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Abstract
The establishment of proper proportions during development is essential for the final form
and function of an organism. While much is known concerning the regulation of proliferation and
differentiation, how the relative sizes of structures are established during development and are
varied during evolution is poorly understood. Genetic screens in zebrafish have recently identified
mutations in a series of potassium channels that are sufficient to cause an increase in the size of
fins and barbels. How mutations in potassium channels enable the coordinated growth of these
complex tissues is unknown. Here, I show that zebrafish with mutations in the potassium channel
kcnk5b have a larger fin size through cell proliferation rather than an increase in cell size. This
growth phenotype requires potassium conductance, and overexpression of kcnk5b within the fin
mesenchyme is sufficient for growth. I then identify regulation of channel activity through an
interaction between the Kcnk5b cytoplasmic C-terminus and the protein phosphatase calcineurin.
This interaction is sufficient to regulate fin growth rate independently of the underlying genetic
cues for absolute size and without re-specifying positional identity of the fin. To assess the
potential for potassium channel-mediated scaling of fin size during evolution, I developed a crossspecies targeted sequence capture approach for comparative genomic analysis in species lacking
prior genetic resources. This technique was tested in a case-study of scale-loss within fish of the
genus Phoxinellus. Using this analysis pipeline, I identify patterns of drift within members of the
FGF signaling pathway, and show sufficiency of changes within this pathway in zebrafish mutants
to phenocopy the evolved scalation pattern. I then applied this approach toward understanding
the evolution of fin proportions in the flying fishes (Exocoetidae, Beloniformes). Through cladewide exome sequencing of Beloniformes, I have generated key resources to parse the genomic
changes associated with evolutionary shifts in skeletal proportionality within this group. With
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experimental models and genetic tools in the zebrafish, genomic signatures within the dataset
can be tested. Together, these findings support a role for bioelectric signaling in organ size
regulation and provide an avenue for genetic analysis of evolutionary changes in organ size in
non-model organisms.
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Chapter 1 –
Introduction to the evolution and development of organ and tissue proportionality
Diversity in form among species is a source of wonder and inspiration. A common means for
morphological variation across species is in changes to the size and shape of homologous
structures. Such changes are often defining of a species and frequently underlie specific
adaptations and biological functions. However, despite interest from diverse fields in many
aspects of growth regulation, understanding of how size relationships are constructed during
development remains a mystery. The tissue growth that establish these differences in size is a
multifaceted process involving coordination of cellular activity over large distances, specific tissue
interactions, and systemic factors. How these processes are integrated within development to
produce appropriately size structures is unknown and understanding of the genetic basis for
changes to proportionality remains a major goal in evolutionary and developmental biology.
Anatomy and our perceptions of design
That proportions are an essential component of form has long been appreciated by artists,
naturalists, and scientists. For thousands of years, a grid system was used in ancient Egyptian
art to maintain proper proportions in the depictions of humans [1]. Optimal height was determined
to be 19-squares tall, with the clenched fist roughly equal to one grid square [1]. Others sought
similar geometric explanations or measures to explain beauty through proportions and reliably
capture a vision of ‘ideal’ form. The Greek sculptor Polykleitos used anatomy and recursive
pattern of form to resolve proportion.

In this case, the distal phalanges were used as the

fundamental unit upon which to measure and compare all other anatomical structures. By
multiplying the distal phalanges by √2 (1.4142), one could derive the length of the medial
phalanges, then multiplication of the medial phalanges by √2 to reach the size of the proximal
phalanges and so on (Figure 1.1A) [2]. Similarly, in "De Architectura", ancient Roman architect
Vitruvius Pollio attempted to identify ideal human proportions as a model for inspiring architectural
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symmetry and unity, with specifically detailed anatomical interrelationships immortalized by
Leonardo da Vinchi’s famous Vitruvian Man, such as the length of the ear as one-third of the
length of the face [3]. This notion of an inherent proportionality as a basis of beauty or ideal
structure in human form as well as architecture was extended by Renaissance artists,
incorporating a search for geometrical harmony and golden ratios to define and detect universal
constants of proportion across nature [4]. Even today, many taking contemporary art classes are
confronted with proportional diagrams of the face and body, such as those popularized by
Albrecht Dürer (Figure 1.1B), in order to properly capture form [3,5].

Figure 1.1. Perceptions of proportion. (A) Drawing adapted from [2] illustrating search
for mathematical underpinnings of “ideal” proportions by artists such as Polykleitos. (B)
Like ancient Egyptians before him, Albrect Dürer used a grid system to reliably capture
adult form. He then warped this grid to illustrate shifts in morphology [5]. (C) Inspired by
Dürer, D’Arcy Thompson used grid transformations to model relative growth as means for
evolutionary variation [6].
Inspired by the coordinate grid systems used by Dürer and others within the art
community, D’Arcy Thompson utilized a coordinate system to map organismal shape in early
efforts to understand principles of development (Figure 1.1C). Simple changes to this grid, such
as altering coordinate axis proportions, could depict shifts in morphology between species [6]
(Figure 1.1C).

This geometric transformation illustrates that many of the morphological

distinctions between species can be modeled as a shift in the relative proportions of structures.
Similar to Thompson’s description of changing proportions by mathematical grid transformations,
many groups in the late 19th and early 20th centuries attempted to identify biological laws of growth
to describe shifts in proportion [7]. These early growth studies were synthesized by Huxley and
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Teissier in 1936 with an exponential equation, y=bxα, that can be used to characterize the
relationships between structures of size y and x [7,8]. This equation permitted analysis of complex
nonlinear growth of structures or organisms to be compared in a scale-independent manner using
simple log plots, log(y) = α(log(x)) + log(b). Shifts in proportionality both during ontogeny and
between species can be caused by changes to either the slope or intercept of this equation (α or
b) [9]. This equation remains one of the primary analytic means used today to assess growth and
comparative change between organisms. However, the genetic basis of these variables and what
development processes they represent is not understood.
Biophysical constraints in the evolution of structural relationships
D’Arcy Thompson argued that sizes and shapes of structures were strongly influenced
and perhaps even directly shaped by physical forces [6]. Indeed, one of the clearest properties
affecting growth relationships involves constraint imposed by physical relationships and material.
This association between physics and proportion was recognized as early as Galileo Galilei in his
1643 work "Dialogues concerning two new sciences" [10]. Here, Galileo notes that animal weight
increases by volume while bone strength is reflected by cross-sectional area. Thus, as a terrestrial
animal gets larger, thickness of weight-bearing bones must increase disproportionality with weight
to maintain structural integrity. For large terrestrial animals like the elephant, any significant
increase in size would demand that cross sectional leg area must be so large to offset the gain in
mass that the resulting widths would be larger than body length -- as put by Stephen Jay Gould,
such increase in size would lead to “structural absurdities” [11].
Functionality thereby imposes limits to the types of organ size relationships that are viable
and available for selection. While both physical and biomechanical forces are likely important in
shaping morphology, genetic and epigenetic factors also have profound influence on the
evolvability and direction of evolutionary changes in proportions. Evidence of the influence of

3

genetics and epigenetics arises as changes in size can appear between individuals of the same
species exposed to different environmental cues.

Plasticity in organ size
The evolutionary significance of size and proportionality is reflected by the diverse and dynamic
ways proportions can change throughout the lifetime of an organism and in response to cues from
the environment.
Exposure to particular environmental conditions during development can trigger different
organ sizes in the adult. Barnacle (Balanus glandula) penis size and width is subject to
environmental conditions, as those raised in or transplanted to inter-tidal regions of high velocity
waves develop shorter and wider penises to reduce effects of drag in strong current [12]. Such
changes may be triggered through epigenetics or by exposing cryptic genetic variation under
specific environmental stresses. The social insects of Hymenoptera (ants, bees and wasps) are
frequently composed of genetically identical siblings, upon which environmental and social cues
determine in caste specification [13]. Caste determination can lead to profound changes in size
and proportionality, such as the enlarged head size of major workers in the Pheidole genus of
ants in comparison to minor workers with heads several times smaller. The difference in size is
key for colony defense and food retrieval [14]. These dynamic growth responses in identical
genomes reveal that regulation of development can provide distinct allometric relationships from
the same genome. There may therefore be a strong epigenetic and/or cryptic genetic component
to both the regulation and the evolution of size.
Even after development, many species exhibit seasonal changes in organ proportions.
For example, the digestive organs in migratory birds go through dramatic seasonal changes to
facilitate long-distance flight [15,16]. Just prior to migration, the stomach, intestine and liver
rapidly atrophy to reduce weight, as much as 50% in the Eared Grebe (Podiceps nigricollis) [17],
while the heart and pectoral muscles rapidly increase in mass [16,18]. This profound shift in

4

proportions appears to be seasonally triggered, as both occur prior to migration and are reversed
when migration is complete [15,16]. Similarly, many mating-related appendages may appear only
seasonally and in proportion with host size. Just prior to breeding season, the antlers of cervids
grow at speeds up to several centimeters per day before reaching a size proportional to the body
[19]. Organ growth therefore is not simply a product of embryonic development, but can be
dynamically controlled in the adult. This further implies a mechanism by which organs establish a
target size and grow or shrink accordingly to meet this target long after development.
That adaptive and dynamic changes to proportionality can occur in response to the
environment underscores the importance of the regulation of allometry in development and the
shaping of this regulation in evolution. Assuming the presence of cryptic genetic variation, size
relationships could evolve in some lineages through genetic assimilation of plastic traits, and
clades with high degrees of phenotypic plasticity are correlated with an increase in species
richness [20].

However, most structures develop to proportions in a manner that is tightly

controlled and is robust to environmental perturbation.

Proportionality and size regulation:
How is size determined? Do organs and tissues know when to stop growing?
Understanding how proportions are established during development and are shaped
during evolution not only requires knowledge of the determinants of growth rate but also how (and
why) organ growth ceases at particular sizes. Size is reflected by a combination of cell volume,
cell number, as well as the broader environment of produced matrix (e.g. ossified matrix in bone).
Despite interest from scientists in diverse fields, how all of these variables interact to reliably
produce appropriately sized organs remains a fundamental biological question.
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Control of cell volume
One way to understand organ size control is through dynamic regulation in cell volume.
For example, a major contribution to longitudinal growth in endochondral bones occurs through
the massive swelling of hypertrophic chondrocytes within the growth plate [21,22]. Differential
regulation of chondrocyte swelling among growth plates is thought to be critical in the
establishment of relative skeletal proportions both between bones within an organism and
between homologous structures in different species [23,24]. For example, the lengthening of the
bat (Eptesicus fuscus) autopod has been attributed primarily to a pronounced and sustained
hypertrophic chondrocyte volume expansion that at times reaches up to 70X pre-hypertrophic
sizes[25]. Similarly, sustained chondrocyte volumetric expansion is responsible for the elongation
of metatarsals in the Egyptian jerboa (Jaculus jaculus) relative to the more modest metatarsals of
the mouse [26]. Soft tissues can also increase in size without requiring cell division. As a
remarkable example, the heart of a Burmese python (Python molurus) can transiently grow as
much as 40% without proliferation following large meals before ultimately returning to it’s original
size [27–29].
One common mechanism for increases in cell size is through expansion of cell ploidy
[30,31]. Rhabditid nematode worms are ensheathed by a syncytial hypodermis. TGFß signaling
from the nervous system to the hypodermis regulates nuclear endoreplication within the
hypodermal syncytium that is required for growth, and mutations that disrupt TGFß signaling
within the hypodermis result in dwarfism [32–34]. The giant neurons of the California sea slug
(Aplysia californica) can reach diameters as large as 1mm through at least 16 rounds of
endoreplication that produce in a total DNA content that is 200,000 times as much as the halploid
sperm [35]. This increase in size enables these neurons to innervate large areas and control
processes such as mucus secretion [36,37].
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Differential proliferation and increases in cell number
Size is also reflected in cell number, and disruption of numerous molecular pathways can
affect organ size through mediation of rates of cell division. Both cell size and cell number are
increased in myostatin knockout mice, resulting in profound increases in muscle mass[31,38].
Mutant mice with defects in the p27 cyclin-CDK complex inhibitor have greatly enlarged organs
through unchecked cell proliferation [39–41]. Perturbation of Hippo pathway members results in
massive and sustained proliferative overgrowth of several tissues within Drosophila and in
mammalian livers [42–45]. Recently, somatic mutations within the AKT/PI3-Kinase pathway have
been shown to lead to numerous proliferative human overgrowth disorders, including CLOVES,
macrodactyly, megalencephaly and fibroadipose hyperplasia [46–50].

This is not limited to

human disorders, as overexpression of PIK3CA in the Drosophila wing disc results in proliferative
overgrowth as well [51]. TOR signaling mediates much of downstream AKT/PI3K /IGF signaling
through AKT phosphorylation of the TSC-1/TSC-2 TOR inhibitory complex[52–58]. This complex
was identified in Drosophila screens where loss-of-function leads to eye overgrowth and
overexpression leads to smaller eyes [52–55]. TOR signaling responds to nutrient levels through
the amino acid abundance, particularly leucines, glutamine and argine[59], and is inactivated
upon nutrient deprivation through AMPK-mediated phosphorylation of TSC1/2 inhibiting
complexes [60,61]. Beyond proliferation, TOR signaling can also regulate cell size through DS6K
[62]. Drosophila mutants in DS6K are smaller due to decreased cell size, but otherwise have
similar total numbers of cells [63]. Given the dual roles for AKT/TOR signaling in regulating both
cell size and volume, it is not surprising that Drosophila with mutations in CHICO, an insulinresponsive protein upstream of the PI3K-AKT pathway, have smaller wings containing both fewer
and smaller cells [64].
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Increasing growth through accretion of noncellular material
The production of extracellular material has the potential to have major impact on tissue
size. Bone and keratinized epithelial structures can vary greatly in size depending on the
production of different types of ECM proteins and their quantities. For example, secretion of
specialized keratins by follicle keratinocytes contributes to the variation in feather form and
function [65,66]. The extracellular matrix has a major influence on stem cell activity and is a critical
component of the stem cell niche[67], which has the potential to impact proliferation and
regeneration. Extracellular matrix can also serve as a repository for secreted growth factors,
including Wnt, TGFß, FGF, and IGF-1 [68], potentially contributing an active role in regulating
organ growth.
Interactions between cells and their local environment are critical for regulating size. As
demonstrated in the above examples, change in any one of these variables can lead to varied
cell behavior. However, for tissues, these variables must be coordinated across many cells and
over large physical distances. Moving beyond the cell, organ growth and establishing proportion
becomes increasingly complex. This in in contrast to the apparent simplicity and frequency of
changes observed in anatomical proportions between species during evolution and hints at higher
order regulation of growth.

Regulation through local versus systematic integration of size
While it is clear there are many routes to achieve variable tissue sizes, the information required
to establish, maintain and modify tissue proportions is generated through both intrinsic and
extrinsic means.
Extrinsic growth regulation
The extrinsic growth regulators are systemic factors that can regulate and induce growth.
These systemic signals include growth hormone (GH) and insulin-like growth factors (IGF).
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Growth hormone is secreted by the pituitary gland and subsequently activates production of
insulin-like growth factors in other organs. Defects in growth hormone can lead to dwarfism
[69,70], while over-activity of GH can lead to acromegaly and gigantism in mammals [71,72]. In
endochondral bones, IGF-1 stimulates chondrocyte proliferation and volumetric expansion within
epiphyseal growth plates [73]. IGF-1 defects can lead to stunted growth in humans and is a major
effect loci associated with body size-reduction in small dog breeds [74]. Further, thyroid hormone
(T3/T4) can also influence organ growth. Excess thyroid hormone (thyrotoxicosis) will lead to
increased skeletal growth prior to premature fusion of epiphyseal growth plates [75], and thyroid
deficiency is associated with stunted growth [76].
Differential responses of tissues to the same extrinsic factor are likely important in
establishing allometric growth relationships. For example, wing-disc-specific overexpression of
the insulin receptor (Inr) results in hyperallometric growth of the wing at larger body sizes [77],
while Drosophila with suppressed ecdysone develop smaller wing discs on larger bodies [78].
Hormones also frequently regulate the onset of the allometric growth in many sexually dimorphic
traits. Topical treatment of male dung beetles (Onthophagus taurus) with the juvenile hormone
(JH) analog methoprene can induce horn development that is normally found in larger individuals
[79]. Similarly the caudal fin extension found within the ventral fin rays of male swordtail fish
(Xiphophorus) is a testosterone-regulated trait, and treatment of developing females with
testosterone can induce the elongated fin phenotypes usually found within males [80–82]. These
allometric changes create disproportionately sized structures despite a consistent signal of
growth. Thus while many hormones and long-distance extrinsic signals affect growth globally,
titrated responses to systemic signals could coordinate relative growth both among the many cells
of an organ and between the structures of the whole organism.
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Intrinsic growth regulation
Despite clear roles for the extrinsic regulation of growth, there is extensive evidence for an organ
intrinsic size regulation program that functions to standardize organ growth independently from
the surrounding environmental or genetic context. Humans and mice with deficiencies in pituitary
or growth hormone levels and those with fetal increases in growth hormone levels develop to
normal proportions and sizes until well after birth [69–71], suggesting that organs and tissues
reach proportional sizes independent of many exogenous factors.
Transplantation experiments further showcase the organ-intrinsic growth potential. After
heterotypic transplants of salamander forelimb buds or eyes between two species, one large
species (Ambystoma tigrinum) and one smaller species (Ambystoma punctatum), the resulting
adult limbs and eyes retain the size of the original donor species [83]. Ectopic transplants of
mouse femurs or phalanges into the skin of littermate hosts or transplantation of tail vertebrae
into renal capsules of littermate hosts all typically continue to develop to their full donor in situ size
and shapes within this foreign environment [84,85]. Similarly, imaginal discs of developing
Drosophila that are transplanted to the abdomen of adult females will also continue growing to
the size and shape of the donor [86–88].
Organ-intrinsic size regulation may be independent from both cell size and cell number.
Artificially-induced changes in ploidy within amphibians results in a doubling of cell volume, yet
the overall whole-animal and organ sizes are maintained with half as many cells [89,90].
Following, the inactivation of Cdc2 in the Drosophila wing disc results in inhibition of cell division
but surprisingly, compensatory cell enlargement due to continual DNA replication leads to
resulting wings normal in size and shape [91].

Interestingly, the converse is found where

increasing proliferation rate within the wing disc, which results in a normally shaped wing with
more but smaller cells [92]. These experiments expose growing organs to novel environments or
change the cellular composition, but nonetheless produce a normal size. This demonstrates that
there exists an organ-specific awareness of overall size and further reflects the idea of a “target”
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organ size that can be achieved by any combination of cell size or volume. This phenomena can
be seen in cases of extrinsic regulation of size as well (see ‘catch up growth’ below).
While there is extensive evidence for both intrinsic and extrinsic growth signals, it is likely
that both components are synthesized in concert to affect growth and proportional relationships.
Specific organs and tissues may be predominantly under regulation of extrinsic or intrinsic
mechanisms, and may reflect the unique biology and functional role of each structure.

Coordinating growth: how do organs maintain an awareness of size and what is the source
of this information?
Large organs and tissues are composed of many cellular subunits. Thus, growth must be
coordinated among thousands of cells over areas substantially larger than the individual subunits
to achieve and maintain size. Many experiments suggest that growth regulation incorporates both
whole body regulation, interaction among specific tissues, and inherent positional identity within
cells to establish and maintain size.
Interestingly, growth of individual structures is coordinated with the whole body to achieve
proper proportionality.

For example, following episodes of growth-reducing starvation or

metabolic disruption in children, growth will “catch-up” to a seemingly pre-determined size for a
given age by growing faster than normal [93]. Mouse embryos whose growth is stunted to as low
as 10% of control sizes through treatment with mitomycin C will also catch-up to normal embryo
sizes within 48 hours [94]. The genetic and developmental mechanisms behind these growth “set
points” are not understood, but this property seems to integrate a temporal aspect such that
organs reach a specific size at specific life stages.
Cells within organs also respond dynamically to the growth status of distant structures.
For example, damage to one of the imaginal discs in the wax moth, Galleria mellonella will inhibit
growth of the other imaginal discs until the injured disc is fully repaired [95]. This suggests that
there is a mechanism by which organs are sensing global growth. Damaged Drosophila imaginal
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discs can actually slow development of other organs and delay metamorphosis until proper
imaginal disc size is achieved [96], whereas damage to the Precis coena butterfly hindwing disc
results in no systemic growth reduction but causes a compensatory overgrowth of the forewing
discs [97]. In vertebrates, similar sensing among distantly positioned structures can also be seen.
For example, transplantation of multiple spleens into a developing mouse embryo results in each
spleen growing to a smaller size of a total mass equivalent to that of a single normal spleen [98].
Thus, organs can affect the growth of others at a distance in both positive and negative ways.
This may reflect titrated responses to shared extrinsic signals or perhaps specific organ-organ
interactions.

