO0
DAY21 - 0.0583 0.0019* 0.0514 0.9518 0.5309 0.314
DAYO0
DAY35 - 0.0187 0.0091 0.017 0.5947 0.7694 0.6596
DAYO0
DAY21 - 09176 09136 0.9227 0.9999 0.9871 0.9783
DAY3
DAY35 -] 0.9989 0.7571 0.9989 09178 0.9999 0.9998
DAY3
DAY35 -] 0.9628 0.9849 0.9657 09141 0.9903 0.9668
DAY21
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B) Double cone opsins:

RH2Bionc RH2BGnar2 RH2Awwc | RH2AGnar2 | LWSienc LWScnar2
DAY3 — | 0.0049* <0.0001* 0.2139 0.0009* 0.5264 0.996
DAYO0
DAY21 - | 0.8184 0.0026* 0.603 0.0107 0.8444 0.3641
DAYO
DAY35 — | 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
DAY35 - | 0.8874 0.5334 0.9968 0.4413 0.6233 0.8679
DAY3
DAY35 -] 04291 0.9922 0.8439 0.8443 0.9209 0.973
DAY21

Natural to Narrow

When normalized to total opsins in single cones, SWS2B increased significantly within
three days (Fig. 4.2C). While SWS1 decreased within the same period, the change was not
significant (Fig. 4.2A). While no significant changes in SWS2B were observed when
normalized to GNAT2, expression of SWS1 significantly decreased within three days (Fig.
4.2B), indicating that SWSI was downregulated. Following the three-day time period,
SWS1 and SWS2B remained unchanged for the duration of the experiment. No changes in

SWS2A4 were observed, irrespective of the normalization (Fig. 4.3A, B).

When normalized to total opsin in double cones, RH2B decreased significantly after three
days in the lab environment (Fig. 4.3C). Post three days, RH2B remains unchanged. When
normalized to GNAT?2, a significant decrease in expression was observed between DAY0
and both DAY3 as well as DAY21, denoting that RH2B was downregulated as well (Fig.
4.3D). RH2A 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 (Fig. 4.3E). However, when normalized to GNAT2, a significant
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decrease was observed between arrival and both DAY3 (Fig. 4.3F). Regardless of

normalization, no changes in LS were observed in the double cones (Fig. 4.3G, H).

Narrow to Broad
Adult fish show significant changes after treatment for only three days (Fig. 4.4). 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, SWSI 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 (Fig. 4.4A). 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 (Fig. 4.4B). 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 (Fig. 4.4C). However, no significant changes were observed
in SWS2B when normalized to GNAT2 (Fig. 4.4D). In M. benetos, SWS24 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 (Fig. 4.5A).
The GNAT2 normalization showed a significant decrease in SWS24 in UV3 relative to DIM

but the values are extremely small and likely not biologically significant (Fig. 4.5B).

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

significantly higher than both UV3 and UV7 (Fig. 4.4E). Compared to the baseline DIM,
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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. 4.4F). 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 (Fig. 4.5C, E). While no changes were observed in RH2A expression
with GNAT2 normalization, RH2B decreased in BFLR7 and both UV3 and UV7 when

compared to BFLR3 (Fig. 4.5D, F).

4.4.2 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 4.3.

Natural to Narrow

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 (Fig. 4.6A),
quantum catches for double cone pigments (RH2B, RH2AB, RH2Aa, LWS) were about 4
times higher than those for single cones (SWS1, SWS2B, SWS24) (Fig. 4.6B). Owing to
their red-shifted spectra, the difference in quantum catches doubled to about eight times

between the two cone types under fluorescent lights (Fig. 4.6A). Except for SWS1, quantum
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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 SWS1 falls to zero in the UV
deficient lab environment (Table 4.3A). This means that in individuals shifted from the

lake to the lab, the SWS1 photoreceptors in the retina received no stimulation.

Narrow to Broad

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 (~ 100 klux),
the treatment was successful in providing a wider spectrum that stimulated all visual
pigments (Fig. 4.7A). As expected, the fluorescent spectra for both the BFLR and DIM
treatments were shifted heavily to longer wavelengths (Fig. 4.7A). Consequently, the
quantum catches of the double cone pigments were higher than the single cone pigments

(Fig. 4.7B).

Similar to SWSI in the Natural to Narrow experiment, there is zero quantum catch for SWS1
in the DIM treatment (Fig. 4.7B, Table 4.3B). 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 (Fig. 4.7B). Of note, the
quantum catch for LWS 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 4.3B).
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Table 4.2: 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?2).

A) Single cone opsins:

SWSlosc SWS1gnar: | SWS2Biwsc | SWS2Bgnarz2 | SWS2Awsc | SWS2AGnar2
BFLR3 — | 0.8095 0.621 0.8298 0.9163 0.7961 0.9425
DIM
BFLR7 - | 0.0717 0.0277 0.0497 03117 0.148 0.5934
DIM
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 - | 0.5294 0.486 0.4124 0.8189 0.0128 0.9577
BFLR3
Uuv3 — | 0.0444 0.9999 0.0437 0.0841 0.9579 0.0608
BFLR3
uv7 — 1 0.0296 0.0278 0.0277 0.2859 0.9967 0.1322
BFLR3
UvV3- 0.6697 04714 0.7787 0.5371 0.0018* 0.2491
BFLR7
uv7 —10.593 0.6225 0.6997 0.8976 0.0038* 0.4426
BFLR7
UvV7-UV3 | 0.9999 0.0261 0.9999 0.9562 0.9963 0.9928
B) Double cone opsins:

RH2Bioinc RH2Bgnar2 | RH2Awinc RH2AGnar2 | LWSienc LWSGnar2
BFLR3 - | 0.2133 0.0422 0.3249 0.1312 0.9999 0.5949
DIM
BFLR7 - | 0.0173 0.3479 0.9973 0.5904 0.0108 0.0071*
DIM
Uv3 — 1 0.6019 0.8161 0.1609 0.9781 0.5229 0.8749
DIM
uv7 — 1 0.1481 0.5442 0.0139 0.1667 0.2992 0.8259
DIM
BFLR7 — | <0.0001* 0.0002* 0.2036 0.8851 0.02 0.2451
BFLR3
Uuv3 — 1 0.0089 0.003* 0.0015* 0.3905 0.4601 0.1502
BFLR3
uv7 — 1 0.0006* 0.0006* <0.0001* 0.9997 0.256 0.1126
BFLR3
uv3 —10.399 0.9371 0.3163 0.9071 0.0001* 0.0006*
BFLR7
uv7 — 1 0.8631 0.9956 0.0409 0.9381 <0.0001* 0.0003*
BFLR7
UV7  — | 09145 0.9934 0.8758 0.4694 0.9969 0.9999
Uuv3
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Fig. 4.2: Natural to Narrow opsin expression for SWS1 and SWS2B opsins. A) SWSI and
C) SWS2B relative to total single cone expression, B) SWSI and D) SWS2B relative to
GNAT?2 expression. Significant Tukey’s multiple comparisons after Bonferroni corrections
are indicated with an asterisk.

4.5 DISCUSSION

4.5.1 Plasticity in 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. 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
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to find new habitats or from changes in local water clarity from runoff during seasonal
rains or algal blooms.

Table 4.3: 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 5.41E+12 1.71E+12 1.02E+11
RH2B 9.94E+12 3.25E+12 2.13E+11
RH24B* 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
SWS1 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 547E+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 RH2Aa and RH2A opsins, the opsins were
combined in the RT-PCR expression assay.