Inductive interactions between tissues as means of size regulation
Specific tissue-interactions within developing structures may be essential for the coordination of
size. In examples known thus far, the peripheral nervous system is thought to play a key role.
For example, snapping shrimp have asymmetric claws, a smaller claw used in feeding and digging
and a large "pistol" claw almost the size of the abdomen that can produce a cavitation bubble
capable of knockout out small fish and other prey items. If amputated, the pistol claw of Alpheus
heterochaelis will regenerate as the smaller claw in subsequent molts, whilst the smaller claw will
simultaneously grow into a replacement pistol [99,100]. Regulation of this process requires
sensory nerves, suggesting either neural regulation of this asymmetry and/or simply differential
usage of each claw is involved in regulating identity [101,102]. Further, it has been appreciated
since 1823 that regeneration in amphibians requires nerve-dependent signals [103]. Re-routing
nerves during amphibian regeneration is also sufficient to induce growths capable of resulting in
supernumerary digits and limbs [104–107]. This underscores that tissue interactions are important
in the coordination of both tissue identity and growth potential.
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As illustrated by organ-organ growth interactions, some components regulating tissue
growth may be independent of genetic encoding and may occur outside of the tissue. Clawasymmetry is randomly determined in fiddler crabs [108,109]. However, after established, clawasymmetry will remain fixed even if amputated [108,109]. Thus, information conveying this target
size must exist outside of the claw itself. As another example, injury to one side of an antler early
in development can trigger ectopic regenerative growths [110]. Remarkably, despite re-growing
each year, this ectopic growth can return in subsequent seasons, occasionally also appearing
symmetrically in the uninjured contralateral antler [110,111]. This phenomenon, termed “tropic
memory”, and has been demonstrated in many antler bearing species. If the animal is completely
anaesthetized during injury, regenerating antlers do not show this trophic memory [110,111]. As
in the examples of crustacean and amphibian regeneration, this suggests neural function is
important in the establishment of trophic memory and growth.
In contrast to the above examples, organ-intrinsic mechanisms of size regulation are also
embedded within the positional identity of the component cells. For example, in species and
organs that can regenerate after amputation, the missing tissues are typically restored in exactly
the right size and shape to specifically replace the extirpated tissue. By replacing exactly what
was missing during epimorphic regeneration, there must be some encoded coordinate-like system
for cells to judge relative position within a tissue and which may influence target organ size. After
a pulse treatment of axolotl (Ambystoma mexicanum) blastemas with retinoic acid, the blastema
is proximalized such that the resulting regenerated tissues began with the humerus, the most
proximal skeletal element regardless of amputation plane [112]. Thus, the information required to
generate an appropriately sized tissue can be experimentally re-set along the anatomical axes.
Further reflecting the role of positional identity in regulating and interpreting cellular growth
behaviors, when blastemas from different amputation planes are mixed, cells from each blastemal
integrate only at and after proximal-distal plane from which they were originally derived [113].
Even the rate of regeneration can be determined by the position of the regeneration plane, with
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more proximal cuts regenerating faster than more distal cuts to compensate for the extra growth
needed to complete regeneration [114,115]. Thus, growth of organs clearly integrates the
positional identity of cells in addition to specific tissue and systemic interactions.

Synthesis
Studies of organ and tissue proportionality have identified a wide array of observations and
mechanisms that are as diverse as the model systems used in the analysis. Nonetheless, there
appear to be several common themes in the regulation of size. Growth ultimately occurs on a
cellular level through control of proliferation, volume and ECM. These cellular behaviors can
respond on an organ-wide level to external stimuli but frequently possess an organ-specific, selfcontained growth mechanism. As a result, organs and tissues reliably reach target sizes in
manners that can be robust to environmental variation or in some cases wired to specifically adapt
to environmental changes. Outside of experimental manipulations of size in model systems, there
is little known about the genetic and developmental mechanisms behind evolutionary shifts in
proportionality. Identification of genetic mechanisms behind variation in proportions in both natural
and in lab populations will be critical in unraveling this process and in identifying potential universal
principles of organ growth.

Fish fins as a model for understanding the regulation of proportional growth
Experimental models of proportion: The zebrafish fin provides an ideal model for the study of
vertebrate size regulation. The fin has simple, planar morphology and grows through sequential
addition of dermal skeletal hemi-ray segments to the distal tip (Figure 1.2). As a peripheral tissue,
the fin is neither essential for fish survival nor challenging to access, opening avenues for physical
and genetic manipulation. Finally, the utility of zebrafish for mutagenesis and chemical screens
even at adult stages enables unbiased approaches toward identifying genes involved with viable
morphological diversity [116].
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Through adult genetic screens, many zebrafish mutants have been isolated with variation
in fin length. Short-finned fish have been mapped back to dominant point mutations in the gap
junction connexin43 (Cx43)[117], and in two collagens (collagen IX [118], and col1a1 [119]). Prior
to this work, the only long-finned mutant that has been mapped was rapunzel, which is caused
by a dominant point mutation in teleost-specific two transmembrane domain-containing protein of
unknown function [120].

Through classic chemical genetic screens several new zebrafish

mutants have been isolated with variation in fin proportionality (Figure 1.3). Intriguingly, all of the
newly isolated fin-overgrowth mutants have been mapped back to dominant mutations in
potassium channels.

Figure 1.3. Zebrafish genetic screens for variation in fin proportionality. Many
mutants have been isolated with variation in fin growth. These mutations both
increase and decrease fin lengths. Remarkably, all of the dominant overgrowth
mutants were mapped back to potassium channels or ion transporters, implying
constraint in the types of mutations sufficient to alter fin proportionality and providing
a unique opportunity to investigate role of potassium in morphogenesis.
Potassium channels are a large and diverse family of pore-forming membrane proteins
that regulate potassium influx or efflux. These channels can have numerous roles in physiology
and cellular activity [121,122]. Despite these essential and well-defined physiological roles, how
potassium channel mutations lead to changes in fin proportionality remains undefined. Potassium
channels have been linked to cellular proliferation and cell cycle progression [122]. Further,
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potassium channels have the ability to influence cell volume [122]. Consequently, potassium
channels could have influence on organ size through both changes in cell proliferation and cell
size. Potassium channels have also been associated with the activity of developmental growth
regulators [122]. For example, mutations in the potassium channel KCNJ2 results in AndersonTawil Syndrome in humans, which commonly presents as limb and craniofacial defects [122]. In
flies, modulation of the homolog of this channel, Irk2, results in wing and eye phenotypes that
resemble disruption of BMP signaling [123]. Supporting a connection with BMP, lowered Irk2
expression results in a reduction in the phosphorylation of the SMAD family of BMP pathway
transcription factors [123]. The molecular mechanism by which disruption of a potassium channel,
such as Irk2, leads to changes in morphogen activity is unknown. Nonetheless, potassium
channels and bioelectric signaling are attractive targets for putative roles in organ size regulation
in that they can have pleiotropic effects on cellular activity and as bioelectric signaling has the
potential to function over the large physical distances of a tissue through influence on membrane
voltage.

Capitalizing on natural variation: Another useful avenue to investigate organ size regulation is to
capitalize on the natural variation occurring in evolution. There is a huge variety of size variation
within teleost fishes. Fins serve critical hydrodynamic functions that are frequently reflected in
their shape and allometry. For example, the caudal fin length has strong influence on tail-propelled
locomotion. Narrow caudal fins have reduced drag that enables sustained high-speed swimming
in pelagic fishes [124]. Conversely, caudal fins with a more fan-like shape enable rapid bursts of
movement but experience increased drag and thus are less useful for endurance swimming [124].
Many changes in fin proportionality are not governed by hydrodynamics and may even impede
swimming ability. The first few fin rays of the pectoral, pelvic and caudal fins of tripod fishes
(Bathypterois spp) are greatly elongated, enabling this nearly blind benthic fish to rest above the
sea floor on a stand of pelvic and caudal fins while extending similarly enlarged pectoral fins
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outward to feel for passing food [125,126]. The size and shape of fins may also serve in mating
displays. Several fin rays in the caudal fin of male swordtails (Xiphophorus) are greatly elongated
into characteristic sabers that enhance attractiveness to females [127]. The ability of fin rays to
vary in length may have also provided a substrate for the modification of the fins into novel
structures. For example, the sperm-delivering gonopodium of poeciliid fishes is derived from
elongated and thickened anal fin rays [128].
Unfortunately, our ability to tap into this natural source of allometric variation is curtailed
by the lack of genetic and experimental resources for the vast majority of species (Figure 1.4A).
Recent reductions in sequencing costs, improved technology and a concerted effort to increase
reference genome coverage have enabled huge gains in the number of species with sequenced
genetic materials. The costs and time associated with production of a quality reference sequence
prohibit large-scale analysis of clades with big genomes such as those of many vertebrates.
However, despite major variation in total DNA content among species, regions such as proteincoding or conserved non-coding sequences remain relatively constrained (Figure 1.4B). While
full reference materials may be particularly useful for analysis of large-scale structural changes,
synteny, and copy-number variation, the vast majority of sequence information within the
reference genome is repetitive, species-specific and ignored for comparative genomic analysis
across species-boundaries.
Comparative approaches that focus on these conserved regions would reduce the amount
of sequence information and financial resources required for meaningful between-species
comparisons.

One way to sequence predominantly conserved regions is through RNA-seq

approaches. However, a quality transcriptome requires a diverse allotment of tissues and
developmental stages to capture variably expressed gene products and thus, also becomes quite
expensive to perform among many species. Additionally, many genes are expressed at low levels
or are not expressed within specific cell-lineages, making comparative analysis unfortunately
difficult. DNA-based approaches, such as targeted sequence capture, enable the possibility of
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enriching for conserved sequences and regions of interest for comparative analysis within large
clades and with any tissue sources, including potentially natural history collections and ancient
DNA [129]. Further, these targets can include regions beyond those that are transcribed.

A

B

Figure 1.4. Current genomic resources and proposed emphasis on conserved
regions. (A) While the number of reference genomes continues to expand, there remains
poor overall genome coverage of each vertebrate group. The area of each colored circle
is proportional to the number of total species for each vertebrate group. The internal
black circle represents the reference genomes. Genome data from NCBI genome as of
June 2015. (B) Full genome size (grey) can get quite large, yet the conserved protein
coding regions (red) remain relatively small and stable in number. Focused efforts on
sequencing the conserved regions could dramatically expand coverage to many more
species.
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Approach
In this dissertation, I take advantage of zebrafish mutants that expose the genetic regulation of
coordinated size control to examine the genetic and developmental basis of potassium channelmediated fin growth (Chapter 2). I then explore the integration of potassium channel and calcium
signaling and identify genetic modifiers of fin growth (Chapters 3 and 4). To further these studies,
I developed experimental and computational tools for cross-species targeted DNA capture to
sequence and compare conserved DNA elements between species lacking prior genetic
information (Chapter 5). To assess the value of this technique, I investigate a case-study of scalereduction in the Phoxinellus genus of fish (Chapter 5). I then expand this technique to support
clade-wide analysis of skeletal proportionality within flying fish and needlefishes (Beloniformes)
(Chapters 6 and 7). Within the appendices are two elaborations of the defined mechanisms and
experimental tools derived within this dissertation. In this first appendix, I identify somatic
mutations in patterned human overgrowth disorders and discuss potential parallel mechanisms
of growth regulation with those observed in the zebrafish fin (Appendix 1). Within the second
appendix, I expand the cross-species DNA capture approach to incorporate conserved noncoding DNA elements and demonstrate patterns of loss in both coding and non-coding elements
within a phylogeny of Antarctic fishes (Notothenioids) (Appendix 2). Together, this dissertation
reveals mechanisms of ion-channel regulation of organ size and generates a tool for genomewide investigations into evolutionary variation in proportional growth within natural and non-model
species.
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Chapter 2 –
Bioelectric Signaling Regulates Size in Zebrafish Fins

Organ growth is a complex process that requires attaining not only a certain shape but also an
appropriate size. The maintenance of proper proportions between organs is tightly regulated [1].
The growth of a structure at a different rate with respect to the rest of the body results in changes
in proportions during development. Such allometric growth accounts for the morphological
differences between juvenile and adult stages in numerous organisms. This process also
contributes to changes in shape and morphology during evolution [2,3].
Growth is regulated by both organ-intrinsic signals as well as growth factors and hormones
that originate outside the target organ. Their relative contribution can vary depending on the
species or even between different structures within the same organism [4,5]. Analysis of
chimeras, obtained from transplantation experiments during embryonic stages, has shown that in
many cases the final size of an organ is independent of extrinsic factors, such as nutrients or
hormones, suggesting that determination of size and shape are organ-autonomous properties [6].
For instance, reciprocal xenografts of limb buds between salamander species of different sizes
lead to limbs that attain the final size of the donor species [7]. Further, grafting experiments in
avian models have shown that the mesenchyme harbors the instructive information that specifies
the final size and shape of structures such as the limb and the beak [8–11].
The final size of an organ or appendage results from a combination of cell number and
cell size. Perturbation of the Hippo pathway causes massive proliferation of Drosophila tissues
and tumorigenesis in mouse [12], while hyperactivation of the TOR pathway stimulates cell growth
and can trigger entry into the cell cycle [13]. Locally acting molecules such as insulin-like growth
factors (IGFs) and fibroblast growth factors (FGFs) are essential regulators of growth [6]. Yet,
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how these components are integrated to establish proper patterning and size during development
as well as during regeneration is still unclear.
Two-pore domain potassium (K2P) channels are a family of potassium (K+) channels that
play an important role in determining membrane potential and cell excitability [14]. These leak K+
channels conduct instantaneous currents that are independent of voltage and show open
rectification, i.e. they mediate primarily outward currents under physiological conditions. K2P
channel function is modulated by neurotransmitters and pharmacological compounds as well as
physiological parameters such as temperature, oxygen, osmolarity and pH [15]. Due to their ability
to respond to multiple biological stimuli and their wide expression across tissues, they are thought
to control many physiological processes besides determining the membrane potential. Although
these ion channels have not been implicated in organ size control so far, evidence has been
accumulating that endogenous bioelectrical signals orchestrate patterning and growth [16].
Endogenous electrical currents are associated with limb development and regeneration in
vertebrates [17,18] and changes in voltage accompany cessation of regenerative growth in
earthworms [19]. In Xenopus laevis, a species with limited regenerative capacity, artificial
induction of currents can enhance the regeneration process [20,21] while chemical,
pharmacological or molecular inhibition of ionic currents can abrogate regeneration in this species
[22–24].
Fins are structures that show an enormous diversity in shape and size in different fish
species. They also possess a remarkable regenerative capacity [25]; they can easily be
manipulated and unlike internal organs, fins do not have obvious limitations on growth. The
skeleton of zebrafish fins consists of a proximal endochondral and a distal dermal skeletal
component. The latter is formed by segmented, concave fin rays, the lepidotrichia, which originate
from mesenchymal condensations [26]. Fins grow through sequential addition of lepidotrichial
segments at their distal tip via migration of mesenchymal cells along the actinotrichia, clusters of
collagenous fibers that emerge from the tip of each lepidotrichium [27,28]. Segment length slightly
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decreases along the proximo-distal axis [26], but does not change once joints are formed and
segment boundaries are established [29]. In zebrafish numerous fin mutants have been isolated
over the years [30–33]. Most of these mutants have reduced fins [34]. For example, impairment
of the ectodysplasin signaling causes loss of fin rays in finless and nackt mutants [35], while
in short fin (sof) mutants defects in connexin 43 (cx43) lead to decreased fin size with shorter
segments [36]. A few mutants exhibit increased allometric growth of the fin. Among these, longfin
(lof) and rapunzel (rpz) mutants have an increased number of ray segments [32,37],
whereas another longfin (alf) mutants tend to have elongated segments [36]. So far, the genetic
lesion has only been identified for rpz, which is mutated in a novel teleost-specific gene with
unknown function [38].
Here, we report that the allometric fin overgrowth displayed by alf mutants is due to the
altered function of Kcnk5b, a K2P channel. Our analysis indicates that mutant Kcnk5b acts locally
within the mesenchyme of fins and barbels to increase appendage size. Furthermore, we
demonstrate that K+ conductance is required to cause allometric growth during development.
Genetic experiments suggest that kcnk5b may act independently of, or in parallel to, cx43. Taken
together our results provide in vivo evidence for a role of K+ channels in the determination of
appendage size and proportion in the zebrafish.

Results
alf mutants display increased growth and proportion of appendages
another longfin (alfdty86d) was identified in a large-scale mutagenesis screen as a mutant with
elongated fins and irregular segmentation of the fin rays [30,34]. In a subsequent mutagenesis
screen we isolated a second mutation (alfd30mh) showing an identical phenotype and mapping to
the same chromosomal region as the original alf allele (see below). Besides the longer
fins, alf mutants show overgrowth of the barbels, (Figure 2.1A, arrows). Homozygous mutants
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have a stronger phenotype (Figure 2.2) and their fins tend to be particularly susceptible to
breakage leading to accretion of bone around the lesions. Overgrown fins and barbels in alf
mutants retain their general organization; however, the fins have an altered segmentation pattern,
as joint formation is variable in the mutants. On average, the length of lepidotrichial segments is
increased [36] (Figure 2.1B and 2.1C); however, structures appearing as very short segments
are occasionally observed (arrows in Figure 2.1B). In contrast to other fin overgrowth mutants
such as lof or rpz [32,37], the number of segments is not increased in alf mutants (Figure 2.1C).

Figure 2.1. alf mutants lead to an increase in size of the appendages of adult fish.
(A) alf mutations are dominant and lead to overgrown fins and barbels in the adult. Arrows
indicate maxillary barbels; the mutants shown are heterozygous. (B) Segment patterning in
the dorsal fin of wild type and heterozygous mutants. Brackets indicate one segment.
Although the majority of segments show increased length, several short segments can be
seen in the mutants (arrows). (C) Variation in segment length (top) and segment number
(bottom) in the longest ray of the dorsal fin of mutants and wild type siblings (wt sib). Fish
of similar standard length (SL) (i.e. distance between snout and caudal peduncle) were
compared; all cases n = 4; error bars: standard deviation; n.s.: not significant; *: p<0.02, ***:
p<0.001. (D) Increased allometric scaling of heterozygous alf fins in
development. k = allometric coefficient, Linear regression lines, wt R2 = 0.92; alf/+, R2 = 0.95;
***: p<0.001. (E) Crosses of sof with alf indicate that there is not epistatic interaction
between the two genes. Fin length was normalized with SL.
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Analysis of the caudal fins during development
showed that the increase in size seen in the mutants is
due to an increased growth rate (Figure 2.1D). Wild type
(wt) fins exhibit only a slight increase in relative growth
during development (k = 1.29) as growth is essentially
isometric

[32].alf

heterozygotes

showed

positive

allometric growth during development of the fin with an
allometric coefficient k near 2 (Figure 2.1D). Histological
analysis of fins from heterozygous fish does not reveal
appreciable differences in the size of scleroblasts and
epidermal cells over those seen in wild type sections
(Figure 2.3A). However, increased staining of the
proliferating cell nuclear antigen (PCNA) during fin

Figure 2.2 Phenotype of
homozygous alf mutants. (A) wt
(B) alfdty86d homozygous,
(C) alfdt30mh homozygous. Scale
bar: 10 mm

regeneration suggests that proliferation is increased in the mutants (Figure 2.3B).
In sof mutants defects in cx43 are known to cause a reduction in both fin size and segment
length [36]. We therefore tested whether the alf overgrowth phenotype requires the function
ofcx43. Crosses between alfdt30mh and a dominant sof allele, sofdj7e2, showed no epistatic
interaction between the two genes (Figure 2.1E), suggesting that the two mutations most likely
affect independent processes that both contribute to the determination of final appendage size
during fin development.

The alf phenotype is due to missense mutations in kcnk5b
We mapped the alf mutations to overlapping regions on chromosome 20 (Figure 2.4A). We
further refined alfdty86d to a genomic interval of 125 kb coding for 4 genes (bpnt1, ylpm1,kcnk5b,
and syt14). In both alf alleles, distinct missense mutations (W169L and F241Y) were identified in
the coding sequence for kcnk5b (Figure 2.4B). This gene encodes a K2P channel. The affected
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residues are highly conserved in kcnk5b homologs of other vertebrate species (Figure 2.4C).
Thus, the alf phenotype is due to allelic mutations in kcnk5b.

Figure 2.3. Cell proliferation is increased in alf mutants.
(A) Sections of wild type and heterozygous alf fins. No significant difference in cell size is
seen in the two groups. (B) Antibody staining against PCNA on paraffin sections of
regenerating fins 4 days post amputation (dpa). Chart shows percentage of proliferating
nuclei (PCNA) over total nuclei (Hoechst). N = 3–4 sections of 4 individual fish **: pvalue<0.01.

To assess the nature of these alleles we generated a phenotypic revertant (j131x8) of the
dominant alfdty86d mutant (Figure 2.4D). PCR analysis of genomic DNA showed the presence of
a 384 bp deletion leading to a frameshift and a premature termination codon. The resulting protein
is predicted to lack 3 of the 4 transmembrane (TM) domains (Figure 2.4E). This suggests that
the revertant is a null mutation for kcnk5b. Homozygotes harboring the deletion are viable and
fertile; thus, kcnk5b is not essential for zebrafish development. As kcnk5b has a close paralog in
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zebrafish, kcnk5a (Figure 2.5A), which is expressed in similar tissues (Figure 2.5B), the lack of
a loss-of-function phenotype in normal development may be due to functional redundancy
between the paralogs. Together, these data endorse our finding that kcnk5b is the gene
responsible for the alf overgrowth phenotype and demonstrate that these mutations are due to a
gain of function rather than haploinsufficiency.

Figure 2.4. Vertebrate kcnk5 homologs and expression in zebrafish development.
(A) Due to a whole genome duplication event, teleost fish have two kcnk5 paralogs that
show early divergence. Numbers indicate bootstrap values in percentage (100 bootstrap
replications). Nodes with a bootstrap value lower than 95 were collapsed. Dre, Danio rerio;
Ola, Oryzias latipes; Gac, Gasterosteus aculeatus, Tru, Takifugu rubripes; Tni, Tetraodon
nigridoviridis, Gmo, Gadus morhua; Mmu, mus musculus; Gga, Gallus gallus; Xtr Xenopus
tropicalis. (B) RT-PCR of kcnk5a and kcnk5b shows comparable expression between the
two paralogs in multiple adult tissues, including fins.
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Figure 2.5. Vertebrate kcnk5 homologs and expression in zebrafish development.
(A) Due to a whole genome duplication event, teleost fish have two kcnk5 paralogs that
show early divergence. Numbers indicate bootstrap values in percentage (100
bootstrap replications). Nodes with a bootstrap value lower than 95 were collapsed.
Dre, Danio rerio; Ola, Oryzias latipes; Gac, Gasterosteus aculeatus, Tru, Takifugu
rubripes; Tni Tetraodon nigridoviridis, Gmo, Gadus morhua; Mmu, mus musculus;
Gga, Gallus gallus; Xtr Xenopus tropicalis. (B) RT-PCR of kcnk5a and kcnk5b shows
comparable expression between the two paralogs in multiple adult tissues, including
fins.

alf mutations in kcnk5b lead to increased K+ conductance and hyperpolarization
We used the known structure of human KCNK4 (K2p4.1) [39] as a template for modeling Kcnk5b
and assessing the mutations. These models revealed that the affected amino acids are positioned
in two distinct TM domains towards the cytoplasmic side of the protein (Figure 2.6A).
To assess how the identified amino acid substitutions might affect Kcnk5b function, the
channel properties were tested in a two-electrode voltage clamp experiment in Xenopus oocytes.
This technique permits measurement of currents across the cell membrane when the membrane
potential is clamped to a given value. Oocytes injected with kcnk5b(wt) cRNA react steadily to a
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change in voltage and do not exhibit a delay in current flow, as is expected for a K2P channel. A
similar situation is also seen with kcnk5b(W169L) or kcnk5b(F241Y) cRNAs. However, oocytes
injected with either of both mutant cRNAs show an almost two-fold increase in K+ conductance
over that of oocytes injected with wild type cRNA (Figure 2.6B). The current-voltage relationship
of the wild type channel shows the typical outward rectification of a K2P channel, i.e. current flows
preferentially out of the cell, from the side of high K+ concentration to the side of low
K+concentration [40]. In contrast, the increase in K+ currents in the Kcnk5b mutant variants is
accompanied by reduced outward rectification (Figure 2.6C) suggesting that the change in
K+conductance results from altered biophysical features of Kcnk5b rather than a simple increase
in the number of channels at the plasma membrane.
K2P channels are often referred to as leak channels since they account for the constant
leaking current that sets the resting membrane potential observed in neurons. They are known to
control both cell excitability and membrane potential [41], and the human homolog
of kcnk5b,KCNK5 (TASK2), was shown to contribute significantly to the stabilization of the
membrane potential in articular chondrocytes [42]. Therefore, we hypothesized that zebrafish
Kcnk5b might also play a role in setting the membrane potential. Indeed, the membrane potential
values of oocytes injected with wild type and mutant kcnk5b cRNAs are correlated with the
amplitude of the ion current measured at a constant voltage of 50 mV (Figure 2.6D): the higher
the conductance for K+ measured at 50 mV, the more negative the membrane potential of the
oocyte. Consistently, the mutant channels lead to stronger hyperpolarization causing a shift in the
membrane potential towards −90 to −100 mV, the equilibrium potential for K+ in Xenopus oocytes.
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Figure 2.6. Gain-of-function mutations in kcnk5b affect ionic conduction and lead
to hyperpolarization of the cell. (A) Location of the amino acids altered in kcnk5b gainof-function mutants. Kcnk5b protein was modeled on human KCNK4 (K2p4.1). GFG and
GYG domains represent the selectivity pore of the channel. (B) Voltage clamp recordings
from Xenopus oocytes injected with cRNA of wild type and mutant kcnk5b. The
membrane potential was clamped at a reference potential of −80 mV and then stepped to
a test potential from +60 mV to −100 mV for 500 ms. The current that is applied in order
to clamp the voltage to a certain value corresponds to the current passing through the
plasma membrane. Representative electrophysiological traces are shown. (C) The
mutant channels display increased conductance over wild type channels expressed at
comparable levels. Error bars represent standard deviation. (D) Kcnk5b influences
membrane potential (Vm) in oocytes. The mutant variants tend to hyperpolarize the cell
(each point represents one oocyte).

kcnk5b acts locally to increase appendage size
To show where kcnk5b is expressed we performed in situ hybridization experiments on adult fins,
however no specific signal above background was observed, indicating that expression levels
might be below detection with this technique. Nevertheless, RT-PCR analysis showed
that kcnk5b is expressed in fins of adult fish (Figure 2.5B). To assess whether kcnk5b acts locally
within fins and barbels to control growth, we transplanted kcnk5bdt30mh/+ mutant cells into wild type
hosts (Figure 2.7A). Local overgrowth of these structures was detected in 29 out of 120 chimeras
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raised to adulthood (Figure 2.7B-D), whereas global overgrowth of all fins and barbels was never
observed. This suggests that the mutations act locally within the appendages to increase their
size.

Figure 2.7. kcnk5b gain-of-function mutations affect local growth of appendages.
(A) Transplantation of kcnk5bdt30mh/+ cells into wt albino hosts. If the mutation acts on a
systemic level, mutant clones should promote overgrowth of all appendages. If the
mutation has a local effect, overgrowth will be observed in patches. Chimeras resulting
from the transplantation experiments show overgrowth of (B) single fins, (C) fin parts or
(D) individual barbels.

We further attempted to induce the mutant phenotype by local overexpression of the
channel within fins and barbels of wild type fish. Whereas the electrophysiological analysis
indicated that the dominant kcnk5b mutations lead to an increase of channel conductance, the
current of K+ ions through the plasma membrane depends not only on individual channel
conductance, but also on the number of channels present in the membrane. Therefore, we argued
that increasing the number of channels should also promote fin overgrowth. We generated a
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construct in which either kcnk5b(wt) or kcnk5b(W169L) expression is driven by the elongation
factor 1 alpha (ef1a) promoter from Xenopus laevis; this promoter was recently shown to be active
in all major fin tissues [43]. To mark the cells that express the transgene, DsRed expression was
driven under a second ef1a promoter positioned in cis within the same plasmid (Figure 2.8A).
This plasmid was injected into wild type one-cell stage zebrafish zygotes along with Tol2
transposase mRNA as described before [43]. Injected fish were raised to adulthood, screened for
DsRed positive cells in the fins and the effects on growth were recorded. No overgrowth was
observed in fish injected with a control plasmid expressing only DsRed under the ef1a promoter
(0/240), despite the presence of DsRed-positive cells in various tissues within the fin (Figure 2.9).
In about 40% of the fish injected with plasmids encoding wild type or mutant kcnk5b and showing
DsRed positive cells in the fins we found a local overgrowth phenotype (Figure 2.8B and H).
Analysis showed a strong correlation of overgrowth with DsRed positive mesenchymal tissue
(89.2%, N = 37, Figure 2.8C,D and I), whereas DsRed positive cells in other tissues were not
associated with increases in size. The fin ray segments were enlarged in the overgrown fins
similar to alf mutants (Figure 2.8D). The marked fibroblast-like cells typically occupied the intraray space and were excluded from the arteries (Figure 2.8E). These vessel-surrounding clones
extended along the actinotrichia to the distal ends of the overgrown fins (Figure 2.8F). In the case
of barbel overgrowth, DsRed positive cells were found in the mesenchymal tissue surrounding
the central rod (Figure 2.8G), an acellular, non-cartilaginous, non-mineralized structure that
supports this organ [44]. In a few cases no DsRed fluorescence signal could be detected within
or next to overgrown fin tissue (kcnk5b(W169L), 2/26; kcnk5b(wt), 2/11), probably due to
variegation

of

promoter

activity

[43].

In

conclusion,

these

findings

indicate

that kcnk5b overexpression within fibroblasts of the mesenchyme is sufficient to induce fin
outgrowth.
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Figure 2.8. Overexpression of kcnk5b is sufficient to cause fin overgrowth.(A)
Construct used to create kcnk5b-expressing clones via Tol2 transgenesis.
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Figure 2.8 (Continued). (B) Individual fish expressing kcnk5b (W169L) (left)
or kcnk5b (wt) (right) in mosaic clones display localized fin and barbel overgrowth. (C–F)
Overgrowth is associated with DsRed expression (in red) within mesenchymal cells. (C)
Calcein staining labels bone tissue (in green) of an overgrown fin (DsRed; kcnk5(W169L)
expressing clone). (D) Mesenchymal clones are associated with increased segment length
in the fin compared to non-overgrown DsRed negative regions. (E) Fibroblast-like cells
appear as DsRed positive cells within the fin rays (dotted line) that surround DsRed
negative vasculature (arrows in E and F) which extend along the actinotrichia (fibrils within
dotted lines in F) towards the distal end of the fin. (G) Overgrown barbels show DsRed
signal within the mesenchyme (area within dotted line) but not in the vasculature (arrow).
(H) Number of clones associated with overgrowth in different kcnk5b variants. (I)
Proportion of different cell types labeled in overgrown tissues. (J) Electrophysiological
recordings of the non-conductive kcnk5b (GFGAAA) mutant in oocytes.
Squares: kcnk5b (wt), purple stars: kcnk5b(F241Y)+kcnk5b (wt), blue
circles: kcnk5b (W169L)+kcnk5b (wt), green triangles: + kcnk5b (GFGAAA)+kcnk5b (wt).
Current was normalized to the measurement of wt current at 60 mV. Inset: DsRed+
fibroblasts in fish injected with the non-conductive construct do not lead to fin overgrowth.

To test whether kcnk5b-induced overgrowth requires conductance of K+ ions by the
channel, we generated an overexpression construct encoding a non-conductive version by
mutating the GFG motif of the selectivity filter to AAA, kcnk5b(GFGAAA). This modification has
previously been shown to block ion conductance in K+ channels [45]. Electrophysiological
measurements in Xenopus oocytes showed that this channel is unable to conduct K+ (Figure
2.8J). The plasmid was injected into wild type embryos along with Tol2 transposase mRNA and
injected fish were reared to adulthood and assessed for overgrowth. No overgrowth was detected
in these fish (Figure 2.8H), although fins containing DsRed positive tissue (n = 32), including
fibroblasts (Figure 2.8J, inset), were found. These data indicate that the increase in conductance
of the Kcnk5b channel is essential for the coordinated overgrowth of the fins and barbels in the
mutants.
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Figure 2.9. The control plasmid ef1a:DsRed drives DsRed expression in a wide
range of cell types and tissues within the fin. (A) lateral line, (B) vasculature, (C)
osteoblasts, (D) fibroblasts, (E) pigment cells (arrows), showing the typical stellated
shape, and (F) epidermis. Scale bar: 200 µm

Discussion
K+ channels have long been associated with neurological function, hormone secretion, and
cardiomyocyte polarization [46]. They are a diverse class of ion channels, which can be grouped
into four major families: inwardly rectifying (KIR), voltage-dependent (KV), calcium-dependent (KCa)
and two-pore domain (K2P) potassium channels. KIR channels have recently been shown to be
involved in patterning in vertebrates and invertebrates.
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In Drosophila loss-of-function mutations in Irk2 lead to wing patterning defects [47].
Mutations in the human homolog, Kir2.1, are associated with craniofacial and digital defects [48].
In zebrafish establishment of the adult pigmentation pattern requires the function of Kcnj13
(Kir7.1) [49]. Here, we report that gain-of-function mutations in kcnk5b, a gene encoding a
K2P channel, lead to allometric overgrowth of the fins. This is the first time that a member of this
class of channels is shown to be involved in regulation of growth and patterning in a vertebrate.

Implications of K+ channels in growth and proliferation
The size of an organ depends on cell size and cell number. The mammalian homolog of kcnk5b
has been implicated in both, regulation of cell volume [50,51] and cell proliferation [52,53].
In alf mutants we could detect an increase in cell proliferation but not in cell size (Figure 2.3).
Importantly, the mutant phenotype does not arise simply by dysregulation of cell proliferation,
which would cause tumorous overgrowth; rather the overgrown structures in the mutants preserve
tissue organization and patterning.
It is unclear how K+ channels regulate proliferation. Studies have proposed that this might
occur through regulation of the membrane potential [54]. In apparent contrast to some studies
[55–58] but in agreement with others [59,60] we found that hyperpolarization caused by mutations
in a K+ channel can lead to tissue overgrowth. Although we observed a hyperpolarizing effect of
the alf mutation in Xenopus oocytes, we cannot exclude that this, in turn, triggers a depolarization,
either at cellular level or in the surrounding tissues during development of the fin. In fact,
experiments employing depolarization-sensitive dyes, suggest that this might indeed be the case
(Figure 2.10).
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Figure 2.10. Polarization of fins during growth. Voltage sensitive dyes were used to
assess changes in overall polarization of growing caudal fins of wildtype and alf juvenile
fish. (A) DiSBAC2(3) staining in wild type fins exhibited hyperpolarization localized to
discrete regions of the fin with variable detection of distal regions of altered
depolarization. (B) alf fins in contrast show high levels of depolarization across the fin
with variable patterns in different tissues. (C) Quantification of average DiSBAC2(3)
fluorescence signal in wild type and mutant fins (average pixel intensity (12-bits) of the fin
in maximum intensity projections). ***: p<0.001, N=21-23. (D) Positive control of
depolarization by treatment of the fins with 150 mM KCl (D’). DiBAC4(3), another dye
sensitive depolarization, showed similar effects, while DiSC3(5), a dye sensitive to
hyperpolarized states, was uninformative (data not shown).

The importance of hyperpolarization during growth is supported by regeneration studies
in Xenopus [22,24]. Regenerating tadpole tails are initially depolarized, but, unlike tails in the
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refractory state, subsequently undergo hyperpolarization. Notably, impairing hyperpolarization
through inhibition of V-ATPase activity leads to a reduction of cell proliferation and failure to
regenerate [22]. Transient hyperpolarization of the cell might lead to a cytosolic increase of the
second messenger Ca2+, activate integrin-dependent or PTEN phosphatase-dependent
cascades, or favor the uptake of mitogens such as serotonin through voltage-dependent
transporters [61]. Recent reports suggest that in some cases K+ channels can induce cell
proliferation independently of their effect on membrane potential [62,63]. We show that, in the
case of Kcnk5b, conductance is essential for the regulation of fin growth. Overexpression of a
non-conducting version of the channel does not cause a phenotype, whereas wild type
and alf variants induce local overgrowth.

Role of kcnk5b in size specification
Our analysis of transgenic mosaics indicates that cells of the mesenchyme are sufficient to
provide cues that alter the size of the fins. This is consistent with results of classic xenograft
studies between chicken and quail where cells of the mesenchyme impart donor-specific
characteristics to the limbs [8,64]. During development tetrapod limbs are patterned by signaling
interactions between mesenchymal cells and the overlying ectoderm. A prominent signaling
center, the apical ectodermal ridge (AER), is active at the distal tip of the limb bud during this
process. The AER and the mesenchyme of the progress zone continuously communicate with
each other to direct limb outgrowth and development. Similar epithelial-mesenchymal interactions
from the apical fin fold are likely to be required for the patterned overgrowth of fins in alf mutants.
In support of this mechanism, we consistently find labeled mesenchymal cells in the distal-most
regions of overgrown tissue in mosaic animals.
AER signaling in amniotes requires connexin-mediated electrical connectivity between
cells to coordinate pattern and growth of the vertebrate limb [65–67]. An analogous mechanism
may be functioning in fish. We show here that altering ionic communication in the developing fin
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of the zebrafish is sufficient to induce growth. Our analysis of the genetic interactions between alf
and sof indicate that Kcnk5b and Cx43 may act in parallel pathways to modulate final fin size. In
both mutants segment length and fin size are correlated, however the role of segment patterning
in size regulation of the fin is unclear. In contrast to alf [36,68] (Figure 2.1) and sof [33], the
overgrowth mutants lof and rpz have wild type sized lepidotrichial segments [32]. Moreover,
the evx1 mutation, which leads to fins rays devoid of joints, does not affect final fin size in a wild
type nor lof background [69].

Ionic currents and positional information
Several experiments suggest that bioelectrical signaling is a shared common mechanism used
across bilaterians to control organ growth and patterning [21,70,71] and indicate that ion flow may
have an instructive role during development [72,73] as well as regeneration [18,74]. Here, we
provide genetic evidence showing that changes in K+ channel activity result in allometric scaling
of an organ, rather than causing uncontrolled proliferation. We favor a model for size regulation
in which modulation of ionic current by K+ channels within the organ shifts positional information,
thereby setting a different register of size during development. In fact, there is evidence for a
rostro-caudal and medio-lateral gradient of voltage within the developing embryo suggesting that
electric fields are a component of the positional information [75,76]. External electrical currents
have been shown to alter positional information in axial regenerates of planaria [77]. However,
the underlying mechanism of signaling from electrical fields is largely unknown, and possibly
depends on electrical coupling between cells [78]. This hypothesis is supported by studies in
pigment pattern formation, where both K+ channels and connexins have been implicated in proper
formation of the zebrafish stripes [49,79–81]. Further studies will be needed to uncover the
signaling mechanism from K+ channels to regulate size and pattern. However, our work, in concert
with that of others, clearly shows that ion flow is not just an epiphenomenal event accompanying
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growth but one of the major factors specifying pattern and form during development and
regeneration.

Materials and Methods

Fish maintenance
Zebrafish were bred and maintained as previously described [82]. alfdty86d was isolated in the 1996
Tübingen screen [30,33] as a mutant affecting adult fin formation. The alfdt30mh(pfau) mutant was
identified in F1 fish of a standard F3 screen (ZF Models) and isolated based on its fin and barbel
phenotype.

Measurements
Fish were anesthetized in tricaine solution for measurements; fin length and standard length was
measured using handheld calipers. Fish were imaged under a stereo microscope (Zeiss, SteREO
Discovery) and measurements were performed using AxioVision software (Zeiss). p-values from
unpaired Student's t-test were obtained with Microsoft Excel.