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 [228]. 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
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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 [225].
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?2 is relatively constant in expression (data
not shown). It has a coefficient 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, GNAT2 normalization suggests that adult animals only decrease SWSI 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 [221]. 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 [231]. 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
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functionality of the phototransduction cascade and kinetics of light response, this seems
unlikely as well [232]. We hypothesize that the plastic differences in expression arise from
the expression of multiple opsins in the same photoreceptor, i.e. co-expression [103].
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 [55]. Since 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 SWSI-SWS2B
axis (ignoring the very low levels of SWS24 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
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rather than intensity played a bigger role in plasticity [53]. In the current study, we showed
that at least for some opsins, namely LS, intensity of light might also play a part (fish in
the BFLR7 treatment have high LWS expression compared to the DIM). Additional
plasticity studies on adult 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.

4.5.2 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 [53]. Also, this is consistent with the developmental
program in Metriaclima that entails an ontogenetic progression from SWS! in larvae to
SWSI1-SWS2B as adults in the single cones but never to SWS24 expression [51]. These

findings suggest that in Lake Malawi cichlid species with short wavelength sensitivities,
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SWS24 is controlled by an independent set of factors that are different from the genetic
factors that co-ordinate both SWS1 and SWS2B. In fact, this hypothesis is supported by data
from a recent hybrid cross in the lab between two genera that express SWS1 and SWS2B
[66]. Since SWS1 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
[212]. Though traditionally debated, it is now accepted that plasticity loci do exist and
studies examining the genetic basis of plasticity have become common [198, 233, 234]. At
present, we have a hybrid cross between a plastic species M. mbenji and a non-plastic
species 4. baenschii [66]. 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.

4.5.3 Comparing developmental and adult plasticity

A summary of what we currently know about developmental and adult plasticity is shown
in Fig. 26. 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
[51, 53, 123, 235]. A comparison of the Natural to Narrow results to the M. benetos lab
developmental series can be informative about how plastic changes in opsin expression are
mediated during adulthood versus during development (Fig. 26 left) Lab-raised M. benetos

larvae (10- 20 days) show the highest levels of SWSI (~95%, M. benetos lab development

111



in Fig. 26). As the larvae grow older in the lab, the levels of SWS/ steadily decrease with
adults (150-180 days) having an average SWS1 closer to 50% (similar to SWS1 in lab-raised
M. mbenji adults, Fig. 26). 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 Fig. 26). Since wild-caught
adult Metriaclima species have high SWSI as adults, it is probable that they retain a

predominance of SWSI 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, SWS1 increased in adult lab-raised fish to 58% (BFLR)
and 67% (UV) in seven days (Fig 26 right). Additional work would establish 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
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catches at a depth of 20m, so it is possible that providing a stronger source of illumination

that offers improved quantum catches for SWSI might produce a stronger plastic response.

4.5.4 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 [219, 236]. Such seasonal changes in water quality
and light attenuation in Lake Malawi have been previously reported [237]. 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 [62, 238].

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 SWSI photoreceptor to perceive light with depth [226]. A fish moving
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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 Metriaclima species in the lake
typically express miniscule amounts of SWS2B and large amounts of SWSI [53]. 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% SWS! in their retinas [235]. 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 SWS1 to SWS2B.

4.5.5 Evolutionary implications of plasticity

Cichlids are famous for their incredibly accelerated adaptive radiation in the African Rift
Lakes [146, 147]. Along with opsin expression as depicted in the present study, plasticity
acts across a broad range of cichlid phenotypes. These include trophic morphology [239],
body shape [240], gill and brain size in response to hypoxia [241], foraging [233] and social
behavior [242]. 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

or allow them to remain plastic [2, 4, 243, 244].
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Ancestral state reconstruction of the African cichlid tree reveals that the ancestral riverine
species that seeded Lake Malawi likely possessed the long opsin combination (SWS24,
RH2B, LWS) [58]. 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 [51]. Additionally, Tilapia seems to
exhibit developmental plasticity, but has lost adult plasticity in opsin expression [245]. 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 [51]. 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 [246, 247] so why preserve the ability to change opsin
expression into adulthood? Moreover, if not utilized, plasticity is likely to be lost through
drift [243]. 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 changed; at times dropping 600m to confine the lake to one 100m deep pool,
and at other times filling to 200m above current levels [248]. 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
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the lake of today [249]. 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 [243, 247]. It seems likely then that Lake Malawi

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

4.6 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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Fig. 4.3: Natural to Narrow opsin expression for SWS24, RH2B, RH2A and LWS opsins.
A) SWS2A relative to total single cone expression; C) RH2B, E) RH2A4 and G) LWS relative
to total double cone expression. B) SWS24, D) RH2B, F) RH2A4, and H) LWS relative to
GNAT? expression. Statistics are Tukey’s multiple comparison of means with *p<0.05 and
*#p<0.01.
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Fig. 4.4: Narrow to Broad opsin expression for SWS1, SWS2B and LWS opsins. A) SWS1
C) SWS2B and E) LWS relative to total double cone expression, as compared to B) SWS/
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comparisons after Bonferroni corrections are indicated with an asterisk. BFLR3/7- Bright
fluorescent environment Day 3/Day7, UV3/7 — Metal halide UV-rich environment Day
3/Day 7.
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Chapter 5: A second gene contributing to the differential expression of SWS24
expression in Lake Malawi cichlids.

Nandamuri SP, Schulte JE, Sandkam BA, Conte MA and Carleton KL (In progress)
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5.1 ABSTRACT

African cichlids provide an ideal platform for studying the genes responsible for species
divergence. These highly speciose fishes exhibit substantial variation in the expression of
seven distinct cone opsin genes. Each species expresses a subset of the seven genes leading
to extensive diversity in their visual sensitivities. In a genetic cross between two Lake
Malawi cichlid species with varying visual palettes, we previously identified two
quantitative trait loci (QTLs) responsible for the differential expression of the SWS24 opsin
gene. Using fine-mapping and RNA-seq in retinal transcriptomes, we identified that RX/
gene on LG23 is the causative gene for the first QTL. The present study focuses on the
second QTL on LGS with the aim of finding the second causative factor. Following fine-
mapping, we identify three potential candidate genes based on differential expression in
the parents of the cross and their functionality in photoreceptors. We present evidence for

the likelihood of each candidate being responsible for the divergence in SWS24 expression.
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5.2 BACKGROUND

A major challenge in evolutionary biology is comprehending how naturally occurring
variation in DNA translates to phenotypic diversity. Most of the studies that try to connect
genotype to phenotype for complex traits rely on linkage or association studies and mainly
focus on estimating the effects at single loci. However, every gene works as part of a larger
gene network and phenotypic variation could result, at least in part from a perturbation of
highly dynamic and interconnected nodes within this network. Understanding how genes
within this network are located, connected and work together to modulate the phenotype is
critical step towards dissecting the genetic architecture of complex traits [250]. This
information is crucial towards understanding how the trait responds to evolutionary forces

such as drift/natural selection.