Sections and PCNA staining
Fin regenerates were fixed at 4 dpa in 4% PFA overnight and decalcified with 0.5 M EDTA for 24
h. Sample were embedded in paraffin and sectioned at 5 µm. Immunohistochemistry with antiPCNA antibody (Sigma) was performed as described [83]. Percentage of PCNA positive nuclei
over Hoechst positive nuclei was determined on three to four sections of four independent
samples for each genotype.
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RT-PCR analysis
Adult zebrafish organs were dissected on ice and stored in RNALater (Invitrogen) at 4°C. Total
RNA was isolated using RNeasy Mini kit (Qiagen). cDNA was synthesized from 200 ng RNA from
each sample with SuperScript III and oligo(dT) primers (Invitrogen). PCR analysis was performed
using Taq polymerase S (Genaxxon) with intron spanning primers (β-actin forward OSP-31, TGC
GGA ATA TCA TCT GCT TG, β-actin reverse OSP-32: AGC ATC ATC TCC AGC GAA
TC, kcnk5b forward OSP-390: CAT TCC TCT GTG CCT CAC CT; kcnk5b reverse OSP-324 AGG
CCA TCC ACA GAC TCA TC, Tm = 61°C, 30 cycles).

Mapping
Mapping was performed as described [82]. The alfdty86d mutation mapped between z11841 (5
recombinants/96 meioses) and z21067 (2/96) and fine mapped using SNPs. alfdt30mh mapped
between z7803 (1/48) and z21067 (1/48). Full length kcnk5b was cloned into pGEM-T Easy from
cDNA of fin blastema amplified with LA Taq polymerase (TaKaRa) (forward primer OSP379: TGG GAG TGT GGA GTG TGT GT, reverse OSP-382: TTT TTG GTC CAG CTT TGG TC,
Tm = 60°C, 45 cycles).

X-ray irradiation and screening for revertants of alf
Sperm from alfdty86d homozygotes was irradiated with X-rays (1125 rads, Faxitron 43855D) and
used to fertilize wild type eggs (AB strain). F1 progeny was reared to approximately three weeks
of age (9433 fish) and screened for the alf phenotype. 11 fish showed wild type fins. 10 of these
survived to adult stages. SSLP analysis revealed that 9 of these were deletions of some or all of
the upper arm of chromosome 20. q-RT-PCR of candidate genes in the remaining revertant
(j131x8) showed no change in transcript levels for bpnt, ylpm1 and syt14, but little or no transcript
for kcnk5b. PCR analysis of genomic DNA showed that this revertant has a 384 bp deletion of the
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3′ end of intron 2 and the 5′ end of exon 3. This deletion results in a frameshift and early truncation
of the protein.
Modeling of Kcnk5b
The

amino

acid

sequence

(http://www.ensembl.org)

and

of
used

zebrafish
to

Kcnk5b

search

the

was
PDB

retrieved
database

from
with

Ensembl
HHpred

(http://toolkit.tuebingen.mpg.de/) [84]. The first hit in the search (human KCNK4, PDB ID: 3um7
[39] identity 36%, similarity 0.646; 22nd March 2012) was used to build the 3D model. The model
was processed with MacPyMol (http://pymol.org).

Electrophysiological measurements
kcnk5b was subcloned from pGEM-T Easy to pSGEM expression vector via SacII and SpeI sites.
After linearization with NheI, cRNA was synthesized with Ambion mMessage mMachine
(Invitrogen) and cleaned up with mRNeasy Mini Kit (Qiagen). X. laevis oocytes were injected as
described previously [85] (kcnk5b single alleles: 4 ng wild type or mutant kcnk5b cRNA; coinjections of two kcnk5b alleles: 2 ng cRNA each, for a total of 4 ng per oocyte). Measurements
were done from a holding potential of −80 mV with 0.5 s long pulses from −100 to +60 mV with
increments of 20 mV. Recorded currents (n = 5–26) were averaged and normalized to the mean
value recorded for oocytes injected with the wild type channel at +60 mV.

Generation of the kcnk5b(GFGAAA) non-conductive mutant
PCR mutagenesis was performed as described [86] using Pfu polymerase (Fermentas) (OSP15 CCC TGA CGA CTG TCG CTG CAG CTG ACT ATG TGG CAG GGG C; OSP-16 CCT GCC
ACA TAG TCA GCT GCA GCG ACA GTC GTC AGG GTG G, Tm = 70°C, 30 cycles) on
pSGEM:kcnk5b(wt).
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Cloning of overexpression vectors
ef1a:DsRed vector. A ef1a:DsRed cassette generated with KOD Hot Start DNA Polymerase
(Toyobo) (primers: TAA TTT AAA TAG ATC TTC GAG CAG GGG GAT CAT CTA ATC A; CTA
GAT GGC CAG ATC TGC CCG GGA CTT GAT TAG GGT GAT GGT TCA CGT AGT G,
Tm = 59°C, 30 cycles) from plasmid Ale237 (kind gift of Alessandro Mongera) was inserted in
plasmid 587jk (kind gift of Dr. Jana Krauß) using BglII restriction sites through In-Fusion
Advantage (Clontech) cloning according to manufacturer's protocol.
ef1a:DsRed; ef1a:kcnk5b wild type and mutant vectors. The ef1a promoter was amplified from
plasmid Ale237 (primers: ATT AAT TCG AGC TCG GTA CCC CTC GAG CAG GGG GAT CAT
CT; GAA CAA GCA AGC TGG GTA CCC CGG CCG TCG AGG AAT TCT TTG, Tm = 59°C, 30
cycles) and inserted into the pSGEM vector at the KpnI restriction site using In-Fusion Advantage
(Clontech) cloning. The ef1a:kcnk5b cassette was amplified from the resulting plasmid as above
(primer: AAA CCT AGG TCG AGC AGG GGG ATC ATC T; AAA CCT AGG ATG ACC ATG ATT
ACG CCA AGC TAT), digested with AvrII and inserted into ef1a:DsRed vector using the SpeI
restriction site.

Injections
Plasmids (5–20 ng/µl), Tol2 mRNA (25 ng/µl) and 20% (v/v) phenol red solution (Sigma- Aldrich,
P0290-100ML) were injected into the zygote of 1-cell stage embryos under a dissecting
microscope (Zeiss, Stemi 2000) using 275 Pa (40 psi) injecting pressure for 100 ms (World
Precision Instruments, Pneumatic PicoPump PV820). Adults were analyzed with Zeiss, SteREO
Discovery and Zeiss LSM 5 Live.
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Transplantations
Transplantations were performed as previously described [82]. At mid blastula stage (1000 cell
stage), about 20–40 cells were transplanted from the pfaudt30mh/+ donors into the recipient close to
the yolk cell and chimeras were raised to adulthood.

In vivo analysis of membrane potential
Fluorescent dye experiments were performed by adapting described protocols [22,87]. Briefly,
wild type and mutant juvenile fish (STL = 16–18 mm) were incubated in fluorescent dye diluted
1 2000 in fish water (stock solutions: DiSBAC2(3) (Bis-(1,3-Diethylthiobarbituric Acid)Trimethine
Oxonol, Life Technologies): 1 mg/ml in DMSO) for 30 min in the dark, anesthetized with tricaine
solution and placed on a custom-made chamber for confocal imaging. The chamber was obtained
by removing the bottom of a 55 mm plastic dish and by replacing it through a round cover slip
fastened with silicone. Fish were held in place with a tissue soaked in dye and imaged upon
excitation at 561 nm. Unstained animals were imaged as a negative control. p-values from
unpaired Student's t-test were obtained with Microsoft Excel.
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Chapter 3 –
Potassium channel signaling instructs allometric growth rate independently from
positional information
The study of differential growth of structures in development and evolution has a rich history [1].
In 1936, Huxley and Teissier formalized research detailing the scaling relationship between
structures within organisms as a power law that details the relative proportion of structures [2].
However, little is known how proportion is encoded or regulated. Although growth is dependent
on systemic signals, there is substantial evidence for an organ-intrinsic developmental capacity
to establish relative size. Transplanted organs will frequently reach their target size even when
cultured in ectopic locations [3–5].

Intrinsic regulation of size is also observed in cases where

organs will accelerate growth back to a seemingly pre-ordained growth trajectory following
growth-limiting insults, such as nutrient deprivation or illness [6,7]. This “catch-up growth” is also
seen during epimorphic regeneration, wherein regenerative growth rate is dependent on the
amount of tissue lost, such that recovery of the original form occurs within the same time window;
this suggests that positional cues within tissues guide relative growth rates [8–11]. How growth
is integrated with positional information within the organ to achieve proper proportion, however,
remains unanswered.

Results and Discussion
An effective strategy to understand growth regulation and size control is to analyze mutants in
which scaling properties have been altered. Through genetic screens in the zebrafish, mutants
have been identified affecting fin length, both reduced in size as well as mutants in which fins
grow beyond their normal limit [12–18]. The identification of the causative mutations underlying
the mutants another longfin/kcnk5b (alf) and shortfin/connexin43 (sof) uncovered essential roles
for cellular polarization and electrochemical communication between cells in regulating fin size

64

[14,16]. A link to calcium signaling was identified through the analysis of immunological
suppressors on development and regeneration [19]. Treatment of regenerating fins with the
calcineurin inhibitors FK506 and cyclosporin A led to dose-dependent coordinated overgrowth of
the regenerates such that the complex tissue pattern is retained (Figure 3.1 and Figure 3.2, [19]).
FK506-treated fins also exhibited elongated fin ray segments as also seen in kcnk5b/alf mutants
(Figure 3.3). While the segmentation pattern of the fin rays can be dissociated from total fin
length [20], mutants with altered fin size are often accompanied by a change of size of segments,
consistent with alterations in the rate of growth (Figure 3.3 and [13,16,21]).
As

inhibition

of

calcineurin

function

appears to bypass the genetic specification of fin
size,

we

sought

to

define

the

growth

characteristics of calcineurin inhibition in the
background of different mutants with altered fin
size. When cut to 50% of their initial size, the fins
of wild-type, short- (cx43sof/sof), and long-finned
mutant (kcnk5balf/+) fish all regenerate back to
Figure 3.1. Dose-dependent growth
response of fins treated with
calcineurin inhibitors. Fins resected to
50% of their original length were allowed
to regenerate in the presence of 10nM,
30nM or 100nM FK506 or in DMSO.
Error bars represent ± SEM. * p-value <
0.05. *** p-value < 0.001.

their pre-amputation size over a similar time
period, despite their vastly different starting
lengths (Figure 3.2A).

However, FK506-

treatment of regenerating fins from both wild-type
and short-finned mutants leads to an increased

rate of growth in each group, resulting in the formation of equally sized, larger fins in all genotypes
(Figure 3.2). Intriguingly, FK506-treatment in fish with activating kcnk5b mutations does not lead
to an additional increase in the size of the regenerate (Figure 3.2A). Thus, regenerating fins from
mutants with different fin proportions treated with FK506 exhibit similar growth profiles (Figure
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3.2). These data suggest that calcineurin is acting at, or downstream of, regulation of positional
cues in the fin and mechanisms of size control.

Figure 3.2. Calcineurin inhibition is sufficient to override genetic encoding of size.
(A) Regenerative growth of zebrafish pectoral fins after resection to ~50% of pre-cut fin
length (at 0 days post amputation) in different genetic backgrounds with short- (cx43sof/sof)
or long- (kcnk5balf) fin size relative to wild-type fish. Dashed lines indicate pre-cut pectoral
fin length. Data normalized to standard length (STL) of each fish. (B) Representative
ventral view of pectoral fins after regeneration. Black line indicates unoperated pectoral
fin length. Red line indicates pectoral fin length after treatment with FK506 during
regeneration. Black dashed line highlights site of amputation. Error bars represent ±
SEM.
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Interestingly, the phenotype of FK506-treated fins resemble the elongated fin
morphologies observed in alf mutants with a gain-of-function mutation in kcnk5b as well as
overgrown fins arising from wild-type kcnk5b overexpression (Figure 3.3 and [16]). Given the
similarity between FK506-treated and kcnk5b/alf fins, we asked whether kcnk5b is a component
of the allometric growth mediated by calcineurin. In fish in which kcnk5b is deleted, fins develop
and regenerate normally [16]. Unexpectedly, in fish homozygous for kcnk5b deletion, the growth
effects caused by FK506 treatment are suppressed (Figure 3.4). These data reveal that signaling
involving Kcnk5b is a critical component of calcineurin regulation of growth and size.

Figure 3.3. Lepidotrichia segment length is increased in FK506 and kcnk5balf fins. Fin
growth occurs through sequential addition of a regular pattern of lepidotrichia hemi-ray
dermal bone segments at growing end of the fin. Lepidotrichia segments are variably
increased in length in the longer kcnk5balf fins and shorter in the short-fin cx43sof fins,
suggesting an association between dermal ray segment length and overall fin size. While
segments are normally restored during regeneration, regenerating fins treated with FK506
show elongated segmentation after regeneration.
We have previously shown that increasing levels of wild-type kcnk5b in the fin is sufficient
to induce local overgrowth [16]. Calcineurin is a protein phosphatase known to affect transcription
through direct binding and dephosphorylation of NFAT family transcription factors [22]. As large
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changes in transcription are observed in regenerating fins treated with FK506 [19], we
hypothesized that regulation of kcnk5b levels through calcineurin inhibition might be the cause for
the observed overgrowth. However, we find that kcnk5b expression is not significantly altered in
wild-type regenerating fins after FK506 treatment (Figure 3.5A), suggesting that Kcnk5b may
have a more direct role in regulating FK506-mediated growth.

Figure 3.4. Kcnk5b is a key regulator of the growth effect of calcineurin. (A) Pectoral
fins of wild type or kcnk5b deletion mutants were amputated to 50% of their original size
and treated with FK506. Black dashed line indicates original fin length. Error bars
represent ± SEM. (B) Growth rate of regenerating fins after amputation to 50% of their
original length. Gray dots represent individual fish. Two-tailed t-test p<0.0002 for
suppression of growth in the absence of kcnk5b. Data from four independent experiments.
(C) Representative ventral view of pectoral fins after regeneration.
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Differential phosphorylation of K2P channels has been shown to alter conductance and
voltage sensitivity [23]. It has been found that the activity of mouse K2P channel Kcnk18/TRESK
is regulated by direct calcineurin binding and dephosphorylation within the intracellular loops of
the channel [24,25]. Intriguingly, we identified a putative calcineurin binding site in the cytoplasmic
carboxy-terminus of zebrafish Kcnk5b that is similar to that identified in KCNK18/TRESK, and
similarly, adjacent to this site in Kcnk5b are several highly conserved serine residues (Figure
3.5B) [24].

Figure 3.5. Kcnk5b activity is directly modulated by calcineurin. (A) qRT-PCR
comparing relative levels of kcnk5b in FK506-treated, 5-day post-amputation pectoral
fin blastemas to values of DMSO-treated controls (n=5, ± SEM). (B) Multiple sequence
alignment of Kcnk5b protein highlighting putative calcineurin binding domain with
resemblance to calcineurin binding in TRESK (PQIVID [24] ; red bar) and a nearby
suite of highly conserved serine residues (green bars). Asterisk indicates site of
mutagenesis in (C-E) (I290A). Alignment generated by MUSCLE [37]. Diagram
adapted from [38] . (C) Representative electrophysiology current traces from voltage
clamp recordings in Xenopus oocyte injected with wild-type or mutant I290A Kcnk5b
cRNA and treated with FK506 or DMSO. The membrane potential was clamped at a
reference potential of −80 mV and then varied by incremental 20mV steps to a range of
-100mV to +60mV. (D) Current is suppressed in wild-type Kcnk5b homodimers through
treatment with FK506 or by mutation of the calcineurin binding site (I290A). (E)
Recorded currents were normalized to the value recorded for oocytes injected with the
wild-type channel at +60 mV. Error bars represent ± SEM. p-value < 0.0001.
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To test the potential for direct modulation of channel activity by FK506/calcineurin, we
assessed the activity of the Kcnk5b channel in Xenopus oocytes. Oocytes expressing zebrafish
Kcnk5b show decreased conductance when treated with FK506, suggesting Kcnk5b activity is
correlated with calcineurin activity (Figure 3.5D-E; see [26]). Alteration of Kcnk5b by mutation of
I290A within the putative calcineurin binding domain led to a similar conductance as observed in
the wild-type channel treated with FK506 (Figure 3.5D-E). The analogous mutation in TRESK
has previously been reported to abolish the effect of calcineurin and its binding to the channel
[24]. Thus, the effect of the I290A mutation in Kcnk5b resembles the effect of calcineurin inhibition
by FK506 treatment, suggesting that gating of zebrafish Kcnk5b channel is tied to the activity of
calcineurin through interactions with the cytoplasmic C-terminus. Our findings of reduction in
current through Kcnk5b homodimers by FK506 treatment in ovo is in contrast to the effects of
increased current in kcnk5b gain-of-function mutants [16], both of which result in larger fin growth.
This suggests there may signaling events associated with Kcnk5b downstream of changes in
conductance that drive fin growth. The C-terminus of mouse Kcnk5/TASK-2 interacts directly with
Gβγ subunit of heterotrimeric G-proteins [27], and work on other K2P channels, such as TREK-1
and TREK-2, have revealed dynamic regulation by cAMP/PKA, DAG/PIP/PKC and nitric
oxide/cGMP/PKG pathways [23]. Modulation of Kcnk5b by conductance, or through interactions
with the C-terminus, may act as a molecular rheostat -- adjusting and responding to voltage to
regulate growth rate.
To determine whether conductance by Kcnk5b is required for fin growth through
calcineurin inhibition, we transiently overexpressed conductance-dead kcnk5b alleles (P2;[16])
with and without the putative calcineurin binding site (I290A) (Figure 3.6). Overexpression of
kcnk5b is sufficient for clonal fin overgrowth, but the loss of conductance prevented a growth
response even in the absence of calcineurin binding (Figure 3.6). This suggests that the FK506
response requires conductance despite the reduced conductance observed in ovo upon FK506
treatment. This is consistent with previous indications that conductance is required for kcnk5b-

70

mediated overgrowth [16]. To determine if loss of calcineurin binding to Kcnk5b is alone sufficient
to trigger growth and to identify additional roles for the cytoplasmic C-terminus, we initiated a
CRISPR-Cas9 mutagenesis screen (Figure 3.7).

Using gRNAs tiling the entire Kcnk5b C-

terminus, we sought to induce a series of in-frame deletions in mosaic injected animals and to
screen for overgrown fin clones. Preliminary analysis reveals this approach will produce mosaic
fin overgrowth (Figure 3.7).

More zebrafish have been injected to specifically target the

calcineurin binding site and will soon be available for screening.

Figure 3.6. Loss of calcineurin binding site in kcnk5b C-terminus is not sufficient for
overgrowth in the absence of conductance. (A) Injection of a plasmid driving overexpression of kcnk5b variants with Tol2 transposon mRNA into the single celled zebrafish
embryo results in random plasmid integration and mosaic expression patterns within the
adult zebrafish[16]. (B) Clones expressing wildtype kcnk5b frequently led to fin overgrowth,
but this was not observed when the potassium selectivity filter of Kcnk5b is mutated
(GFGAAA), even when in cis to the mutated C-terminal putative calcineurin binding site
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Figure 3.7: Ongoing CRISPR-Cas9 mosaic kcnk5b C-terminal deletion series to
identify regions associated with fin growth at endogenous expression levels.
Diagram of kcnk5b exon five, which contains the cytoplasmic C-terminus. The exon was
split into three bins (I,II,III), each containing a pool of five gRNAs injected together.
Calcineurin binding site in red (B) Examples of fin overgrowths identified from group I.

Kcnk5b/calcineurin signaling regulates coordinated growth among diverse tissues of the
developing and regenerating fin to establish a larger, functional structure. How this coordination
is controlled remains a question. This coordination may be attained through a re-interpretation of
positional information within the fin such that the regenerate replaces the missing components of
the fin with more distal elements. A previous study suggested that inhibition of calcineurin
signaling led to a re-specification of the regenerating tissue to a proximal identity, in part through
mechanisms mediated by retinoic acid; this was argued to be a cause of the increased growth
and size seen in the treated fins [19]. An alternate explanation for the observed changes in pattern
is that the expanded proximal molecular and anatomical identities observed in FK506-treated fins
[19] are a consequence of increased growth rate. This hypothesis is independent of positional
memory. Similar to classic studies demonstrating retinoic acid re-specification of positional
identity during salamander limb regeneration [28], if Kcnk5b/calcineurin signaling is sufficient to
alter proximal identity (Hypothesis 1), growth would be predicted to continue after removal of the
drug as more distal elements would continue to be formed in register to the proximal tissues. To
address the effect of calcineurin on altering positional information of the fin, we asked if the effect
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of FK506 treatment is retained when the drug is no longer present. Pectoral fins regenerating
under the influence of FK506 exhibited increased growth during the course of regeneration.
However, after removal of the drug, either prior to retaining their original size, or in fins that had
surpassed their original size, regenerative growth ceased regardless of the extent of the fin
regenerate (Figure 3.8A). Thus, treatment with FK506 induces a transient acceleration of growth
that requires continual presence of the drug for sustained overgrowth.

Figure 3.8. Calcineurin inhibition establishes regenerative growth rate
independently of positional identity. (A) Pulse of FK506 treatment for 6 or 14 days
post amputation to assess effects of transient inhibition of calcineurin by FK506 on
growth and patterning of the fin. Fins were cut to 50% original length and allowed to
regenerate in the presence of FK506. Arrows indicate end of drug treatment (n=5 fish
per treatment group). (B) Subsequent regeneration of the pectoral fins from (A) in the
absence of FK506 after resection at original cut site to determine if fin allometry was reset to a larger size through previous FK506 treatment. (C) Second regeneration of
FK506-treated fins cut at a site within the regenerated tissue demonstrating memory of
original positional information and recovery of wild-type size within the pectoral fin. Gray
dashed line indicates pre-cut fin length. Red dashed lines indicate second resection.
Error bars represent ± SEM.

We extended these studies to further address if the identity of the regenerated tissue is
altered by treatment with FK506. Amputated fins will regenerate back to a size similar to that

73

originally specified during development. If the overgrown fins caused by calcineurin inhibition are
resected either into the original fin tissue or within a regenerated portion of the fin, these fins grew
to their original size prior to treatment with FK506 (Figure 3.8B,C). Similarly, FK506-treated
overgrown fins cut beyond the original wild-type fin length failed to grow further upon amputation
without the presence of the drug (Figure 3.8C). Thus, the fin retains original positional memory
regardless of Kcnk5b/calcineurin-induced overgrowth and is capable of reverting back to its
inherent size.
Our data provide evidence for separate mechanisms for the encoding of size and the
integration of size information into a relative rate of growth. We show that Kcnk5b signaling is
temporary and is sufficient to override, but not re-specify positional identity of the fin. As kcnk5b/-

fish are viable and have normally patterned fins, Kcnk5b is not necessary for fin size

determination during zebrafish development [16]. However, fish with gain-of-function mutations
in kcnk5b grow fins that retain memory of their larger size. This memory is evidenced by catchup growth to re-form the longer fin length during regeneration (Figure 3.2A). These findings
suggest that there is a genetic integration of Kcnk5b/calcineurin signaling (rate) with a mechanism
of overall size that leads to scaling of proportion during development. The regulation of growth by
Kcnk5b/calcineurin fulfills the general requirements of a scaling property previously represented
by the growth constant of Huxley and Teissier; the encoding and specification of absolute size
remains undefined.

Materials and Methods
Fish Husbandry
The zebrafish AB strains and Tübingen (Tü) strains carrying albino mutation were used as
background for all experiments. Fish were bred and maintained as previously described [29]. All
experimental procedures involving fish conform to AAALAC standards and were approved by
institutional IACUC committees. For all experiments, adult stages defined by reproductively
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mature fish >3 months old were used for analysis. Mutant alleles used in this work are alf

dt30mh

,

sofdj7e2, and kcnk5bj131x8.

Fin Regeneration and Measurements
Fish were anesthetized by treatment with tricaine for measurements and pectoral fin amputation.
Unless otherwise indicated, pectoral fins of wild-type and mutants were resected to roughly 50%
their pre-cut length using standard surgical scissors. Fin length was measured before, during and
after regeneration using handheld calipers and measurements were normalized to the fish
standard length, determined as the length from the tip of the snout to the posterior end of the
caudal peduncle.

FK506 Treatment
Stock FK506 (Sigma) was dissolved in dimethyl sulfoxide (DMSO; Sigma). Fish water was treated
with 100nM FK506 unless otherwise indicated. Up to five individual zebrafish were housed in 1L
of FK506- or DMSO-treated fish water and were fed daily with live artemia. Water and drug were
refreshed every other day throughout the duration of the experiment.

qRT-PCR
Five days post amputation, pectoral fin regenerates were collected from five individuals of each
treatment group. For RNA extraction, tissue was homogenized in TRIzol Reagent (Invitrogen).
cDNA synthesis was performed with oligo dT primers using SuperScript III Reverse Transcription
Kit (Invitrogen).

qRT-PCR was performed with Power SYBR Green Master Mix (Applied

Biosystems) on Applied Biosystems ViiA 7 Real Time PCR System. Cycling conditions: 10
minutes at 95°C; 40 cycles of 15 seconds at 95°C followed by 1 minute at 60°C ; melting curve
analysis with 15 seconds at 95°C, 1 minute at 60°C and 15 seconds at 95°C. Temperature was
varied at 1.6°C/s. Expression levels were normalized relative to β-actin. ddCt was used to
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calculate fold change in FK506-treated relative to the average of DMSO-treated fish. Kcnk5b
primers: 5’-TTGTAGCCGTCTGTGACCAA-3’, 5’-AGTACCGCACCCAAACTGTC-3’.

β-actin

primers: 5’-CAACAACCTGCTGGGCAAA-3’, 5’-GCGTCGATGTCGAAGGTCA-3’.

Electrophysiology
The cDNA of Kcnk5b was subcloned into pSGEM for cRNA expression. The plasmid was
linearized using NheI and cRNA was in vitro synthesized using the T7 mMessage mMachine kit
(Ambion). Xenopus laevis oocytes were provided by Ecocyte Bioscience. Oocyte handling,
injection and electrophysiological recordings were as previously described[30]. Briefly, stage V
oocytes were injected with 4 ng of cRNA encoding wild-type or mutant I290A kcnk5b and stored
for 3 days at 18°C in Barth’s solution containing (in mmol/L): 88 NaCl, 1.0 KCl, 2.4 NaHCO3,
0.33 Ca(NO3)2, 0.4 CaCl2, 0.8 MgSO4, 5 Tris-HCl, penicillin-G (63 mg/L), gentamicin (100 mg/L),
streptomycin sulfate (40 mg/L), theophylline (80 mg/L); pH 7.6. Two-electrode-voltage--clamp
recordings were performed at 22°C using a Turbo Tec-10CD amplifier (NPI electronics), Digidata
1322A AD/DA-interface and pCLAMP 9.0 software (Axon Instruments Inc. / Molecular Devices).
Before measurement oocytes were pre-incubated in 0.5 % DMSO (control) or in 50 µM FK506
(InvivoGen) for 1 h at 18°C in ND96 recording solution containing (in mM): 96 NaCl, 4 KCl,
1.8 MgCl2, 1.0 CaCl2, 5 HEPES; pH 7.6. FK506 was dissolved in DMSO and FK506 dilution in
ND96 was prepared freshly before every experiment. Recording pipettes were filled with 3 M KCl
and had resistances of 0.5-1.5 MΩ. Data were analyzed with Clampfit 9.0 (Molecular Devices
Corporation), Excel (Microsoft) and Prism6 (GraphPad Software). The Kcnk5b I290A variant was
generated

by

QuikChange

II

(Agilent).

CTCGCTCTGGAGTCGCTGACATCTTTGAG-3’,
CTCAAAGATGTCAGCGACTCCAGAGCGAG-3’.
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Mutagenesis

primers

:

5’5’-

Kcnk5b transient overexpression assay
The Kcnk5b I290A variant was introduced into a conductance-dead kcnk5b P2 variant[16] using
QuikChange II (Agilent) as described above. These constructs were injected into single-cell
wildtype AB zebrafish at 20ng/μl with 20ng/μl Tol2 transposon. Adults were screened at 3 months
of age for dsRED+ fin clones and local overgrowth assessed.

CRISPR-Cas9 injection and screening
gRNAs were targeted against the fifth exon of kcnk5b containing the entire cytoplasmic Cterminus. The ChopChop online was used to design gRNAs to limit predicted off-target gRNA
cutting [31,32]. For the C-terminal-wide screen, the C-terminus was broken into 3 groups of 5
gRNAs. These gRNAs were assembled according to Gangon et al. [33]. Briefly, oligos
containing the gRNA target were annealing to a universal oligo containing the tracrRNA and
SP6 promoter. The annealed oligo ends were then filled in with T4 polymerase for 20 minutes at
12˚C. gRNA was synthesized from this oligo template using Ambion MEGAscript SP6 Kit. For
transcription efficiency, the first two bases of each gRNA were changed to ‘GG’ as there is
evidence that these bases have less effect on Cas9 cutting efficiency or off-target binding than
mutations closer to the PAM site [34–36]. gRNAs were injected into single cell zebrafish
embryos at a concentration of 50ng/μl blanket and 300ng/μl Cas9. To screen for deletion
efficiency, the target exon was amplified from pools of three 24 hour embryos and the resulting
amplicons were heated to 95°C and cooled at -0.1°C per second to form heteroduplexes.
Following heteroduplex PCR, a T7 endonuclease digestion for 30 minutes at 37°C in NEB
Buffer 2 was used to generate deletions in the presence of Cas9-induced indels. Primers for
colony PCR cloning of C-terminal screen: 5’-GGCAAATCAAACTGGTTAGTCC-3’, 5’CGCTGTAGTCCTCGACCTTC-3’. A separate pool of gRNAs flanking the kcnk5b-calcineurin
binding site were also designed using ChopChop[31,32]. Alt-R crRNAs on each site of the
binding site were synthesized by IDT. 5’-CCAAAGCCACCTCCTCGCTC-3’, 5’-
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GTTCATGTCCGAGAAGGTCG-3’. These crRNAs were annealed with IDT Alt-R tracrRNA at
equimolar concentrations by heating at 95°C for 5 minutes and then cooled to room
temperature. crRNA-tracrRNA complexes from each gRNA were co-injected into wildtype
zebrafish at 40ng/μl each gRNA and 650ng/μl Cas9 mRNA. Adult zebrafish were screened at 3
months for the presence of local fin overgrowths. CRISPR deletions within fin overgrowths were
genotyped via colony PCR and deletions identified by Sanger sequencing. Primers for colony
PCR for calcineurin binding-site: 5’- CATATGGTGGTGGAAGCTCA -3’, 5’GGTCACTGCAGCTCTTGGAT-3’.

Acknowledgements
The authors wish to thank Drs. Christopher Antos and Satu Kujawski for their discussions of data
on calcineurin prior to publication. Sof mutant lines were kindly provided by Dr. Kathryn Iovine.
This work was supported in part by NSF GRFP and DDIG DEB-1407092 to JD, and John Simon
Guggenheim Fellowship to MPH as well as support from the Children’s Orthopaedic Surgery
Foundation at Boston Children’s Hospital.

Conceived, designed and analyzed the experiments: Jacob M. Daane and Matthew P. Harris.
Performed the experiments: Jacob M. Daane (Figure 3.1; Figure 3.2; Figure 3.3; Figure 3.4;
Figure 3.5A; Figure 3.6; Figure 3.7; Figure 3.8), Jennifer Lanni (Figure 3.4), Ulrike Henrion (Figure
3.5C-E). Contributed reagents/materials/analysis tools: Charles W. Higdon, Stephen L. Johnson,
Guiscard Seebohm, Matthew P. Harris.

78

References
1.

Gayon J. History of the concept of allometry. Am Zool. Soc Integ Comp Biol; 2000;40:
748–758.

2.

Huxley J, Teissier G. Terminology of Relative Growth. Nature. 1936;137: 780–781.

3.

Twitty VC, Schwind JL, Joseph L. The growth of eyes and limbs transplanted
heteroplastically between two species of Amblystoma. J Exp Zool. 1931;59: 61–86.

4.

Felts WJL. Transplantation studies of factors in skeletal organogenesis. I. The
subcutaneously implanted immature long-bone of the rat and mouse. Am J Phys
Anthropol. 1959;17: 201–215.

5.

Dittmer JE, Goss RJ, Dinsmore CE. The growth of infant hearts grafted to young and
adult rats. Am J Anat. 1974;141: 155–60.

6.

Prader A, Tanner JM, von Harnack G a. Catch-up growth following illness or starvation:
An example of developmental canalization in man. J Pediatr. 1963;62: 646–659.

7.

Finkielstain GP, Lui JC, Baron J. Catch-up growth: cellular and molecular mechanisms.
World Rev Nutr Diet. 2013;106: 100–4.

8.

Spallanzani L. An essay on animal reproductions (Trans. M. Maty ). London: T. Becket
and P.A. de Hondt; 1769.

9.

Morgan TH. The physiology of regeneration. J Exp Zool. 1906;3: 457–500.

10.

Tassava R, Goss R. Regeneration rate and amputation level in fish fins and lizard tails.
Growth. 1966;30: 9–21.

11.

Lee Y, Grill S, Sanchez A, Murphy-Ryan M, Poss KD. Fgf signaling instructs positiondependent growth rate during zebrafish fin regeneration. Development. 2005;132: 5173–
83.

12.

Huang C, Wang T-C, Lin B-H, Wang Y-W, Johnson SL, Yu J. Collagen IX is required for
the integrity of collagen II fibrils and the regulation of vascular plexus formation in
zebrafish caudal fins. Dev Biol. 2009;332: 360–70.

13.

Goldsmith MI, Fisher S, Waterman R, Johnson SL. Saltatory control of isometric growth
in the zebrafish caudal fin is disrupted in long fin and rapunzel mutants. Dev Biol.

79

2003;259: 303–317.
14.

Iovine MK, Higgins EP, Hindes A, Coblitz B, Johnson SL. Mutations in connexin43
(GJA1) perturb bone growth in zebrafish fins. Dev Biol. 2005;278: 208–19.

15.

Green J, Taylor JJ, Hindes A, Johnson SL, Goldsmith MI. A gain of function mutation
causing skeletal overgrowth in the rapunzel mutant. Dev Biol. Elsevier Inc.; 2009;334:
224–34.

16.

Perathoner S, Daane JM, Henrion U, Seebohm G, Higdon CW, Johnson SL, et al.
Bioelectric signaling regulates size in zebrafish fins. PLoS Genet. 2014;10: e1004080.

17.

Fisher S, Jagadeeswaran P, Halpern ME. Radiographic analysis of zebrafish skeletal
defects. Dev Biol. 2003;264: 64–76.

18.

Eeden FJM Van, Granato M, Schach U, Brand M, Furutani-seiki M, Haffter P, et al.
Genetic analysis of fin formation in the zebrafish, Danio rerio. Development. 1996;123:
255–262.

19.

Kujawski S, Lin W, Kitte F, Börmel M, Fuchs S, Arulmozhivarman G, et al. Calcineurin
Regulates Coordinated Outgrowth of Zebrafish Regenerating Fins. Dev Cell. 2014;28:
573–587.

20.

Schulte CJ, Allen C, England SJ, Juárez-Morales JL, Lewis KE. Evx1 is required for joint
formation in zebrafish fin dermoskeleton. Dev Dyn. 2011;240: 1240–8.

21.

Sims K, Eble DM, Iovine MK. Connexin43 regulates joint location in zebrafish fins. Dev
Biol. 2009;327: 410–8.

22.

Hogan PG, Chen L, Nardone J, Rao A. Transcriptional regulation by calcium, calcineurin,
and NFAT. Genes Dev. 2003;17: 2205–32.

23.

Enyedi P, Czirják G. Molecular Background of Leak K+ Currents: Two-Pore Domain
Potassium Channels. Physiol Rev. 2010;90: 559–605.

24.

Czirják G, Enyedi P. Targeting of calcineurin to an NFAT-like docking site is required for
the calcium-dependent activation of the background K+ channel, TRESK. J Biol Chem.
2006;281: 14677–82.

25.

Czirják G, Tóth ZE, Enyedi P. The two-pore domain K+ channel, TRESK, is activated by
the cytoplasmic calcium signal through calcineurin. J Biol Chem. 2004;279: 18550–8.

80

26.

Nam JH, Shin DH, Zheng H, Lee D, Park SJ, Park KS, et al. Expression of TASK-2 and
its upregulation by B cell receptor stimulation in WEHI-231 mouse immature B cells. Am J
Physiol Cell Physiol. 2011;300: C1013–22.

27.

Añazco C, Peña-Münzenmayer G, Araya C, Cid LP, Sepúlveda F V, Niemeyer MI. G
protein modulation of K2P potassium channel TASK-2: a role of basic residues in the C
terminus domain. Pflugers Arch. 2013;465: 1715–26.

28.

Maden M. Vitamin A and pattern formation in the regenerating limb. Nature. 1982;295:
672–675.

29.

Nüsslein-Volhard C, Dahm R. Zebrafish: a practical approach. Oxford University Press;
2002.

30.

Seebohm G, Strutz-Seebohm N, Baltaev R, Korniychuk G, Knirsch M, Engel J, et al.
Regulation of KCNQ4 potassium channel prepulse dependence and current amplitude by
SGK1 in Xenopus oocytes. Cell Physiol Biochem. 2005;16: 255–262.

31.

Montague TG, Cruz JM, Gagnon JA, Church GM, Valen E. CHOPCHOP: A
CRISPR/Cas9 and TALEN web tool for genome editing. Nucleic Acids Res. 2014;42:
401–407.

32.

Labun K, Montague TG, Gagnon JA, Thyme SB, Valen E. CHOPCHOP v2: a web tool for
the next generation of CRISPR genome engineering. Nucleic Acids Res. 2016;44:
gkw398.

33.

Gagnon J a, Valen E, Thyme SB, Huang P, Ahkmetova L, Pauli A, et al. Efficient
mutagenesis by Cas9 protein-mediated oligonucleotide insertion and large-scale
assessment of single-guide RNAs. PLoS One. 2014;9: e98186.

34.

Hwang WY, Fu Y, Reyon D, Maeder ML, Tsai SQ, Sander JD, et al. Efficient genome
editing in zebrafish using a CRISPR-Cas system. Nat Biotechnol. 2013;31; 227-229.

35.

Hwang WY, Fu Y, Reyon D, Maeder ML, Kaini P, Sander JD, et al. Heritable and precise
zebrafish genome editing using a CRISPR-Cas system. PLoS One. 2013;8: e68708.

36.

Fu Y, Foden J a, Khayter C, Maeder ML, Reyon D, Joung JK, et al. High-frequency offtarget mutagenesis induced by CRISPR-Cas nucleases in human cells. Nat Biotechnol.;
2013;31: 822–826.

37.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res. 2004;32: 1792–7.

81

38.

Perathoner S. Potassium Channels and Growth Control: Identification and
Characterisation of Mutations Affecting Proportional Growth of the Fin in the Cyprinid
Danio rerio [Internet]. Eberhardt Karls University Tübingen. 2013. Available:
http://edoc.mpg.de/display.epl?mode=doc&id=686270&col=65&grp=323

82

Chapter 4 –
Identification of novel genetic modifiers of fin growth
How the activity of potassium channels is integrated with other genetic regulators of growth is
essential for understanding the mechanism by which channels cause coordinated tissue
overgrowth. nr21 is a dominant short-finned mutant previously isolated in the Harris lab as part of
a dominant ENU mutagenesis screen for adult traits. As part of a ‘shelf screen’ for suppressors
of overgrowth mutants, I discovered this mutant had unique suppressive action on pfau and other
overgrowth mutants. Crosses of nr21 to kcnk5bPfau resulted in suppression of the growth of all fins
back to wildtype size (Figure 4.1A,B). The barbels that are elongated in kcnk5bPfau mutants
escaped suppression by nr21 (Figure 4.1A). Intriguingly, when nr21 is crossed into background
of a different long-fin mutant that is caused by an inversion of the potassium channel kcnh2a (tlf),
all paired fins (pectoral and pelvic) remained unaffected by nr21 suppression whereas unpaired

A

B

Figure 4.1. nr21 mutants have short fins and suppress fin overgrowth mutants. (A)
Images of wildtype, nr21/+, pfau/+ and transheterozygous nr21/+;pfau/+ fish. Barbel
growth is specifically unaffected by nr21 (arrow). (B) Quantification of caudal fin growth
suppression of pfau by nr21
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fins, such as the dorsal and caudal fin, were reverted to normal size (Figure 4.2A-C). The
distinctions in nr21 effect on the growth phenotype of these mutants suggest potential mechanistic
differences in potassium channel function in regulating fin growth.

A

B

C

Figure 4.2 Fin-specific growth suppression by nr21. (A-C) Crosses of short-finned
nr21 mutants to the kcnh2atlf mutant leads to suppression of growth in medial (C) but
not paired fins (B). Arrow in (A) indicates end of pectoral fins.