Sensory systems, such as vision serves as an interface between an organism and its
environment, relaying useful information important for its survival and well-being.
Animals have to adapt to their photic environments to succeed at a variety of fitness-related
tasks such as foraging, communication, predator evasion and mate selection [24, 25, 251].
Visual pigments in the photoreceptors facilitate the beginning of visual perception, being
composed of a transmembrane protein, the opsin and a vitamin-A derived chromophore
[20]. Isomerization of the chromophore by light quanta leads to the activation of the opsin
molecule, resulting in a visual transduction cascade that is ultimately perceived as neural
output. Extensive work in model organisms has finely elucidated the genetic mechanisms
by which multipotent precursor cells differentiate into retinal cells/subtypes [86, 87, 252,

253]. Particularly, molecular details of gene regulatory networks underlying photoreceptor
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development have been well established [254-256]. These studies show that the
photoreceptor differentiation network has a highly intricate and complex architecture.
However, most of these network studies have been carried out in mice that have rod-
dominated retinas. Consequently, genes underlying the development of cone
photoreceptors remain under-studied. Additionally, most studies using lab models are
limited to in-bred lab-reared populations and thus do not present an accurate picture of the

genetic variants segregating in natural populations.

For this work, we aim to elucidate the gene networks underlying cone photoreceptors in
African cichlids, which are a group of highly speciose freshwater fishes [79]. Incredibly
expedited parallel radiations of cichlids, comprising several thousands of species, have
arisen in the three main African rift lakes- Malawi, Tanganyika and Victoria in the last few
million years [81, 146, 147]. The recent divergence of cichlids makes it possible to generate
viable crosses among species and even between genera [50, 84, 124]. Due to their recent
evolutionary history, key polymorphisms are likely to be shared between species [80]. This

makes it possible to find underlying causal mutations by association mapping.

African cichlids have some of the most variable visual sensitivities among vertebrates [49,
50, 85,257, 258]. All cichlids have seven cone opsin genes that are representative from the
four vertebrate cone classes (SWS1, SWS2, RH2 and LWS) [43]. Individual species
express a subset of the seven cone opsin genes in their retinas, leading to huge differences

in the visual sensitivities between species [49]. This variation in opsin expression is
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adaptive and aids visual communication for critical tasks such as finding food and potential

mates [59, 62].

To identify genes responsible for regulating the differential expression of SWS24 opsin,
we focus on a previously reported genetic cross between two sand-dwelling Lake Malawi
cichlid species - Tramitochromis intermedius and Aulonocara baenschi, (TA cross) [50].
A. baenschi and T. intermedius have different opsin expression profiles, with species
expressing SWS2B or SWS2A opsins in their single cones respectively. A genome-wide
quantitative trait locus (QTL) study used restriction-associated DNA sequencing (RAD-
seq) on the F2 hybrids of the TA cross to examine the differential expression of SWS24
cone opsin [63]. This yielded two QTL- one on LG23 and the other on LG5. The QTL on
LG23 is the larger (LOD= 25.7) of the two QTL and explains nearly 30% of the variation
in SWS24 expression among the F2 progeny. Recently published results suggest that
Retinal anterior neural fold homeobox-1 (RXI) is the candidate gene on LG23 [64]. The
RX1 gene is differentially expressed between the parents of the cross and is correlated in
five cichlid species with sequenced genomes (R?=0.64). A ~400bp deletion in the promoter
located 2.5kb upstream of the start site was implicated as the causative mutation.
Quantitative PCR analysis has shown that the presence of the deletion is correlated with
decreased RX1 expression, consequently decreasing SWS2A expression in most, if not all
Lake Malawi cichlids. Specifically, the deletion explains 62% of the variation among 53

species tested.
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The primary goal of this study is to evaluate candidate genes and identify the causative
mutation contributing to differential SWS24 expression on LGS5. This would complete the
picture of SWS24 regulation in the retinas of African cichlids. Additionally, it would
provide a peek into the under-studied cone photoreceptor specification network in a

naturally occurring population.

5.3 MATERIALS AND METHODS

5.3.1 Ethics statement and sampling

All animals used in this work were bred and collected as part as several other previously
published studies. In each case, animal procedures were approved by the Institutional
Animal Care and Use Committee of University of Maryland, College Park (protocol R-09-
73). All the cichlids used in the study were sexually mature adults (>6 months) and were
sacrificed with a lethal dose of 250mg/L buffered MS-222. Retinas and fin clips were
dissected from the euthanized animals and stored at -20° in RNAlater and 100% ethanol
respectively. To maintain consistency, all dissections were performed at the same time of

the day.

5.3.2 Fine-mapping of LG5 QTL

Following previous methods, F2 hybrids (n=304) from the TA cross were genotyped using
27 microsatellite markers interspersed at regular intervals on LG5 (linkage groups are
numbered according to the riverine ancestor Oreochromis niloticus, which has a high
quality genome assembly) [64]. The microsatellite markers were designed using the

Metriaclima zebra Broad assembly which is the most closely related genome to the parents

129



of the TA cross and is the reference genome for Lake Malawi cichlids [152]. DNA from
the fin clips of F2 hybrids was extracted using Qiagen DNeasy Blood and Tissue Kit
adopting manufacturer’s protocol. After PCR amplification, genotyping reactions were run
on an Applied Biosystems 3730x] and genotypes were inferred using ABI Genemapper
software. Single marker regression analysis (association between marker genotype and

opsin expression) were performed with a significance level P <0.05 in R.

5.3.3 Retinal transcriptomes

Retinal transcriptomes from the five Broad genomes and the parents were analyzed to
further evaluate candidate genes. This was based on the assumption that potential
candidates would be differentially expressed between the parents of the cross and also
correlated with SWS24 expression across the five cichlid species- Oreochromis niloticus
(riverine ancestor), Astatotilapia burtoni (riverine), Neolamprologus brichardi (Lake
Tanganyika), Pundamilia nyererei (Lake Victoria) and Metriaclima zebra (Lake Malawi).
While three of the five reference species- 4. burtoni, P. nyererei and O. niloticus have high
SWS24 expression, M. zebra and N. brichardi have SWSI expression with no significant
expression of SWS2A in their retinas. The construction and assembly of the retinal
transcriptomes from the parental species was described earlier in Schulte et al, 2014 [64].
Succinctly, pooled retinal libraries from two 7. intermedius and four A. baenschi were
sequenced on an Illumina HiSeq 1000. Transciptome reads were aligned against the M.
zebra genome and analyzed using Cufflinks and Cuffdiff to determine FPKM values for
each of the NCBI Refseq gene models from O. niloticus. Retinal transcripts from the F1

hybrid of the TA cross were also constructed using these methods.
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For genes within the 95% confidence interval of the QTL on LGS, correlation coefficients
(R) with SWS2A4 across the five cichlid genomes were calculated. Similarly differential
expression for each of the genes within this region defined as the ratio of expression (F)
between the parents (7.intermedius/A. baenschi if T>A or A.baenschi/T.intermedius if

A>T) were calculated to assess the best candidates.

5.3.4 Quantitative PCR of candidate genes

Dual-labelled Tagman primers and probes specific to MITFA, BHE40, FOXP1B, GNAT?2
and SWS2A4 were used to perform quantitative real-time PCR in the F2 hybrids of the TA
cross (n =30). Expression of each gene was normalized to the expression of a housekeeping
gene, GNAT2 - the cone specific alpha subunit of transducin, which as part of the
photoreceptor transduction cascade is consistently highly expressed in the cone cells of the
retina [67]. RNA was extracted from dissected F2 retinas (n=30) using the Qiagen
QIAshredder and RNeasy Mini Kit and transcribed into cDNA with Invitrogen Superscript
III following manufacturer instructions. 0.5ul of cDNA from each sample was quantified
on a Roche Light cycler 480 for 40 cycles [95°C (10s)/ 55°C (30s)/ 65°C (60s)]. Expression
relative to GNAT2 was calculated (in percentage) as:

Ti/Tonarz = (1+Eanarz) V12 J(1+E;) Y

where E; is the PCR efficiency and Cy is the critical cycle number for each gene calculated
from replicate RT-PCR reactions respectively. RT-PCR primers and probes are listed in

Table 5.1.
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5.3.5 Comparisons of coding sequences of candidate genes

The coding sequences for each of the candidate genes, BHE40, MITFA and FOXP1B were
obtained from the A. baenschi and T. intermedius transcriptomes. After translation using
the Expasy tool, the amino acid sequences of each gene were aligned using Clustalw before
making comparisons [165, 259]. Attention was paid to sites located within the annotated

functional domains of each transcription factor.