Due to possible ambiguities in distinguishing the homozygous and heterozygous
phenotypes of dominant mutants, we devised a novel mapping approach using zebrafish exome
sequencing and applied this technique for the mapping of nr21. Mutant mapping typically first
involves an outcross of the mutant to a polymorphic wildtype strain, followed by an incross of the
F1 generation. Within the F2 generation, likely homozygous mutant individuals are selected and
the original mutant chromosome is tracked by polymorphic markers such as simple sequencelength polymorphisms (SSLP) or through whole-genome sequencing approaches [1]. In most
cases, selection for the recessive mutant chromosome within the F2 population results in a
signature of biased reduction in recombination around the region of chromosome containing the
mutation of interest. However, if there is uncertainty over whether the dominant mutant individuals
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are homozygous or heterozygous, the reduction in heterozygosity caused by selection for the
mutant chromosome may not be present. In crosses involving dominant mutants, the wildtype
allele represents the recessive phenotype and can therefore be theoretically used for mapping.
However, unlike mapping a mutant from which a single mutant chromosome is easily selected for
by phenotyping, there are at least two chromosomes under selection in the wildtype that may
themselves contain variation that could obscure mapping analysis (Figure 4.3). In this scenario,
some F1 incrosses will homozygose the same wildtype chromosome, while others will create an
animal composed of two polymorphic wildtype chromosomes (Figure 4.3). Thus, when mapping
the wildtype phenotype, multiple families may be necessary to identify a linked genetic interval
(Figure 4.3).

Figure 4.3. Mapping strategy for dominant zebrafish mutants. As dominant mutants
may lack obvious homozygous phenotypes, classical genetic mapping can still be used to
identify the recessive, wildtype chromosome. However, more than one wildtype
chromosome could be present in the F2 generation (AB1, AB2) that could obscure
downstream bioinformatic searches for reduced heterozygosity around the mutantassociated chromosome. To reduce the likelihood of mixing parental wild-type
chromosomes (AB1/AB2), in which polymorphisms show up as heterozygosity, multiple F2
families should be mapped. Red asterisks indicate families with successful mapping
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To avoid the high sequencing costs of whole genome sequencing the large zebrafish
genome from multiple families, we used targeted sequence capture to enrich for the proteincoding regions. This sequence capture enabled multiplexed analysis of families within a single
sequencing lane and additionally enriched sequence data for screening candidate mutations from
proteins in the linked interval. To enrich DNA libraries for coding sequence, I designed a custom
Agilent Technologies 1M SureSelect DNA capture array containing 974,016 probes covering all
41,131,682 bp of the zebrafish known protein coding exome (Zv9). This design minimized overlap
of bait oligos with non-coding sequence. The 60mer oligos were tiled on average every 40 bases,
with 20bp of overlap between probes.
Two of the three wildtype pools showed a signature of increased homozygosity and
reduced heterozygosity within the same interval on chromosome 15 between 17-33Mb (Figure
4.4A).

As predicted, not every wildtype family shows this signature, suggesting likely

polymorphisms within the wildtype background (Figure 4.4A). After removing known SNPs from
the polymorphic zebrafish wildtype strains, there were only three unique non-synonymous
changes within the nr21 sequence data (Figure 4.4B).

Linkage was confirmed using a

polymorphic marker at 28.7Mb (Figure 4.4C,D). A predicted deleterious missense mutation
(SIFT=0) in the L-type amino acid transporter lat4a/slc43a2a was identified within the linked
interval (Figure4.4D). This mutation is in a highly conserved predicted transmembrane domain
and results in an amino acid change from tyrosine to lysine (T200K) (Figure 4.4E).
Mammalian LAT4 is an L-type amino acid transporter that shuttles isoleucine, leucine,
methionine, and phenylalanine into the cell in an ion- and pH-independent manner [2]. Amino acid
transporters regulate amino acid levels within the cell, and thus can have activating effects on cell
nutrient-sensing growth pathways [3]. In particular, the four Lat family members are the primary
means of leucine uptake, which is an activator of TOR signaling [4]. Not surprisingly, many of the
Lat family members are upregulated in cancer [4]. Lat4 itself is overexpressed in human
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adenocarcinoma and squamous cell carcanoma, but implications for growth and cancer are not
understood [4,5]. Other amino acids shuttled through Lat4 can also regulate growth. Methionine,
for example, is converted to S-adenosylmethionine (SAM), which acts as a methyl donor for PP2A
methylation in a reaction that stimulates proliferation [6]. Reflecting these potential roles for lat4
in regulating growth, Lat4 knockout mice are smaller than littermates [7].

Figure 4.4. Mapping of nr21. (A) Genome-wide patterns of heterozygosity and the ratio
of homozygous to heterozygous SNPs along a 15cM sliding window identified strong
linkage to chromosome 15 in two out of three map cross families. This interval along
chromosome 15 lay between 17-33Mb. (B) Candidate non-synonymous mutations within
the linked interval. (C) Verification of linkage to the region by MnlI digest of a PCR
amplicon. The nr21 PCR product is lacking a MnlI site, resulting in a larger fragment. (D)
Chromatogram of wildtype and nr21/nr21 showing the lat4a C/A SNP. (E) The mutation
in lat4a occurs in the highly conserved transmembrane domain V.
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To verify the lat4a mutation as causative for the short-fin phenotype, I initiated the use of
CRISPR-Cas9 to generate additional alleles (Figure 4.5). If the mutations in lat4a result in
haploinsufficiency, the introduction of frame-shift indels through CRISPR-Cas9 may result in
similar short-fin phenotype and thus serve as a second short-finned allele of lat4a. If the mutation
in nr21 is dominant-negative or gain-of-function, frame-shift indels upstream and in cis to the nr21
mutations should result in reversion of the short-fin phenotype back to wildtype. gRNAs targeting
the third exon of lat4a generated frameshift-inducing indels, and were recovered in the F1
generation. These animals are being reared for analysis.

Figure 4.5. Generation of lat4a alleles. (A) Five CRISPR gRNAs (red) targeting an
early exon of lat4a were injected into single celled zebrafish embryos. Green asterisk
indicates location of nr21 mutation (B) Frameshift inducing CRISPR-Cas9 deletions
within this interval were observed in P0 and F1 individuals. (C) Both wildtype and
nr21/+ fish were injected with the gRNAs. If the dominant nr21 mutations are
hypomorphic, deletion of lat4a may result in short fins. If the nr21 mutations in lat4a
are neomorphic, antimorphic or hypermorphic, deletion of lat4a upstream and in cis to
the nr21 mutations may revert the short-fin phenotype back to wildtype fin lengths. If
the mutations in lat4a are not causative of the nr21 phenotype, no reversion or
phenocopy may be observed.
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Interactions between nr21 and potassium channels have the potential to provide insights
into the mechanisms of channel regulation of growth in context with the developing fin. Differential
suppression of long-finned potassium channel mutants may be related to the nature of mutations
in kcnk5balf and kcnh2atlf. kcnh2atlf is caused by an inversion that likely results in mis-expression
of the channel, while kcnk5b-mediated overgrowth are caused by point mutations presumably
altering the activity of the channel under normal regulation of its endogenous promoter. Perhaps
the persistent overexpression of kcnh2atlf is stronger in the paired fins over the pectoral fins,
resulting in escape from suppression by nr21. Conversely, nr21 is able to suppress the overactive
but endogenously expressed kcnk5b mutants. Expression data from all three genes will be
essential in unraveling this mystery. While antibody, in situ hybridization, and BAC transgenesis
were unsuccessful in determining endogenous kcnk5b expression patterns, recent gains in
genome editing technology via CRISPR-Cas9 might enable epitope tagging of the potassium
channels. If the signal is weak, one could further use CRISPR-Cas9 to insert a GAL4 cassette
into the kcnk5b locus of UAS:GFP fish to amplify potentially weak expression.

Materials and Methods
Genotyping
Fin clips were boiled in 25mM sodium hydroxide 0.2mM EDTA solution at 97°C for 60 minutes.
This was then neutralized in 40mM TrisHCl and used for PCR directly. Linkage was established
using a polymorphic marker identified within the nr21 sequence data. This polymorphism was
specific to nr21 and not found within wildtype databases [1]. PCR of this interval resulted in loss
of a MnlI restriction site, of which there were 5 in the amplicon. This lost MnII site results in the
presence of a larger band in digested products. Restriction digests with MnlI were incubated 2
hours at 37°C in NEB CutSmart Buffer. PCR primers for assessing linkage by MnlI digest: 5’ATCCAGCCTCATTGCTCTGT-3’, 5’-CTTCAGGACGCTCTTCACCT-3’. The mutations in lat4a
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were sequenced with the following PCR primers: 5’-TCTCTCTTGTAGCTTCCCAACA-3’, 5’TTGATCAATACCGAATCTACTTCTTT-3’.

DNA Library Preparation and Sequencing
The genetic crosses were carried out as in Figure 4.3. Genomic DNA was extracted with the
Qiagen DNAeasy Blood & Tissue kit from fin clips of 10 wildtype individuals from families one and
three and 8 individuals from family two. To screen for candidate mutations in nr21, a total of 10
short-finned nr21 fish from a combination all three families were selected. Pools of 3-5 μg DNA
were sheared according to manufacturer’s protocol (Covaris) to an average size of 200bp, as
verified on a 4% agarose gel. DNA libraries were blunt-ended, 5’ phosphorylated, A-tailed and
adapter ligated as previously described [8]. Phusion High-Fidelity DNA Polymerase (NEB) was
used to amplify pre- and post-capture libraries.

As less depth is required for identifying

polymorphisms than for identifying candidate mutations, all three wildtype pools were combined
into the equivalent of one of the mutant libraries. Mutant libraries were barcoded on adapters as
follows: NR21 (AGC), WT1 (CTC), WT2 (TGG), WT3(GCA), BTR (GAC), NR46 (TGAT). Full
adapter sequences as presented in Bowen et al. [8]. Hybridization to the capture array occurred
at 65°C as previously described [8]. The pooled mutant libraries were sequenced in one lane of
Illumina HiSeq 2000. Sequencing reads were aligned to the zebrafish genome using Novoalign
and patterns of heterozygosity and homozygosity identified according to Bowen and Henke et al.
[1].

CRISPR-Cas9 gRNA design and injection
gRNAs were designed against the third coding exon of lat4a using the online ChopChop tool to
limit predicted off-target gRNA cutting [9,10]. Given the variable success rates of individual
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gRNAs, a “blanket” of 5 gRNAs targeting the same exon were synthesized and injected as a pool.
gRNAs were assembled according to Gangon et al. [11]. Briefly, oligos containing the gRNA
target were annealing to a universal oligo containing the tracrRNA and SP6 promoter. The
annealed oligo ends were then filled in with T4 polymerase for 20 minutes at 12˚C. gRNA was
synthesized from this oligo template using Ambion MEGAscript SP6 Kit.

For transcription

efficiency, the first two bases of each gRNA were changed to ‘GG’ as there is evidence that these
bases have less effect on Cas9 cutting efficiency or off-target binding than mutations closer to the
PAM site [12–14]. gRNAs were injected into single cell zebrafish embryos at a concentration of
50ng/μl blanket and 600ng/μl Cas9. To screen for deletion efficiency, the target exon was
amplified from pools of three 24 hour embryos and the resulting amplicons were heated to 95°C
and cooled at -0.1°C per second to form heteroduplexes. Following heteroduplex PCR, a T7
endonuclease digestion for 30 minutes at 37°C in NEB Buffer 2 was used to generate deletions
in the presence of Cas9-induced indels. PCR primers for T7 endonuclease assay: 5’CACTGAAAACTGACCACAAGTCA-3’, 5’CAGCACTTCCCAGAGTGTCA-3’.

Full gRNA oligo (gRNA sequence underlined, 5’-3’):
1.ATTTAGGTGACACTATAGGCCCTGTACCGTTACCTGGGTTTTAGAGCTAGAAATAGCAAG
2.ATTTAGGTGACACTATAGGTGAATGCCACAAGACTTGGTTTTAGAGCTAGAAATAGCAAG
3.ATTTAGGTGACACTATAGGATGCCACAAGACTTGAGGGTTTTAGAGCTAGAAATAGCAAG
4.ATTTAGGTGACACTATAGGCCACAAGACTTGAGGAGGGTTTTAGAGCTAGAAATAGCAAG
5.ATTTAGGTGACACTATAGGAGTGTGATGGCGCTCAGGGTTTTAGAGCTAGAAATAGCAAG
Universal constant oligo:
5’AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTG
CTATTTCTAGCTCTAAAAC-3’
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Chapter 5 –
Parallelism and epistasis in skeletal evolution identified through use of
phylogenomic mapping strategies
Conventional approaches toward identifying the genetic basis for evolutionary change center on
genetic linkage analysis to uncover associations between genetic and phenotypic variation [1–6].
However, linkage-based approaches require distinct populations that exhibit morphological
divergence but are still interfertile. Unfortunately, the vast majority of species cannot be
intercrossed. These requirements limit the populations that can be used in these approaches, and
thus constrain the types of morphological change that can be investigated. Another method used
to identify genetic basis of phenotypic differences is by association mapping whereby specific
polymorphisms within a population are found to correlate with a particular trait. As this method
relies on variation for the phenotype of interest within a population, in cases in which traits are
fixed amongst species this method is no longer applicable. Thus, although the vast majority of
phenotypic variation is between species, there are a limited number of cases in which genetic
causation can be formally addressed and as such, reliance on these approaches may bias our
understanding of evolutionary change to cases of recent and rapid evolutionary radiations.
With the recent explosion of sequencing data and technologies, comparative genomic
approaches have become a powerful means to address evolutionary change within natural
populations and to perform genetic comparisons between often distantly related species [6].
These approaches include genome-wide scans for signatures of selection [7], isolation of largeeffect mutations [8–10], analysis of copy number alterations [11] and identification of speciesspecific non-coding changes [6,12–16]. These approaches are an effective way to identify genetic
contributions to a phenotype in species not amenable to genetic linkage or association analysis
[6,17]. In conjunction with functional analysis within model organisms, particular candidate loci
underlying morphological variation can be formally tested [6,9,10,13–16]. However, comparative
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genomics is predominantly limited to species with well-annotated genomes and/or extensive
transcriptome data [18]. Despite the rising numbers in species with available genomic resources,
the number and scope of investigations into natural variation remains limited.
To facilitate genomic analysis of a wide range of species and phenotypic diversity,
independent of existing genomic resources, we devised an experimental method, Phylomapping,
which enables identification of signals of selection and variance associated with the evolution of
particular groups. Key in this analysis is the derivation of a shared, ‘ancestral’ exome between
species to enable a systematic analysis of genetic variation and patterns of selection. To examine
the utility of this approach, we analyzed scale-loss within a lineage of cypriniform fishes for which
no previous genomic or genetic resources were available. Because we have data on variance
across orthologous genes in the genome, the method allowed us to systematically test for
changes in gene function and selection to generate hypotheses about how character change
evolved. We were able to identify key genes and genetic mechanisms underlying the evolution
of scale reduction occurring in this group.

Results
Phylomapping methodology
We set out to develop an approach to facilitate comparative genomic analysis in species that lack
prior genetic resources. As a first step, pooled genomic DNA from populations of individual
species is enriched for conserved orthologous protein coding sequence through crosshybridization to oligonucleotide ‘baits’ designed against the known exome of a related species or
a combination of species (Figure 5.1A-I). The use of genomic DNA through targeted sequence
capture enables study of rare samples and the use of vast natural history collections [19] while
being independent of the tissue type and developmental stage of sampled individuals that occurs
with transcriptome data. After massively parallel sequencing, reads from the captured DNA are
then grouped into bins of orthologous sequences by BLASTN [20] against the reference exome
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used to design the capture array (Figure 5.1A-II). These read sets are assembled into exon-sized
contigs by CAP3 [21] (Figure 5.1A-III).

To establish a shared ancestral reference exome,

orthologous sequences are paired between species for reconstruction by ‘prequel’ from the
PHAST package [22] (Figure 5.1A-III,IV). The imputed ancestral sequence is annotated by a
BLASTX [20] comparison with the orthologous reference exome. To facilitate recovery of reads
flanking each exon that were previously not identified by exon-centered BLASTN, the raw reads
are then re-aligned to this ancestral scaffold by Stampy [23]. The re-alignment of the raw reads
to this shared scaffold then permits a broad comparative analysis of variation between species
(Figure 5.1A-IV).
To assess the limits of our approach, we asked how robust our pipeline was to variation
between species and the reference genome used to guide exome reconstruction. Using the
zebrafish genome, we artificially introduced variants into coding sequence at defined levels,
created in silico reads, and then used the original zebrafish reference genome to scaffold the
reconstruction of the variant exomes from the simulated reads. We were able to recover greater
than 95% of reads containing even up to 15 SNPs per 100bp of coding sequence (Figure 5.1B).
Further, over 85% of reads with as many as 25 SNPs per 100bp of coding sequence were able
to be identified (Figure 5.1B). Although the analysis pipeline ignores non-coding sequence for
the original identification of the reads, we were able to recover large amounts of non-coding
sequence flanking each exon after re-aligning reads back to the ancestral scaffold (Figure 5.1B).
Thus, this approach has the potential to recover and identify variation from species that lack a
close relative with annotated genome resources.
Given variation in gene copy number between genomes, we next asked whether this
approach can distinguish paralogs from variant haplotypes. The de novo assembly within this
pipeline reliably distinguished paralogs from haplotypes as long as there was > 6% variation
contained within the coding and flanking non-coding sequence (Figure S5.1 and Figure 5.1C).
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Further, we found that paralog phasing is robust to multiple copy number (Figure 5.1D). This
enables prediction and parsing of exons with increase in copy number between species and
further expands the ability to assess species-specific variation.

Figure 5.1. Phylomapping approach for analysis of character change in species
lacking prior genetic resources. (A) Overview of approach. In this example, there are
two species, “1” and “2”, with a common outgroup, “ref”, that has existing genetic resources
from which to design the targeted capture array (I) and guide identification of reads (II).
Reads are binned by orthology and assembled into contigs (III). Pairwise analysis between
orthologous contigs enables reconstruction of a shared ancestral sequence that is then
used to align and compare sequence variance (IV). (B-D) Test limits of approach through
simulated assembly and annotation of reads from divergent genomes. (B) In silico 100bp
reads were generated at varying levels of divergence from the zebrafish reference genome
and put into the phylomapping pipeline, utilizing the zebrafish reference genome to scaffold
the analysis. Alignment and identification of reads from varying levels of divergence relative
to the reference genome showing read recovery with high levels of variation and extending
into non-coding sequence flanking the exons. Lines represent kernel regression. (C-D)
Simulated reconstruction of paralogs from mixed read data (Figure 4.2) as a function of the
divergence between paralogous sequences (C) and the number of paralogs present within
the mixed read pools (D). Each dot represents an individual simulation.
Analysis of skeletal reduction in the Phoxinellus lineage
As a case study of natural variation, we examined skeletal variation in fishes. Diversity in scale
patterning in fishes is a common and defining feature of many species and genera, with over 13
independent cases of scale loss within Cypriniformes alone [24]. To explore the genetic basis of
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this natural diversity we selected a clade of minnows, Phoxinellus, where loss of scales is a
defining, derived trait for the group [25] (Figure 5.2A-C). The Phoxinellus clade is thought to
have diverged from a scaled fish lineage about 2.5 million years ago [25]. Fish of the genus
Telestes are a close outgroup to Phoxinellus that have retained the ancestral scaled character
state. Telestes or Phoxinellus species presently lack experimental or genetic tools making study
of these species difficult. To enable analysis of the genetic mechanisms underlying the evolution
of scale pattern divergence, we applied our Phylomapping pipeline to look at patterns of selection
within these groups.

Figure 5.2. Comparative genomic analysis of scale reduction in natural populations.
(A) Alizarin red stain of P. alepidotus and T. ukliva highlighting loss of scales within
Phoxinellus. (B) Average scale area relative to fish standard length. Data from three
individuals of each species, with a total of n=20 scales in T. ukliva and n=12 scales in P.
alepidotus. **** Two-tailed t-test p-value < 0.0001. Error bars represent ±SEM. (C)
Phylogenetic relationship between Phoxinellus and Telestes, with D. rerio as the referenced
outgroup used for analysis. Modified from [83] with addition of D. rerio. (D) Collection sites
of P. alepidotus (red asterisk) and T. ukliva (green asterisk) used in this study. (E) Exome
sequencing statistics from cross-species exome capture using zebrafish targeted capture
array. Single end 100bp Illumina HiSeq2000 reads were assembled using the Phylomapping
pipeline.
During a field collection expedition in 2006, we collected Phoxinellus alepidotus from Sator
Lake in Bosnia-Herzegovina and Telestes ukliva from locations in the Cetina river in Croatia
(Figure 5.2D). While Phoxinellus, Telestes and zebrafish are all cyprinids, they fall within different
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subfamilies and thus are quite distant relatives.

Genomic DNA from forty individuals of P.

alepidotus and T. ukliva were pooled and hybridized to tiling arrays custom designed to cover the
zebrafish exome (Zv9).
Even given the evolutionary distance of approximately 50 million years between zebrafish
(Danioninae) and Phoxinellus/Telestes (Leuciscinae) lineages [26,27], through use of the
Phylomapping approach we were able to obtain genomic sequence from P. alepidotus and T.
ukliva species pools orthologous to 77% of the zebrafish exome with an average depth of ~1417X and 88% coverage of genes associated with development (Figure 5.2E; Table S5.1). The
majority of zebrafish exons were represented equally by both P. alepidotus and T. ukliva reads,
with only 1.3% of zebrafish coding bases covered by just one species. Roughly 10% of zebrafish
genes had no exons covered by P. alepidotus or T. ukliva reads (Table S5.2). These genes are
significantly enriched for highly variable gene classes, including zinc finger transcription factors,
cadherins and nucleosome complexes (Table S5.2). Analysis of SNP variation within T. ukliva
and P. alepidotus permitted analysis of nucleotide diversity within the populations (Figure 5.2E).
The observed level of nucleotide diversity (π=0.0023 in P. alepidotus and π=0.0027 in T. ukliva)
is on the low end of the range seen in other fishes such as zebrafish [28] and is in-line with that
of other Telestes species and Balkan freshwater cypriniforms [29–31]. This may reflect the small
endemic range of P. alepidotus and T. ukliva and suggests recovery of population diversity
through the Phylomapping approach. We identified around 20,000 fixed non-synonymous
changes between P. alepidotus and T. ukliva (Figure 5.2E). This diversity is consistent with large
amounts of coding variation within other species of Cyprinidae, such as zebrafish, where there
may be as many as 13,000 fixed non-synonymous variants even between strains [32].
Analysis of SNP diversity among the assembled exomes of P. alepidotus and T. ukliva
identified a large set of genes with potentially deleterious variants fixed within the populations. To
identify the changes associated with the reduction and altered morphology of scales in P.

99

alepidotus, we restricted our analysis to genes associated with developmental processes based
on gene ontology (Figure 5.3A and Table S5.1). As a measure of selection and function of
particular variants, we looked for the accumulation of mutations beyond a neutral rate of drift
(LRT[33]) along with functional effect prediction of fixed nucleotide variants (SIFT[34]). Out of
1022 development-associated genes identified in P. alepidotus, 248 contained unique, fixed
SNPs predicted to be deleterious (SIFT <0.05), 215 genes were predicted to be under selection
or drift (LRT, q-value <0.05) and 70 genes had both signatures (Figure 5.3A and Table S5.2).
Within these gene classes, several candidates of the Fgf and Eda signaling pathways were
present (Figure 5.3B) -- both signaling pathways are integrally associated with development of
integumentary appendages such as scales [35–40].

While Eda and Edar in particular are

commonly associated with variation in scale number [37,39], we found no evidence of selection
on either of these loci in P. alepidotus (Figure 5.3B and Table S5.1).
Through our analysis, we detected a low level of duplication within both T. ukliva and P.
alepidotus lineages (Figure 5.3C and Table S5.3). Of the 70 genes showing signatures of
selection and predicted deleterious mutations, only four showed evidence of duplication (Table
S5.3). Interestingly, one of these genes showing a shared duplication within the common ancestor
of Phoxinellus and Telestes was fgfr1a (Figure 5.3C and Table S5.3). RT-PCR verified the
presence of two independent paralogs of fgfr1a and indicated that both were expressed in skin
(Figure S5.2). Analysis of exon variation specifically within P. alepidotus indicated several fixed
non-synonymous changes in one fgfr1a paralog, fgfr1ab. The identified variants are predicted to
be detrimental as they alter highly conserved residues within a hydrophobic binding interface
between Fgf receptors and their ligands [41] (Figure 5.3D,E). In this context, the P158S variant
alters a specific hydrophobic contact (P169S[41]), suggesting a critical role of this change in
regulating Fgfr1ab interaction with its ligands. These mutations are fixed and derived within the
Phoxinellus genus, as they were not identified within T. ukliva or other closely related species of
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Telestes, T. metohiensis, and T. dabar [42] (Figure 5.3D). Interestingly, identification of full-length
fgfr1ab transcripts from P. alepidotus showed the presence of a truncated mature message with
loss of the transmembrane and kinase domains (Figure 5.3E and Figure S5.2). A splice acceptor
mutation, consistent with this truncated mRNA, was observed in P. alepidotus but not T. ukliva
sequencing reads. However, variance at this site within the P. alepidotus population suggests
the fgfr1ab truncation is secondary to fixation of the binding interface mutations. A gene tree was
constructed from these transcripts and the exome sequencing data (Figure 5.3F), revealing an
extended branch length of P. alepidotus fgfr1ab, further supporting increased divergence of this
paralog within this clade.

Figure 5.3. Selection on a FGF ligand-receptor pair within Phoxinellus underlying
scale reduction. (A) Analysis of a subset of developmental genes as defined by select
gene ontology terms (Table S5.1) with exons showing signatures of nonsense or
deleterious SNPs (SIFT) and accelerated sequence evolution relative to neutral drift (LRT)
(Table S5.1). (B) Genes within the EDA and FGF signaling pathways showing either LRT
q-value <0.05 or SIFT <0.05 (Table S5.1). (C) Histogram of the percentage of exons per
gene showing a signature of duplication (Table S5.3); arrow indicates location of fgfr1a.
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Figure 5.3 (Continued). (D) Multiple protein alignment of Fgfr1ab and Fgf20a. Arrows
indicate amino acid changes within the Phoxinellus genus. (E) Location of Phoxinellus
fgfr1ab non-synonymous mutations and pre-mature truncation mapped onto Fgfr1a protein
(Figure S5.2). (F) Reconstructed gene tree from cDNA of fgfr1aa and fgfr1ab transcripts
isolated from P. alepidotus skin and T. ukliva exome sequencing data.

Identification of key modifiers of skeletal evolution
We extended our analysis to look for further clues to genetic regulators of scale evolution in this
group. We identified a fixed, predicted function-altering, non-synonymous mutation in the fgfr1a
ligand fgf20a that is unique to P. alepidotus (Figure 5.3B,D). In mice, FGF20 is specifically
upregulated downstream of EDA signaling [43] and is sufficient to rescue phenotypes due to Eda
deficiency during tooth development [44]. Further, Fgf20 is required for feather and scale
development in chickens [45]. The G80R SNP in fgf20a is fixed within the Phoxinellus genus and
is not found within three different Telestes species (Figure 5.3D) suggesting that these mutations
are unique to Phoxinellus and support a role of this ligand-receptor interaction in regulating scale
patterning. However, no previous role was known for fgf20a in scalation as zebrafish mutants
defective for fgf20a function do not have an apparent scale phenotype [46].
We asked if the function of fgfr1a and fgf20a combine to affect the formation and
phenotypic variation of scales. In zebrafish, fgf20a is expressed in the developing scale placodes
and in the growing edges of scales in a domain overlapping with fgfr1a (Figure 5.3A). Zebrafish
heterozygous for fgf20a/dob, or fgfr1a/spd loss-of-function mutations have normal scale numbers
and morphology. However, a combined reduction in both ligand and receptor is sufficient to affect
scale development, reducing the number of scales on the flank of each fish and limiting scale
shape (Figure 5.4B-D).

Whereas loss of fgfr1a alone leads to abnormally large, albeit fewer

scales (Figure 5.4C,D), reduction of Fgf20a function in this context leads to scales that more
closely resemble the small scale phenotype seen in P. alepidotus (Figure 5.2A,B). Thus, using a
genomic approach centered on comparison between lineages with fixed morphological changes,
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we have identified a key role for Fgfr1ab-Fgf20a signaling in regulating the number and size of
scales in zebrafish that reflects the phenotype observed in Phoxinellus (Figure 5.4E).

Figure 5.4. Epistatic interaction between Fgf20a and Fgfr1a regulates scale
development and is sufficient to phenocopy Phoxinellus scale reduced
phenotype.(A) Expression of fgfr1a and fgf20a by whole-mount in situ hybridization in 30
day old zebrafish. (B) Representative alizarin red stained zebrafish with loss-of-function
mutations in fgf20a (dob) and/or fgfr1a (spd). (C) Average number of scales on lateral
flank normalized to the standard length of each fish. *** p-value <0.001.
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Figure 5.4 (Continued). (D) Average area of scales (mm2) in different genetic
backgrounds. ** p-value <0.01. Error bars represent ±SEM. (E) Model of epistatic
interaction between fgfr1a and fgf20a regulating scale number and size.
Identification of global patterns of selection within P. alepidotus
In addition to Phoxinellus, unrelated fish have independently lost their scales within the Adriatic
drainage basin [42,47], suggesting a selective benefit for scale reduction within this environment.
Scales are thought to protect against predators and, as a calcified component of the fish skeletal
system, function in regulating calcium and phosphate homeostasis. However, the selective
advantage for scale reduction in these fishes was unclear: the Krka drainage basin derives from
limestone beds, potentially limiting the need for additional calcium storage by scales. Further, in
Sator lake, where an unrelated and scale-reduced fish is found, other species of fish that could
serve as predators were not identified [47].
To explore the capability of our exome-wide dataset to build hypotheses about selective
causes for trait variance, we looked for accumulation of mutations beyond neutral drift by LRT (qvalue <0.05) within gene ontology groups between P. alepidotus and T. ukliva (Figure 5.5A,
Table S5.4). In support of a role for calcium in fish scale variation, we identified a P. alepidotus
specific enrichment for selection on biological processes related to calcium homeostasis (Figure
5.5B; Table S5.5). Unexpectedly, we also observed a P. alepidotus-specific enrichment for
selection on gene classes associated with neurobiology and behavior (Figure 5.5A,B; Table
S5.5). Although it is unknown what behavioral traits are associated with P. alepidotus, these
patterns provide evidence for broad changes in addition to scale reduction during evolution of P.
alepidotus.
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Figure 5.5. Coordinated changes in P. alepidotus point to multifactorial role of Fgfr1
signaling in trait evolution.(A) Proportion of genes within individual GO-terms with LRT qvalue <0.05. Each dot represents a GO-term with a minimum of 20 genes. Mean represented
by black line. Red dashed lines represent ±2 standard deviations from the mean. (B)
Enrichment for genes showing signature of accelerated sequence evolution relative to
neutral drift (LRT q-value <0.05) within aggregate gene ontologies (Table S5.4).
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Discussion
Here, we outline an analytic and experimental approach to investigate the genetic causes of
evolution in species that do not have existing genetic resources or lend themselves to classical
linkage analysis. We find that this method is robust to sequence variation and can be efficiently
used to generate a platform for comparative genomic analysis even between species that are
evolutionarily distantly related to each other. As zebrafish and Telestes/Phoxinellus share a
common ancestor at least 50 million years ago, there is a large evolutionary window in which this
method can be applied. With the current coverage of annotated reference genomes and
transcriptomes growing at a rapid rate, this approach should enable comparative analysis within
a large number of species, from fish and mammals to plants and invertebrate groups.
Because the Phylomapping approach centers on conservation of coding regions to identify
and compare genomic sequence between distantly related species, it is not powered to directly
identify cis-regulatory mutations. However, signatures of selection within exons may reflect a
hitchhiking effect of changes in linked non-coding sequence. Further, coding sequence has been
used to estimate other indicators of regulatory change, such as codon bias [48,49], translation
efficiency [50,51] and pathway-level selection [52] that could serve as a proxy to detect signatures
of regulatory evolution. Thus genome wide detection of regulatory variation may be indirectly
detected within exome data assuming variation is sufficient within the sample populations.
Incorporation of known or conserved non-coding elements in the DNA capture step may enable
direct identification of putative enhancer and promoter regions modified during evolution.
Using our Phylomapping approach, we detail the role of Fgf signaling in scale reduction
through duplication and divergence of fgfr1a within P. alepidotus. We have previously shown that
independent duplication and divergence of fgfr1a is the cause of scale reduction in a domesticated
variant of the common carp, Cyprinus carpio [38].

This suggests that there is a common

mechanism underlying both transitions in morphology. Unlike the domesticated carp, where
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remaining scales are larger in size [38], the scales in P. alepidotus remain small. Our finding of
the combined effect of fgfr1a and fgf20a in regulating scale size in zebrafish suggests that these
two genes are associated with the scalation phenotype seen in P. alepidotus.

Although we

previously have showed linkage of fgfr1a to scale loss in carp [38], strong selection from
domestication is likely not representative of the types of changes that would occur during natural
selection. Our finding of a parallel processes by which scales are reduced in both natural and
artificial selection suggests that there is significant constraint on the genetic changes that can
cause viable variation in scalation within cyprinids. Given the essential roles for fgfr1a during
development, gene duplication and sub-functionalization of the paralogs would release constraint
on variation. Many studies have pointed to the important role of cis-regulatory regulation in
evolution of morphology [53,54]. While it is clear change in the regulation of genes during
development is important mediator of evolution, gene duplication and functional divergence of
gene function is quite common in most eukaryotic species and represents an important
mechanism for evolutionary change that can encompasses both regulatory and coding variance
[55–57].
Analysis of synapomorphy, or shared derived characters, is a key element in
understanding the potential causes of evolutionary transitions. As morphology can be frequently
shaped to the varied life history strategies of a species, it is tempting to ascribe selection directly
on these physical adaptations for their behavioral and physiological advantages. However, it is
likely that many species are “making fruitful use of available parts” [58] and particular
morphological states or changes do not necessarily impart direct selective advantage but rather
can become fixed by alternate means. Genetic correlation of traits, in which traits are physically
linked in the genome or are linked through the use of shared genetic mechanisms, are cases that
reveal bias in phenotypes that can arise though selection. Such correlative evolution can lead to
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aberrant adaptive hypotheses, as putative adaptations may be simply linked to selection on other
diverse traits under strong selection and thus are not independent entities.
Adaptive hypotheses for loss of scales and armor in fish have been many, ranging from
calcium conservation in calcium poor environments [59–61] to changes in buoyancy [62], and
increased motility without armor [63]. Most arguments involve relaxation of selective pressures
by predation [64,65] with growth advantages through the reduced metabolic demands of
developing and maintaining scales across the body [66,67].

But to date support for these

hypothesis have been inconsistent. Loss of fgfr1a in the zebrafish leads to increased boldness
and aggression behavior [68], suggesting functional evidence for pleiotropy between the genes
involved in scale development and behavior. Further, mirror carp that have lost a duplicated
paralog of fgfr1a during artificial selection for scale-reduction also display an increase in boldness
and are more easily captured than their scaled variety [69,70]. As boldness can lead to increased
fitness through enhanced foraging and ability to find mates, the behavioral aspects of loss of
Fgfr1a function could provide a strong selective pressure for correlative reduction of scales within
a permissive environment. P. alepidotus from the field were easily collected with small aquarium
nets ([47]; personal observation) in contrast to Telestes, suggesting potential parallels in these
fish. However, detailed behavioral studies are needed to identify behavioral changes associated
with scale reduction in these species to directly address the possibility of pleiotropy driving
correlated changes in behavior and morphology.
Here, we detail an analytic and experimental approach to investigate the genetic causes
of evolution in species that do not lend themselves to classical linkage analysis. We detail the
role of Fgf signaling in scale development through duplication and divergence of fgfr1a and
epistasis with Fgf20a. In addition to scale reduction, this dataset provides multiple entry points in
understanding changes in morphology, physiology, and behavior as a consequence of adaptation
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and speciation. Thus, this comparative genomic approach should enable broad expansion of
genetic information to new species and improve our ability to understand natural diversity.

Materials and Methods
Sample collection and identification
Samples of Phoxinellus alepidotus and Telestes ukliva were collected at described localities
during a field expedition in 2006.

Communication with local authorities was made prior to

collection with permission. Fish were caught through use of minnow-traps baited with bread, or
simply by use of a small dip net. The majority of fish captured were measured, fin clipped and
released. Ten P. alepidotus and four T. ukliva were anesthetized in the field and preserved for
analysis of morphology. Genomic DNA and trizol fixed tissue from P. Dalmaticus was kindly
provided by Dr. Joerg Freyhof.
The identity of P. alepidotus, P. dalmaticus and T. ukliva were determined by meristic
characters and were verified through Sanger sequencing of a portion of cytochrome B, with
BLASTN identification against the NCBI nucleotide database. Primers for cytochrome B
sequencing from [25] (F’: TGACTTGAARAACCAYCGTTG, R’: GGCAAATAGGAARTATCATTC).

Zebrafish husbandry and mutants
Zebrafish wild-type and mutant lines used were housed and maintained in accordance with
institutional IUCAC protocols. Mutant lines used are spiegeldanio (spd; fgfr1at3R705H )[38], albino,
and devoid of blastema (dob)[46]. dob were kindly provided by Dr. Kenneth Poss.
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Genotyping
Fish were anaesthetized with tricaine and the tail or pectoral fins were clipped with standard
surgical scissors.

fgf20adob and fgfr1aspd fish were genotyped by Sanger sequencing (dob

primers-F’: TGCCTCTCTTAGGAAAAGCTG, R’:CATCTCTGGACGTCCCATCT, spd primers–F’:
TGATGACCTCAGCTGGTCTTT, R’:AGTCTTACAGCTCATGTGTGCAT).

RNA isolation and cDNA preparation
Tissue for RNA extraction was collected in the field and stored in Trizol until RNA was extracted.
RNA was transcribed to cDNA using Cloned AMV First-Strand Synthesis Kit (Invitrogen) and
SuperScript III Reverse Transcription Kit (Invitrogen) using oligo dT primers.

Reconstruction of fgfr1aa and fgfr1ab transcripts
Full-length fgfr1aa was isolated from P. alepidotus skin. 5’-AGTGCGGATGTCCTAGCAGT-3’. 5’AAAGCGTGTTCTCCGTGAGT-3’.
For reconstruction of fgfr1ab, 3’ RACE was performed with SMARTer 5’/3’ RACE kit
(Clontech). A fgfr1ab-specific 3’ RACE touchdown primer was designed from the exon under
selection in P. alepidotus: 5’-ATAAGATGGAGAAGAAGCTCCACACGGTTTCCGT-3’ . Nested
primers for fgfr1ab : UPM-short (Clontech), 5’-CGTAGTCGAGTGTCCACCACAT-3’.
5’ sequence of fgfr1ab was reconstructed with a universal fgfr1a exon 1 reverse primer
(5’-ACCATGCTGCTGCTGATCT-3’) and paralog-specific fgfr1a primer designed from the
identified

exon

under

selection

in

P.

alepidotus

fgfr1ab

(fgfr1aa

:

5’-

CTGGTCTCTCTTAAACTCTTTGCCG-3’, fgfr1ab: 5’-CTGGTCTCTCTTAAACTCTTTGCCA-3’).
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Gene tree construction
Gene trees were constructed from using phylogeny.fr [71]. Briefly, sequences were aligned by
MUSCLE [72] and curated by Gblocks [73] before phylogenetic construction by PhyML
(aLRT)[74]. Tree rendering was performed with TreeDyn [75]. Due to truncation of P. alepidotus
fgfr1ab, only the first seven exons of fgfr1a were used to construct the gene tree.

Whole mount in situ hybridization (WMISH)
WMISH was performed according to [39] on 30 day old albino zebrafish with a standard length of
10

mm.

Primers

for

probe

GGGTGGTTTTGAGTTTGAGG.

against

fgf20a;

Primers

for

f:

GACCTGACGCATCTCAAAGG,
probe

against

fgfr1a;

r:
f:

GCTTTGCTCAGGGACTCAAC, r: GCAGTCCATCAGGTCCGTAT

Skeletal stain and morphometrics
Skeletal staining was performed using Alizarin Red in 1% KOH overnight and then cleared in 1%
KOH. (50 mg Alizarin Red per liter of 1% KOH). Scale area was measured using ImageJ. The
scale area of five randomly selected scales were measured and normalized to the standard length
of each fish, defined as the distance from the lower jaw to the end of the caudal peduncle.