Table 5.1: Tagman primer and probe sequences for the candidates on LGS and
housekeeping gene GNAT?2.

Gene Forward Primer 5°-3’ Reverse Primer 5°-3’ Probe 5°-3’

MITFA GAAGACGGAGATTCA | GGCTTTCAGAATAGT | TACCCAAGTCAAATGATCCA
ACATCAATG GCCCTTATT GACATGCG

BHE40 AAGAGACGCGACAG | CCCAGCGTTGTAAGC | TGCATTGCCCAACTGAAAGA
AATAAACGA TTAAGATG TTTATTGCC

FOXPIB | CGGCACCGCCAAAGA | TGGATCCTTCTCTCT | AACCAGCATGCCTCCACCAA

AC TGTGACTCA CGG
GNAT2 CCAAGAAGATGCTGA | AACGATGGTGCTCTT | TCAAGCTATTACTGCTTGGT
TAAGGAGTCT CCCC GCTGGTGAGTC

5.3.6 Transcription factor binding site and allele-specific expression
Promoters (5 kb upstream of the start site) flanking the SWS2A4 opsin and the neighboring
SWS2B and LWS opsins on LG5 as well the RX7 gene on LG23 were inspected for binding

sites for FOXPIB, MITFA and BHE4( transcription factors.

If cis-acting mutations of the candidate genes are responsible for their differences in

expression, then differential expression of 4. baenschi and T. intermedius alleles should

persist in a common trans environment in the F1 hybrid [137]. To test this, we identified
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polymorphic sites in the coding sequence of two candidate genes, MITFA and BHE40 in
the F1 hybrid transcripts. The coverage ratio of the SNPs corresponding to the A. baenschi
and 7. intermedius allele in the F1 hybrids was compared to the ratio of coverage at the
same site in the FO parents to get the relative contribution of cis and trans regulation for

each candidate gene. This can be calculated from

where A and T is the relative expression of the 4. baenschi or T. intermedius alleles and

the subscript indicates where the expression is measured in the FO or F1 generation.

5.3.7 Sequencing parental genomes of TA cross

Whole genomes of two T. intermedius and two A. baenschi individuals were sequenced to
identify candidate genes on LG5 that might contribute to the differences in SWS24
expression. High molecular weight DNA was extracted from fin clips using the Qiagen
DNeasy Blood and Tissue Kit. DNA concentration was quantified by fluorescence
spectrophotometry and normalized for library preparation. Sequencing libraries for each
species were constructed from pooled DNA of both individuals using the Illumina TruSeq
DNA Sample Prep Kit. During construction, the pooled DNA was sheared to ~550bp using
a Covaris Shearer and each individual within a library was indexed separately. A full lane
of 100bp paired-end sequencing was performed for each species on an Illumina HiSeq

1500.
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After quality checks and filtering with FastQC, raw reads from both lanes were pooled
together and trimmed using Trimmomatic (version 0.33) with the following parameters:
ILLUMINACLIP:TruSeq2PE.fa:2:30:10:SLIDINGWINDOW:4LEADING: 10TRAILING:

10 CROP:100 HEADCROP:0 AVGQUAL:20 MINLEN:80 [260]. The trimmed reads were
aligned to the M.zebra reference genome using the default settings on BWA mem (version
0.7.12) [161, 261]. Duplicates were marked and sorted with Picard (version 2.1.0) and
assembly accuracy metrics were calculated using MgsMetrics. Species alignments were
viewed in IGV and edited manually in Geneious (version 11.0.5) before evaluating

consensus sequences [ 166, 262].

5.3.8 Sequencing the MITFA gene

The promoter and introns of the MITFA gene was Sanger sequenced with overlapping
primer sets in both the parents of the cross as well in a panel of 16 species from Lake
Malawi with previously characterized opsin expression profiles [64]. The primers were
designed based on M. zebra genome and are provided in Table 5.2 [152]. DNA from each
sample was PCR amplified and sequenced using Applied Biosystems Big Dye Terminators
following size selection by gel-electrophoresis on a ABI 3730x1. Species comparisons were

made after assembling the sequences for all the primers and editing manually.

A previously generated Lake Malawi specific repeat sequence database was used to inspect
the sequence content of the insertion in the MITFA gene. This database was constructed by
combining consensus repeat sequences generated by RepeatModeler (version open- 1.0.8)

on the M. zebra genome with the Repbase RepeatMasker library version 20140131 [161,
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263]. The insertion was blasted against this database to identify any potential transposable

elements.

5.3.9 Two locus interaction analysis

To understand how RX/ and MITFA genes might work together to modulate the expression
of SWS24 opsin, F2 hybrids (n=120) of the TA cross were genotyped for the deletion (~
413bp) in the RX] and insertion (~1400bp) in the MITFA locus respectively. Following
PCR amplification with primers flanking both mutations, each F2 hybrid was genotyped at
both loci by size using gel electrophoresis. Subsequently, the interaction between the RX1
gene (LG23) and the MITF gene (LGS5) was tested by plotting the genotypes at both the

loci with SWS2A4 expression.

Similarly, an additional 35 species from Lake Malawi (with previously quantified opsin
expression) were genotyped for the presence or absence of the insertion in the promoter of
the MITFA gene. These genotypes were combined with the RX7 deletion genotypes for the
same species from Schulte et al., 2014 and placed in the context of a species tree of Lake

Malawi [64].

5.4 RESULTS AND DISCUSSION

5.4.1 Fine-mapping of LG5 QTL and identification of candidate genes

The QTL on LGS is the smaller of the two QTLs regulating SWS24 expression in the TA
cross. Since the QTL is located ~720kb (~1 cM) away from the SWS2A4-SWS2B-LWS

tandem array on LGS, we speculate that it most likely is acting in ¢rans to the opsin. This
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QTL was fine-mapped with 27 microsatellite markers spanning 28Mb in 302 F2 hybrids.
The 95% confidence interval mapped to a 3.6 Mb region that also includes the SWS24-
SWS2B-LWS opsin array. Even though the opsin genes are in the 95% confidence interval,
previous studies have concluded that the proximal promoters of the opsins are mostly
conserved and thus could not explain the expression differences [96]. The most significant
marker 41846 having a LOD score of 10.55 and explains 13.56% of the variation in
expression of SWS24 in the F2 progeny.

12
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Fig. 5.1: Fine-mapping of the QTL on LGS. The QTL on LG5 was fine-mapped with
microsatellite markers (indicated by the dots). The significance of association for each
marker with SWS2A opsin (blue trace) and SWS2B opsin (yellow trace) is shown. The
dotted horizontal line indicates the 95% confidence interval of the QTL. The relative
distance in ¢cM anchored to the Tilapia genome assembly is given on the x-axis. The
candidate genes BHE40, MITFA, FOXPIB and the SWS24-SWS2B-LWS opsin tandem
array are all located in the 95% CI of the QTL. The + sign indicates the location of the
genes.
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Table 5.2: Sequencing primers for MITFA gene and promoter.

Primer Name | Forward primer 5°-3° Reverse Primer 5°-3°

MITF-P1 AGACAGGTGTCTGTGAACGTG CGGAAATATTTGTGGGTGCT
MITF-P2 AAAGGCTGGACTCTGCAGTTA GCGAGTCAGTAGCAGAAGTACAGTAG
MITF-P3 CATCTCATGTGACGGCCACT CCTTGTTGGTGCAAACGTATT
MITF-P4 AATACGTTTGCACCAACAAGG GTGACCCCTTATTGGCCCTT
MITF-P5 TGCTGTTTCCCCATCTTTGT GCTTGCTTAAGGCCAACTAACA
MITF-P6 TGTGTTTTGGGTGTTCAGAACA ACGTGCTTGCTTTGCAACAT
MITF-P7 GTTGGACAGGTGCTGAAATGT ACATCGTCGTTGTAGCTTGAC
MITF-P8 AGACAGAAGAAGGACAACCACA | TACGCAACATGAGATGCCGA
MITF-codingl | TGCTGGAGATGCTTGAATACAG | TCTCACAGTTGGTGCTGAGG
MITF-coding2 | AGCAGTGCACCCAATAGTCC TCGTCGTTGTAGCTTGACTCC

Based on the 95% confidence interval, candidate genes in the 3.6 Mb region on LG5 were
explored using retinal transcriptomes of both the parents of the TA cross as well as the five
cichlid genomes. The critical 3.6Mb interval contained a total of 106 genes including the
SWS2A-SWS2B-LWS opsin array. Out of these 106 genes, the best candidates were filtered
based on two criteria. First, the gene was differentially expressed by more than two-fold
between the two grandparents- A. baenschi and T. intermedius. Second, expression of the
gene was highly correlated (>30%) in the five Broad genomes [152]. This approach
reduced the candidate list to 11 genes that were both differentially expressed in the cross
and highly correlated across the Broad genomes. The list of these 11 genes including their
functions are given in Table 5.3. Only three of the 11 genes are transcription factors with
known roles in retinal regulation and development. These three genes include Basic Helix-
loop-Helix 40 (BHE40), Microphthalmia-Associated Transcription Factor-A (MITFA) and
Forkhead Box PI1-B (FOXPI1B). Both BHE40 and MITFA belong to a large family of basic
helix-loop helix transcription factors that have conserved roles in retina embryogenesis in

mice and zebrafish [264-266]. FOXP]I transcription factors have been shown to mediate
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cell cycle control in retinal precursor cells and also moderate cell fate determination during
retinal development [267, 268]. Given the established role of these transcription factors in

the retina, we focused our further efforts on these three genes.

Table 5.3: List of genes in the 95% CI on LG5 that were differentially expressed between
the FO of the cross and correlated with SWS24 expression.

Name of gene Function

Phosphatase 1 regulatory subunit 3D | Participates in glycogen metabolism and protein synthesis.

Basic Helix-loop-Helix 40 Retina embryogenesis

Bactericidal permeability increasing | Endogenous antibiotic protein

proteinl

Forkhead Box P1-B Cell cycle control in retinal precursor cells
Contactin-4 Cell-adhesion molecules for neural network formation.

Macrophage stimulating 1- Receptor | Involved in immune response and host defense.

Sulfatase Sulf-2 Co-receptors for growth factors and cytokines and involved in
cell-signalling.

Ubiquitin CYLD Regulation of microtubule dynamics

Cadherin 26 Cell-adhesion molecules associated with cell migration.

G-protein coupled receptor 22 Regulates cilia length in Kupffer’s vesicle.

GATA-binding factor 2 Proliferation of hematopoietic and endocrine cell lineages.

For genes, all information was obtained from Genecards (http://www.genecards.org/).

5.4.2 Coding sequences of candidate genes

The three candidate genes identified in the study are transcription factors with well-
conserved roles in other aspects of development and physiology. For example, while
BHEA40 plays a role in the circadian cycle regulating the activity of the clock genes, MITF
is well-known to be involved in melanocyte and retinal pigmented epithelium regulation
[269, 270]. FOXPI transcription factors are ubiquitous in development, being involved in
the differentiation of the lung epithelium and proliferation of cardiac cells and spinal motor
neurons among many others [271, 272]. As such, any coding sequence mutations in these

genes might be detrimental to the survival of the organism.
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Comparisons of the 4. baenschi and T. intermedius amino acid sequences for each of the
three genes showed that a few sites do vary between the two species. Nevertheless, the
major functional domains of the transcription factors were fully conserved between them.
Thus, we suspect that the three candidate transcription factors are fully operative in the

retinas of both the species.

5.4.3 Correlation between candidate genes and SWS2A expression

In addition to being associated with SWS2A4 expression in the transcriptomes, the “best”
candidate gene mediating its expression would also be correlated in the hybrids of the TA
cross. We used real-time PCR to test the expression of each of the three candidates
(normalized to cone-specific housekeeping gene GNAT2) with SWS2A expression in 30 F2
progeny. Of the three genes, only BHE4(0 showed a significant positive correlation with
SWS24 expression (R?= 0.26). Both FOXPIB (R*= 0.013) and MITFA (R*= 0.005) were
not correlated (Fig. 5.1). Since the causative gene should be correlated with SWS24 in the

F2, this points to BHE4(0 as the best candidate.

5.4.4 Transcription factor binding analysis and Allele specific expression

We searched the promoters of the SWS2A4-SWS2B-LWS (approximately 5kb upstream to
the end of the array) opsin array in M. zebra for potential binding sites for the three
candidate transcription factors. The promoter of the LWS opsin was also considered as a

control.

139



S y = 0.0004x + 0.5705
7] ® R*2 =0.01323
N 4
o
o
x
(0]
@ 31
N
S 2
g ®
(0]
= e
T 1 & o ‘_ - _e
[0} P -— e, - - - - = -— es w» en o o -‘_
04 ([ - ®
0 lr. . T ... T . .l. . . T T .l T 1
0 100 200 300 400 500 600 700 800 900
Relative SWS2A expression
0.8-
S . y = 5e-05x + 0.1834
- RA2 = 0.00462
® 0.6- b
O.
x
: 0.51
'r:" 0.4 o
% 0.3-
= @ e ©
T2 o e e e == = ——— = = = — —
& o * o s
019%%° ¢ %y o° e g
0 1 1 ] T 1 ] T Ll 1
0 100 200 300 400 500 600 700 800 900
Relative SWS2A expression
51 y = 0.0022x + 0.6951
c R”2 = 0.26293
S .
2 41
8 ®
0.
X
O 34
S o ® o
LIU . e -0 -~
@ 21 ® © - -
2 == e ¢
E 19 - - - ®
0 R ° o0
@ o @ [
Y . ® ° P 0
0 100 200 300 400 500 600 700 800 900

Relative SWS2A expression

Fig. 5.2: Quantitative PCR of the three best candidate genes on LGS. Of the three
candidates on LG5, only BHE4(0 shows a positive correlation with SWS24 expression with
F2 hybrids (n=30) from the cross. Expression of all candidates has been normalized to
cone-specific housekeeping gene GNAT?2.
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Of the three candidates, FOXPIB (CGATACAA/AAGACAAC/AACACAAC) had the
least number of putative binding sites with only one site in the promoter of the SWS2B
opsin. BHE40 (CACGTG/CACGCG/CACGAGQG) had three potential binding sites, with the
SWS24 and SWS2B promoters having one and two binding sites respectively. The SWS2A4
promoter was enriched for MITFA (CACGTG/CATGTTG/TCATGTG) binding sites with
three in the promoter. The SWS2B opsin, on the other hand, had two possible MITFA

binding sites in the promoter.

Allele-specific expression calculations indicate that 100% of MITFA regulation exists in
cis-configuration. However, the differential expression of BHE4(0 between the two parents
of the cross does not persist in the common #rans environment in the F1 hybrid, with only
18.6% of the gene in cis-regulation. Since any variation in the expression of a causative
transcription factor in the QTL must occur in cis to that gene, this suggests that MITFA

could be the better candidate.

5.4.5 Comparisons of cis-regulatory sequences of the candidate genes

We sequenced the genomes of the grandparents, 7. intermedius and A. baenschi of the cross
to look for regulatory changes in the candidate genes. After Illumina sequencing, whole
genomes from both species were mapped onto the M. zebra reference genome. While the
two individuals of 7. intermedius had a coverage of 13.04X +9.32 and 12.92X + 9.07, the
two A. baenschi sequenced had 10.96x +7.83 and 9.06X +6.68 coverage respectively.
Around 5kb of the promoter upstream of the start site, all introns and 2kb of the 3> UTR

was compared for each of the three genes.
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The region of the genome encompassing BHE4(0 had very low coverage in both species. A
closer examination revealed that this region had low coverage even in the reference
genome. Consequently, large gaps in sequence information were observed around this
candidate, especially in the introns and 3’ UTR of the gene in both the species, making
species comparisons difficult. We were therefore unable to assess promoter variation.
Further work will be required to use Sanger sequencing to target this region. For the
MITFA gene, no large-scale differences between the two species were observed in either
the promoter or the 3° UTRs. However, the 1% intron of the gene showed misassembly of
sequences belonging to other linkage groups in 7. intermedius. This misassembly was

absent from both the reference M. zebra and A. baenschi.

5.4.6 An indel in the intron of MITFA is associated with SWS52A expression

In order to understand the discrepancy in the T. intermedius sequences in the 1% intron of
the MITFA gene, the region was Sanger sequenced in both parents of the cross with
overlapping primer sets. Sequencing analysis revealed a ~ 1400bp insertion in the first
intron of the MITFA gene that was present exclusively in all the 7. intermedius grandfathers
and absent in 4. baenschi grandmothers of the cross (Fig. 5.2). We then sequenced this
region in a Lake Malawi cichlid panel comprising 16 species with previously quantified
opsin expression profiles. A good association of allele size and opsin expression was
observed among the panel. Similar to Tramitochromis, most species that have the insertion

have high SWS2A4 opsin expression.
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Aulonocara baenschii

PROMOTER TSS SWS2A

Tramitochromis intermedius

1st INTRON

PROMOTER TSS A SWS2A

1400 bp insertion

Fig. 5.3: Insertion in the first intron of the MITFA gene. Schematic representation of the
MITFA gene in both the FO of the TA cross. Sequencing revealed a 1400bp insertion
located in the first intron of the MITFA gene in T. intermedius. This indel was correlated
with increased MITFA expression causing an increase in SWS2A4 expression. The mutation
is absent in A. baenschi.

The indel is restricted to Lake Malawi species and is absent from the riverine ancestor
Tilapia or genomes of representative species from the other lakes. A closer inspection of
the sequence content in the insertion using the cichlid-specific Repbase library revealed
that it is highly repetitive and made up of two nested transposable elements, specifically a

REX-LINE (REX-1) element overlapped on either side by a transposable element of

unknown origin (rnd-4_family 286).

5.4.7 Interaction between MITFA and RX1

We then analyzed the RX/ deletion and the MITFA insertion genotypes in 120 F2
individuals of the TA cross by size using gel electrophoresis. When based on size of
fragment, the presence of the RX/ deletion causes a smaller fragment (designated as the S
allele) and the presence of the MITFA insertion results in a larger fragment (L allele) on

the gel. This analysis revealed that the two genes work together to modulate the expression
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of the SWS524 opsin, with the RX7 locus exerting a stronger effect. Specifically, both genes
have an additive effect on SWS2A4 expression. Absence of the deletion in RX7 promoter (L
allele) and the presence of the insertion in the first intron of the MITFA gene (L allele)
seems to increase the expression of SWS24 in the F2 progeny (Fig. 5.3). The two-way-
genotype table with the average expression for each genotype at both loci is provided in

Table 5.4.

Table 5.4: Two-way genotype table with average expression of SWS524 for each genotype
at both MITFA and RX1 loci in the F2 hybrids.

MITFA L/L MITFA L/S MITFA S/S
RXI L/L 80.7 64.56 41
RXI'L/S 48.18 28.68 10.63
RX1 S/S 27.9 11.91 24

The same process was repeated for 53 Lake Malawi species whose opsin expression
profiles are already known. In most species, presence of long (L) allele in both the genes
seems to enhance the expression of SWS24, with species homozygous for the L allele at
both loci having the highest SWS2A4 opsin expression among species in the lake (Fig. 5.4).
However, this analysis is incomplete because of the absence of species that are
heterozygous for the RX/ deletion. Future genotyping of additional species that are
heterozygous for the RX1 deletion but homozygous for the presence or absence of MITFA
insertion will help make the relationship much clearer. None of the basal species in Lake
Malawi and species outside the lake tested positive for the MITFA insertion. The two-locus

interaction for the species panel is provided in Table 5.5.
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Table 5.5: Two-way genotype table with average expression of SWS24 for each genotype
at both MITFA and RX1 loci in the Lake Malawi species panel. While MITFA is located on
LGS, RX1 is positioned on LG23. The number of species for each genotype group are given

in brackets.

MITFA L/L MITFA L/S MITFA S/S
RXIL/L 68.5 (5) 83.01 (1) 15.48 (2)
RXI L/S (0) 56.89 (3) (0)
RXI S/S 5.11 (10) 4.85(7) 4.88 (25)
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Fig. 5.4: Both MITFA and RXI work together to modulate the expression of SWS2A4. The
RX1 locus on LG23 and MITFA gene on LGS work additively to modulate the expression
of SWS24 opsin in the F2 hybrids of the TA cross. F2 progeny homozygous for the absence
of deletion at the RX7 locus (L/L) and the presence of the insertion in the MITFA gene have
the highest SWS2A expression. Based on size using gel electrophoresis- L/L: homozygous
long fragment S/S: homozygous short fragment L/S: heterozygotes.
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Astatotilapia burtoni T
Pundamilia nyererei T
Rhamphochromis esox T
Tropheops sp. broad mouth
Tropheaps sp. orange chest
Tropheops sp. red cheek
Tropheops gradilior
Pseudotropheus microstomna
Pseudotropheus heteropictus
Petrotilapia nigra
Genyochromis mento
Labeotropheus fuelleborni
Labeotropheus trewavasae
Labidochromis gigas T
Labidochromis biue sp
Melanochromis sp. BEW johannit
Melanochromis auratus §
Melanochromis vermivorus
Melanochromis paralielus
Metriaclima zebra T
Metriaclima sp.

Metriaciima ivingstonii
Metriaciima callainos
Metriaciima aurora
Cyathochromis obliguidens
Cynotilapia afra
Tyrranochromis maculiceps
Tyrranochromis macrostoma £
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Maravachromis mola
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Tramitichromis intermedius *
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Protomelas annectens
Protomelas spinolotus
Protomelas similis
Copadichromis jacksoni T
Copadichromis eucinostomus
Aulonocara sp.

Aulonocara baenschi ®
Aristochromis christyi T
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Fig. 5.5: Two-locus interaction for SWS24 expression in Lake Malawi species panel. The
phylogenetic tree is based on generic relationships of cichlid species. To the right of the
tree, the expression of the SWS24 opsin (depicted as blue bars) and the genotypes at the
two loci- RX1 and MITFA are shown for each species. For the RX7 locus: L/L- homozygous
for absence of deletion, S/S- homozygous for presence of deletion, L/S- heterozygous. For
the MITFA locus: L/L- homozygous for the presence of insertion, S/S- homozygous for the
absence of insertion, L/S- heterozygous.

5.5 DISCUSSION

In order to find the second gene regulating the differential expression of SWS2A4 opsin, we
have fine-mapped the QTL on LGS to localize the best candidate genes. It must be noted
that the SWS24 tandem array is located within the 95% CI of this QTL and therefore the
cis-control of the opsin gene cannot be completely ruled out. Detailed analysis of the
SWS2A4 promoter in the future will help solve this issue. Fine-mapping results narrowed
the QTL to a 3.6Mb region on LG5 that contained nearly 100 genes. Based on the
differential expression between the two parent species of the cross- Aulonocara and
Tramitochromis, and correlation with SWS24 expression in the five cichlid genomes, we
have identified three genes- BHE40, MITFA and FOXPIB as the ‘best’ candidates. All
three candidate genes are fully functional in both species of the cross and have conserved

role in photoreceptor development and differentiation in other organisms.

Our hypothesis is that the causative gene on LG5 is moderated by cis-regulatory changes
that result in a change in its expression. The gene in turn modulates SWS24 expression
either by activating the expression of SWS24 or by repressing SWS2B. This modulation is
achieved by the binding of the causative gene to specific sites located upstream of the
promoter of either the SWS2A4 or 2B gene. Based on results from quantitative PCR in the

F2 hybrids, transcription factor binding sites and allele-specific expression analysis, we
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rank these three candidates from ‘least likely’ to ‘most likely’ with regards to moderating
divergent expression of SWS24 opsin. We present evidence for each of our case and argue

that additional studies need to be carried out to truly determine the causative gene.

Least likely: FOXP1B

Expression of the gene is not correlated with SWS24 expression in the F2 hybrids and there
is paucity of binding sites for this gene in the promoters of either SWS24 or SWS2B opsins.
In testing for a correlation in the qPCR assay, we are testing for a linear correlation.
However, it is not necessary that the expression between the candidate gene and SWS24
always be linear. For example, the transcription factor could act like a switch, where once
its abundance crosses a certain threshold, could turn on the SWS24 opsin. We do not see
much change in FOXP1B expression so neither a linear nor switch like variation is evident.
In addition, we have measured the correlation in expression for each of these candidates in
adult F2 retinas. It is plausible that this candidate works at different developmental stages

and thus might be poorly correlated in fully differentiated adult photoreceptors.

Likely: BHE40

Of'the three candidates, BHE4(0 shows the only positive correlation with SWS24 expression
in the F2 hybrids of the cross. Also, it is one of the most differentially expressed genes
between the parent species in the 95% confidence interval. This transcription factor has
multiple binding sites in the promoters of the opsins (1 in the SWS24 promoter and 2 in the
SWS2B promoter). However, contrary to our expectations, results from allele-specific

expression indicate that this gene is mostly controlled in trans. Therefore, it would be
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unlikely to be the causative gene in the QTL where any BHE4() expression variation should
be explained by cis. Additionally, the genomic region around BHE4(0 had extremely low
coverage in both the reference as well as sequenced parent genomes making promoter and
UTR sequence comparisons between the FO species impossible. Future Sanger sequencing
of this genomic region might help discern any differences between the two parents and test
for or rule out potential causative mutations. Association mapping could then be used to

test if any of those differences are functionally relevant.

Most Likely: MITFA

This transcription factor shows significant enrichment for binding sites in the SWS524
promoter (three sites) and is completed controlled in cis-regulation. Its expression is not
linearly correlated with SWS24 expression in the F2 hybrids, but as mentioned previously

could be correlated non-linearly or in a different developmental stage.

Perhaps the best evidence that likely implicates MITFA in moderating differential SWS2A4
expression is the presence of an insertion in the first intron of the gene that is present in
species with high SWS24 expression. Additionally, two-loci interaction analysis with RX/
loci genotypes on LG23 show that both the genes work additively to moderate SWS24
expression in the F2 hybrids of the cross. Matching the indel sequence to a cichlid-specific
transposable element library indicated that a major part of the insertion belonged to a REX
LINE transposon. LINE transposable elements are non-LTR retrotransposons that move
around in the genome via the copy and paste mechanism [273]. Research on LINE

transposable elements has proposed that by virtue of their movement, these elements can
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accrue structural or regulatory functions in the host genomes. In fact, previous studies in
cichlids using FISH techniques have shown that the REX LINE elements are found in
euchromatic portions of the genome [274]. We postulate that the insertion in the first intron
of the MITFA gene was the remnant of a past transposable element activity that now
contributes to the regulation of the MITFA gene. The ability of constructs with transgenes
containing different parts of the MITFA insertion to drive the expression of a reporter gene
would be tested in the future to find functional sites within the insertion. These specific
sites could then be knocked-out using CRISPR targets to conclusively implicate the role of

MITFA gene in driving SWS24 expression.

With the exception of a few species, both the MITFA and RXI loci work additively to
modulate SWS2A4 expression in Lake Malawi flock. For example, Cyrtocara moori has high
SWS2A expression even though it has the deletion at the RX/ locus and no insertion in
MITFA (Fig. 5.4). Regardless, the causative mutations for RX7 and MITF] occur in both
the sand-dwelling and rock-dwelling clades of Lake Malawi suggesting that they arose
early and are being distributed within the species in the lake. In cichlids, repeated evolution
from sharing of ancestral alleles has been shown to be an important source of diversity
[186, 275]. For instance, standing variation for coding sequence of the LS opsin has been
shown to be sorting within and among lakes [276]. Ongoing work in the lab is aimed at
estimating the ages of both the RX7 and MITFI mutations to determine if they are specific

to the Lake Malawi flock.

5.6 CONCLUSION
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Finding the causative gene among a pool of candidates is literally looking for a needle in a
haystack. While we have concentrated our efforts on the genes in this QTL region, it is
possible that the expression of SWS24 opsin is regulated by non-coding RNAs or
microRNAs present within this interval. Although the proximal promoters of the opsins
are well-conserved between the two species, it is well-known that cis-enhancers could be
located several kb upstream of the gene they regulate. Future work will concentrate on
comparing more upstream regions of the SWS24 opsin. While our efforts were focused on
looking for large indel mutations, it is plausible that single nucleotide polymorphisms
between the two species drive the differences in SWS24 expression. Additionally, with the
exception of BHE4(0, most of the transcription factors in the LG5 region are very lowly
expressed making quantitative PCR assays statistically noisy. The candidate gene is likely
to be coexpressed in the same photoreceptor along with SWS24 expression. Future work
to localize candidate gene to SWS2A4 photoreceptors in cichlid retinas might provide more

clues. These could be done either using in-situ hybridization or single cell PCR.
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Chapter 6: Synthesis
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6.1 INTRODUCTION

Deciphering the mechanisms governing phenotypic diversity is one of the central problems
of evolutionary biology. Organismal phenotypes are influenced by underlying genetic
changes but are also shaped by environmental inputs. While most studies focus on
morphological divergence, sensory systems such as vision evolve through changes in genes
and also by environmental modulation [212]. How are visual systems tuned by genetic

factors? How does environmental plasticity cause visual system divergence?

The visual system in African cichlids is great system in which to study these questions. All
African cichlids have seven distinct cone opsin genes for color vision [43]. Each species
usually expresses a subset of these seven opsins, with species differing broadly in which
opsins are expressed [49]. This differential expression of opsins leads to dramatic
differences in the visual sensitivities among closely-related species, and has fitness
consequences based on foraging, environmental-preference and mate choice [56, 59, 61,
62, 156]. Although prior work has indicated that the differential expression of opsins is
regulated by genes as well as environmental-induced plasticity, the proximate mechanisms
underlying both genetic and environmental control are not fully understood [50, 63, 64].
The work presented in this thesis has focused on trying to understand these mechanisms,

the main results of which are summarized as follows.

6.2 MAIN INFERENCES

A few genes underlie differential cone opsin expression
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Quantitative genetic analysis on the second-generation progeny of an intergeneric cross
between two cichlid species with varying opsin expression- Aulonocara baenschi (SWS1,
RH2B, RH2A) and Metriaclima mbenji (SWSI1, RH2B, RH24) (MA cross) has indicated
that differential opsin expression in cichlids has a relatively simple genetic architecture,
with only a handful of genes controlling expression differences [66]. The ease of opsin
expression change between species and even between genera results in closely-related
species with substantial variation in the spectral properties of photoreceptors, and could
have facilitated species divergence. Additionally, the lability in opsin expression might
have allowed cichlids to rapidly occupy new habitats, adapt to different foraging niches

and survive photic environment changes- all hallmarks of a successful adaptive radiation.

Both cis and #rans genetic changes underlie opsin expression variation

There have been animated debates in the literature about the relative importance of coding
versus regulatory changes and cis versus frans changes to phenotypic divergence [72, 73,
134, 135, 187]. Many of these studies have suggested that cis-regulatory changes
predominate owing to their modularity and lack of negative pleiotropy [133]. These studies
relied more on morphological traits and we argue that detailed surveys of the genetic
mechanisms underlying different kinds of organismal traits, such as those pertaining to

physiology and behavior, need to be made before drawing any conclusions.

Results from a genome-wide mapping of the F2 progeny of the MA cross has revealed that

opsin regulation in cichlids has evolved more through changes in #rans-acting factors than

cis-regulatory elements (Nandamuri et al., 2018, In Review). A total of 12 QTL controlling
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the divergent expression of five cone opsins were identified, out of which only one for
SWSI opsin was in cis-configuration (the remaining two QTL for SWSI were located in
trans to the SWS1 opsin). We speculate that for opsin expression divergence in cichlids,
trans mutations might be favored over cis changes. Closely related cichlid species often
exhibit coordinated differences in the expression of multiple opsins. Such synchronized
changes can be more easily achieved by a single frans change influencing multiple

downstream opsins as opposed to individual cis mutations in the opsin promoters.

Expression of SWS1 opsin is controlled by a cis-regulatory indel

QTL analysis on the hybrids of the MA cross revealed a cis-QTL for differential expression
of SWS1 on LG17 (Nandamuri et al., 2018, In Review). This is the only example of a cis-
regulatory QTL for opsin expression in African cichlids. A closer look at this major QTL
revealed the presence of a ~700bp deletion in the promoter of the SWS1I opsin (located
750bp from the start site) that is associated with a decrease in its expression. Of the two
parental species used in the cross, A. baenschi has the deletion (low SWS1 expression),
while M. mbenji does not (high SWS1 expression). The indel is also present in a few species
in Lake Malawi with low SWS1 expression levels, suggesting that it might be an ancestral
polymorphism within the lake. Additionally, the indel harbors a microRNA mir-729 and a
non-coding element, both are which are conserved in over 300 million years of teleost
evolution, portentous of their functional role in SWSI regulation. This is the second
example of a regulatory deletion mediating differential opsin expression, suggesting that

indels might be crucial to the evolution of visual diversity in African cichlids.
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Adult cichlids with UV sensitivity in Lake Malawi are plastic

In response to changes in light environment, especially in the ultraviolet range, adult
cichlids from Lake Malawi show significant plastic changes in SWSI opsin expression [67].
While SWSI expression decreased when wild-caught cichlids were housed under UV
deficient lighting in the lab, SWSI levels went up when lab-reared cichlids were placed
under broad-spectrum illumination designed to mimic lake light conditions. Moreover,
these reciprocal expression changes were exceedingly fast, with few changes observed in
as little as three days. Thus, rapid and reversible plasticity in opsin expression allows adult
cichlids to respond to local changes in water clarity due to change of season, excessive

rainfall or algal blooms.

6.3 FUTURE DIRECTIONS

Functional studies to assess the significance of the cis-regulatory deletion

In order to conclusively implicate the role of the cis-regulatory deletion in the promoter of
SWS1 gene in modulating its expression, future knockout studies will be performed.
CRISPR targets designed against the mi-729 and/or important transcription factor binding
sites in the non-coding element are being made to test their role in regulating SWS1
expression. Since CRIPSR technology has not yet been developed in Lake Malawi cichlids,
these experiments will be performed in Tilapia. O. niloticus do not express SWSI opsin as
adults but show SWS1 expression during development (30dpf) [51]. Transgenic fish would
be tested within the first 30 days after birth to test the effects of the loss of the mi-729

or/and sites within the CNE on SWS1 expression.
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Gene regulatory networks for opsin expression

Future fine-mapping of the QTLs obtained in our study will lead to the identification of
genes responsible for opsin expression divergence. Together with previously identified
genes, the verified candidates for each opsin can be placed in the context of gene regulatory
network of cichlid cone photoreceptor specification. This will provide exciting
opportunities to draw hypotheses regarding the evolution of the network. Are certain genes
more likely to accumulate mutations than others? Does the position of the gene within the
network influence the kind of mutation it accumulates? How do mutations at one node of
the network change the wiring within the network? Insights obtained by answering these

questions can be expanded to infer the evolution of other complex traits across a broad

range of phyla.
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Fig. 6.1: Gene regulatory network for SWSI expression. SWSI expression in cichlids is
genetically controlled by three QTL- LG14, LG20 and a cis-enhancer on LG17. The mi-
RNA probably works as a negative-feedback loop to regulate SWS1 expression. This might
be important as the fish exhibits heterochronic shifts in opsin expression with age. Future
fine-mapping will delineate the candidate genes on LG14 and LG20. SWS1 expression is
also influenced by UV light input. How exactly this change in light sensitivity is detected
is not yet known. Horizontal lines indicate repression and arrows indicate activation.
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QTL for plasticity

While M. mbenji show plastic changes in opsin expression between wild lake-caught and
lab-reared specimens, A. baenschi never exhibit any light-induced plasticity, suggesting
that plasticity to environmental light changes might have a genetic component [66]. Studies
examining the genetic basis of plasticity, though traditionally debated, are now becoming
more commonplace [233]. Splitting the F2 broods of the MA cross between UV-rich and
UV-deficient environments might help pinpoint the genetic factors that contribute to
plasticity in SWS1 expression, given a common genetic environment. This will help us
understand the evolution of plasticity in African cichlids a little better. Are the genes for
plasticity the same as the ones that contribute to large genetic differences between the two
species, or are they entirely different genes appropriated from the photoreceptor

specification pathway?
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