Targeted sequence capture and Illumina sequencing
Genomic DNA was extracted with the Qiagen DNAeasy Blood & Tissue DNA extraction kit from
fin clips of 40 individuals from population samples of P. alepidotus and T. ukliva. Species-specific
pools of 3-5 μg DNA were sheared according to manufacturer’s protocol (Covaris) to an average
size of 200bp, as verified on a 4% agarose gel. DNA libraries were blunt-ended, 5’
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phosphorylated, A-tailed and adapter ligated as previously described [76]. Phusion High-Fidelity
DNA Polymerase (NEB) was used to amplify pre and post-capture libraries.
To enrich DNA libraries for coding sequence, a custom Agilent Technologies 1M
SureSelect DNA capture array containing 974,016 probes covering all 41,131,682 bp of the
zebrafish known protein coding exome (Zv9) was designed to minimize overlap of bait oligos with
non-coding sequence. The 60mer oligos were tiled on average every 40 bases, with 20bp of
overlap between probes. Cross-species hybridization was performed at 60°C to allow for potential
mismatches between the zebrafish bait and the cross-species libraries. Post-capture libraries
were amplified as previously described [76].
As longer reads have a higher probability of identification by BLASTN, we performed
100bp single end Illumina HiSeq 2000 sequencing, with one lane each for P. alepidotus and T.
ukliva. Leveraging the sequence information from the first run, a second custom capture array
was designed to reflect the common ancestor of Phoxinellus and Telestes (see Reconstruction of
ancestral reference exome). Libraries of the same 40 individuals were constructed as previously
described, only this time with 6bp barcoded adapters. Exome capture was performed as above,
and the DNA from P. alepidotus and T. ukliva pooled into one lane of Illumina HiSeq 2500 for
100bp single end sequencing.
Adapter sequence for P. alepidotus:
5'-/5Phos/GCCTAAAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG-3'
5'-ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTAGGC*T-3'.
Adapter sequence for T. ukliva:
5'-/5Phos/TGGTCAAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG-3'
5'-ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGACCA*T-3' .
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Read Processing
Raw reads from sequencing were end quality trimmed (-Q 33 -t 33) and low-quality bases (-Q 33)
were masked using the FASTX package (http://hannonlab.cshl.edu/fastx_toolkit). Identical reads
were compressed using fastx_collapser (-Q 33).

Overview of phylomapping pipeline
Using the annotated reference sequence of a related species as bait, we perform targeted
sequence capture to enrich DNA libraries for conserved, orthologous protein-coding genes in
another species. After next generation sequencing, reads are identified by BLASTN (E-value
cutoff <0.01, -outfmt 6, Altschul et al. 1990) and assembled into contigs by CAP3 (-o 25 -p 90,
Huang 1999).

Orthologous contigs are then identified between species through centroid

clustering (k-means, SciPy) and are paired for the reconstruction of a shared ancestral sequence
using prequel from the PHAST package (--subst-mod UNREST, --no-probs, --features, Hubisz et
al. 2011). The ancestral sequence is annotated by BLASTX (E-value <0.001, -outfmt 6, Altschul
et al. 1990) and used as a common reference scaffold for re-alignment of the original reads by
Stampy (--substitutionrate=0.09, Lunter and Goodson 2011). This shared genome serves as a
scaffold for direct comparison of sequence variation within and between related species. Reads
with >5 mismatches to the ancestral sequence were removed as likely mis-alignments.

Read sorting and de-novo assembly
To facilitate identification of orthologs reads from Phoxinellus or Telestes, a custom BLASTN
database was generated against the zebrafish reference exome.

This annotated BLASTN

database enables conversion of read BLASTN hits directly to a reference genome alignment for
visualization or downstream analysis. Coding sequence (CDS) coordinates, strand, frame and
gene information were extracted from the Ensembl D. rerio GTF file (Danio_rerio.Zv9.72.gtf).

113

Overlapping coding coordinates were compressed using ‘mergeBed’ (with option –nms) and
sequences extracted from the reference genome using ‘fastaFromBed’ from BEDtools [77]. These
sequences were then annotated using the GTF information, and the BLASTN database was
constructed with ‘builddb’ from the NCBI BLAST+ package. Only the top BLASTN hit for each
read was retained, with an E-value cutoff of <0.01.
To assess the efficacy of recovery of reads by cross-species BLASTN, we ran simulations
on known levels of divergence between orthologs.

Variants of the zebrafish genome were

generated by randomly mutating bases to create sequences at 95, 85, 75 and 65% identity to the
original zebrafish genome. 100bp sequencing reads were generated in silico from each of these
versions of the zebrafish reference genome, with read sequences starting 99 bases away from
each exon and tiled every 10bp through the length of the coding sequence. These reads were
then run through the phylomapping pipeline and the number of reads recovered was recorded
(Figure 5.1B).
Low frequency polymorphisms and sequencing errors greatly hinder the assembly of short
single-end sequencing reads into de novo contigs. By first scaffolding the reads against the
zebrafish reference genome (described above), low-frequency polymorphisms and sequencing
errors occurring at <15% allele frequency are converted to the major allele within the containing
reads to enable enhanced sensitivity during contig assembly. This step is designed to aid contig
assembly - masked nucleotides return when the original reads are aligned to the reconstructed
ancestral reference sequence (see Reconstruction of ancestral reference exome). After masking
low frequency polymorphisms, reads from each exon are binned and assembled by CAP3[21]
with a minimum overlap between reads of 25bp and requiring greater than 90% sequence identity
between reads for assembly (-o 25 -p 90).
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Paralog phasing
To test the ability of CAP3 assembly to properly phase and reconstruct sequences with variable
copy number, several versions of a nucleotide sequence (“gene1”) were generated by randomly
mutating bases to derive “paralogous” versions at 0-10% divergence from the original sequence
(“gene1a”, “gene1b”, etc.; Figure S5.1). In silico 100bp sequence reads tiled every 10bp across
each exon were then generated and mixed with the other paralogous gene reads in all pairwise
combinations, resulting in complex read pools. This simulates mixing of paralogs from a species
with 2-4X copy number for “gene1” into the same orthology group (Figure S5.1). Through contig
assembly by CAP3[21], paralogous sequences with >4-6% sequence divergence could reliably
be reconstructed from the mixtures of heterogeneous reads (Figure 5.1C,D).

With <4%

divergence, there is an equal probability of reads from paralogous sequences becoming mixed
into one contig, potentially resulting in false positive heterozygosity at a locus in subsequent
analysis.
We used haplotype phasing of the aligned contig sequence pools to estimate cases of
increased paralog number in Phoxinellus and Telestes. We first aligned the reads directly to the
zebrafish reference genome by BLASTN (see Read identification and de-novo assembly). As all
potential duplicated sequences from one species align to the same ancestral sequence in the
reference, exons with an average rate of greater than 3 heterozygous SNPs per 100bp among
the reads at a locus were considered duplicated relative to the zebrafish reference genome. We
then determined the proportion of exons within a gene displaying these abnormally high levels of
variation, and used this as a proxy to build predictions of copy number variants (Table S5.3). It
is important to note that reduction in copy number from that of the zebrafish will not be detected.
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Heterozygosity error rate prediction
Mis-alignment of reads and/or merging of paralogous sequences into the same reference scaffold
can result in false positive heterozygosity that would affect identification of fixed genetic changes
and patterns of population variation. To estimate the frequency at which paralogous reads are
mixed into the same orthology group, we generated in silico 100bp single end sequencing reads
from the variant zebrafish reference genomes as discussed previously (see Read identification
and de-novo assembly). These reads were aligned to the original zebrafish reference genome by
BLASTN. As the reads contained only fixed variation and were without sequencing errors, any
heterozygosity would be caused by alignment of reads from multiple exons to the same
coordinates in the reference genome. Under these conditions, 6 per 100 exons in the zebrafish
genome display false positive heterozygosity by a BLASTN-based alignment to the zebrafish
reference genome, and this was independent of the divergence between reads and the reference
genome (Table S5.6). However, if the reads were processed into contigs by CAP3 and then
subsequently aligned to these contigs by Stampy, average rate of false positive heterozygosity
fell to 0.2-1 per 100 exons (Table S5.6).
CAP3 assembly may potentially split up heterozygous exons into multiple contigs,
resulting in a low true positive recovery of heterozygosity and an erroneous fixation of a SNP. To
assess this, variants were added every 100bp to the in silico reads at 50% allele frequency. Over
97% of all introduced heterozygous variants were recovered, and this frequency was unaffected
by CAP3 assembly (Table S5.6), demonstrating phasing of paralogs without sacrifice of
heterozygosity through inappropriate phasing of haplotypes.
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Sequence pairing
When multiple paralogs are identified representing the same exon in the reference genome, it is
important to match the sequence from one species with the correct ortholog in the other species.
To identify orthologous pairs between multiple species, Hamming distance was calculated for all
pairwise combinations of sequences between species for a given exon to determine their level of
similarity. A matrix was constructed with the top sequence match for each species-pair recorded
as ‘1’ and all other matches as ‘0’. To avoid re-merging sequences previously separated by
CAP3, intra-species matches were listed as non-matching (‘0’) by default. K-means clustering
(SciPy; www.scipy.org) was used on this matrix to pair sequences. The “k” value sets the number
of ortholog pairs generated. In a comparison of multiple species, the “k” value for k-means
clustering was set for the number of contigs generated by CAP3 for the species with the fewest
number of contigs. If multiple contigs within one species identify with a single contig in another
species, only the top matching between-species contig pair was retained, unless the contigs did
not overlap. If the contigs do not overlap, the sequences were merged into one contig, with the
spaces between contigs were filled with “N”. Artifacts from this merger are minimized during
ancestral reference assembly, as data from the other species and the reference genome correct
for erroneous bases in the final assembly, and as alignment to the ancestral reference genome
will recover sequence information from the original reads.
To test our centroid clustering approach, 150bp of sequence were randomly generated
and a “paralog” of this sequence was created at defined levels of variation by randomly mutating
bases at a given frequency (Figure 5.6A). “Orthologous” sequences were then generated from
each paralog at defined levels of variation, simulating sequence divergence between multiple
species. Three groups of sequences were created, representing an analysis of three species.
We simulated the ability of the script to properly pair orthologs stemming from 5000 unique
paralog pairs. As expected, greater levels of variation within and between species increases the
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likelihood of proper sequence clustering, with variation between species more essential for proper
pairing than variation within species (Figure 5.6B). At greater than 4% variance between the
ancestral paralogs, the majority of orthologous pairs between species were accurately matched
(Figure 5.6B).

Figure 5.6. Simulated pairing of orthologous sequences by centroid clustering.
(A) A 150bp sequence was randomly generated in silico to generate a hypothetical
gene, gene1. To approximate an ancient duplication event, this sequence was then
duplicated into two paralogs and variation was added to each paralog at defined levels
through random mutagenesis to generate gene1A and gene1B. In this simulation, each
“species” has one copy of each gene. To accommodate between-species variation, a
new version of each paralog (gene1A, gene1B) was constructed. Each variant
represents the orthologous version of each gene in each species (gene1A’ and
gene1A’’, gene1B’ and gene1B’’). The number of mismatches between each sequence
pair was calculated and clustered by k-means to match similar sequences between
species. The simulation was repeated with 500 randomly generated sequences. (B)
Results from the simulation demonstrating that paralogous sequences with divergence
>4% are robustly matched between species, with little overall effect of divergence
between species.
Reconstruction of ancestral reference exome
The ancestral reference exome was reconstructed for each exon using the PHAST package.
Briefly, phylogenetic tree models were constructed for each exon using phyloFit (--subst-mod
UNREST --ancestor Zebrafish --tree "((Telestes,Phox), Zebrafish)" )[78].

Multiple sequence

alignments between the zebrafish reference sequence and identified contig pairs were performed
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using MAFFT [79]. This output was then fed to prequel using default parameters (--no-probs) to
reconstruct the ancestral sequence for the common ancestor of Phoxinellus and Telestes [22].
Each ancestral sequence was annotated using BLASTX[20] against the zebrafish
reference proteome. To build an exon-wise BLASTX reference proteome, CDS coordinates,
frame, gene and strand information were extracted from the Ensembl zebrafish reference GTF
file (Danio_rerio.Zv9.72.gtf) and converted to BED format. Overlapping intervals within the BED
file were then merged with ‘mergeBed’ from BEDtools (with option –nms).

BEDtools

‘fastaFromBed’ was then used to extract sequence from the reference genome. Exons on the
minus strand were then reverse complimented and each sequence was translated using custom
python scripts. Blast+ makeblastdb (with -dbtype prot) was then used to generate the custom
BLASTX proteome for the ancestral reference exome[20]. Only contigs with a BLASTX E-value
score <0.001 were retained. The BLASTX output (-outfmt 6) was then directly converted to a
GTF file format for annotation of the reference sequence.
Raw reads of each species population pools were aligned back to the reconstructed
reference exome using Stampy[23], with '--substitutionrate=0.09' to allow for mismatches.

As

variation between Phoxinellus and Telestes was generally low, reads with >5 mismatches to the
ancestral sequence were excluded from analysis.

Coverage and depth
Since the genomes of Phoxinellus and Telestes are not known, we estimated coverage of the
exomes based on the zebrafish reference genome. The zebrafish-associated coordinates of each
experimental contig were converted to BED format and compared to a reference BED file
generated from the CDS coordinates of the zebrafish reference GTF file. To condense
overlapping and redundant elements in each BED file, sets of coordinates were independently
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merged using ‘mergeBed’ from BEDTools [77]. The amount of sequence in D. rerio that is not
covered between P. alepidotus and T. ukliva is then calculated using ‘intersectBed’ from
BEDTools (-v) [77], and the total length of non-overlapping bases were calculated from this output
using custom python scripts. The length of non-overlapping elements was divided by the total
length of the zebrafish reference exome to generate percent coverage. Depth was calculated
based on alignment of reads to the ancestral reference sequence, using BEDTools
‘coverageBED’ (-d)[77].

Generation of merge gene ontology database
Gene ontology annotations for D. rerio are not presently as thorough as in other vertebrate
species. To facilitate systematic analysis of our data, we merged terms from multiple databases
and species (Table S5.4). Zebrafish gene ontology annotations were recovered from ZFIN
(http://zfin.org/downloads), and human, mouse and chicken gene ontology databases from
UniProt (http://www.ebi.ac.uk/GOA/downloads). Gene names from non-zebrafish species were
converted to their zebrafish ortholog Ensembl ID based on Ensembl ortholog predictions.
Additional genes upregulated downstream of EDA signaling were added as a custom GO-term
[43]. Variants in genes associated with particular gene ontogeny were extracted from this data
set and processed for functional prediction by SIFT [34].

Population Summary Statistics
Nucleotide diversity (π) was calculated and averaged from all coding sequence data using
Popoolation [80], with “--pool-size 80” and “--gtf” options.

120

Analysis of variants
SAMtools [81] was used to construct a shared mpileup file for P. alepidotus and T. ukliva. Variants
were called from mpileup files using a custom python script. A minimum allelic depth of 3 was
required for polymorphism identification.

Heterozygous variants were called with an allele

frequency >25%, with homozygous variants having >75% allele frequency.

To increase

confidence in identified variants for comparison between species, only variants with a read depth
of at least 3 reads in each species were considered. Runs of greater than four consecutive SNPs
between species were ignored as possible artifacts of the alignment and/or ancestral reference
assembly. Variants were annotated using SnpEff (Cingolani et al., 2012). Fixed, nonsense and
missense changes unique to P. alepidotus and T. ukliva were then isolated from the SnpEff file
using custom python scripts.
PhyloP

from

the

PHAST

package

(http://compgen.bscb.cornell.edu/phast/background.php) was used to identify exons under
positive selection[33]. The consensus reference sequence for each species was reconstructed
using the ancestral reference sequence as a template, and by amending bases in the imputed
ancestral reference sequence to reflect fixed variants in a particular species as identified from the
mpileup file.

Neutral tree models were constructed using phyloFit (--tree "((Telestes,Phox),

Zebrafish)" ) with ‘--features’ to restrict analysis to coding sequence[78]. MAFFT[79] was used to
align sequences of P. alepidotus, T. ukliva and D. rerio. Tree models were constructed for each
of 1000 randomly selected exons, and the values averaged to generate a neutral tree-model.
PhyloP[33] was then run with --subtree for both Phoxinellus and Telestes, with --method LRT, -mode CONACC, and --features options using the BLASTX-generated GTF file. For multiple
hypothesis testing, the p-values were converted to false discovery rate (FDR) q-values according
to Storey [82]
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Statistical analysis of gene ontology enrichment
To identify trends of sequence evolution within P. alepidotus and T. ukliva (Figure 5.5), genes
were pooled from a custom grouping of related gene ontologies (Table S5.4).

Statistical

significance for enrichment of genes under selection within these broad gene ontology groupings
was analyzed by bootstrap resampling of 20000 permutations against the entire gene set within
each species.
To identify individual gene ontology terms for which there is an increase in the number of
genes under selection specifically in P. alepidotus (Table S5.5), bootstrap resampling was
performed with 15000 permutations against a null distribution based on the number of genes with
q-value <0.05 within the same gene ontology category in T. ukliva. For multiple hypothesis testing,
the exact p-values were converted to false discovery rate (FDR) q-values according to [82] using
custom python scripts.
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Chapter 6 –
Learning to fly: Phylogenomic analysis of fin allometry in flying fishes
(Exocoetidae)
While studies within model organisms provide insight into mechanisms of growth regulation, less
is known about the genetic changes underlying natural variation in proportions. Genetic analysis
of fin proportionality within the zebrafish has identified mutations that are sufficient to induce
changes in fin growth patterns and altered relative proportions. Surprisingly, eight out of ten
zebrafish mutants with increases in fin size have been mapped to potassium channels ([1,2];
Chapter 2; data not shown). This suggests potential constraint in the types of mutations that are
sufficient to drive adult-viable alterations in fin size. These data also demonstrate that simple
genetic polymorphisms can dramatically
alter

fin

shape

within

a

single

generation. Whether these or similar
genes and pathways are targeted
during natural variation in fin growth
among diverse fish lineages remains
unknown.
The

flying

fishes

(family

Exocoetidae; order Beloniformes) have
large paired fins and an extended
ventral lobe of the caudal fin [3] (Figure
6.1). In the open ocean, flying fishes use
these

enlarged

fins

to

Figure 6.1. Beloniformes fishes. Images
courtesy of Dr. Nathan Lovejoy.

propel

themselves out of the water and glide through the air in avoidance of predators [4]. An elongated
and strengthened ventral caudal fin lobe acts a propelling force to allow the fish to gain
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acceleration on the surface. Upon reaching critical speeds, the aerodynamic paired fins are
fanned out to form wings that generate lift. A subset of flying fishes, the “four wing” gliders, have
evolved an elongated pelvic fin that provides additional aerodynamic support and
maneuverability. These fishes have the most refined gliding characteristics of the group and can
glide for up to 400 meters with controlled turns and altitude changes [4]. This is compared to a
straight flight of tens of meters in two-winged species [4,5].
Interestingly, some halfbeak (Hemiramphidae) relatives of flying fishes have characters
comparable to those of flying fish, like pectoral fin elongation and leaping escape behaviors, but
lack the full suite of characters necessary to sustain aerial flight. The phylogenetic position of
these groups would suggest independent evolution of these traits. The independent evolution of
identical linked characters is supported in the fossil record. The recent discovery of a fossil from
an unrelated lineage (Potanichthys xingyiensis) with long pectoral fins and asymmetrical caudal
fins reveals that this suite of morphological adaptations has evolved multiple times [6]. The
common appearance of this fin phenotype in isolated lineages and ecological importance of this
trait make this group an intriguing candidate for studies of skeletal proportionality.

Results and Discussion
To sequence the conserved protein-coding regions within the flying fishes and relatives, we
developed a custom in-solution targeted DNA capture array based primarily on the medaka
genome (Oryzias latipes), the most recent common ancestor to flying fishes with an existing
reference sequence. Though the medaka are Beloniformes, (suborder Adrianichthyoidei), they
last had a common ancestor with the flying fishes (suborder Belonoidei) around 70-80 million
years ago [7]. This is a significant challenge to the targeted sequence capture approach; my work
previously cross-hybridized DNA to reference capture probes that were separated by closer to 50
million years (Chapter 5, [8]). To include genes that might have been specifically lost in the
evolution of medaka but not in flying fishes over this time, we also targeted protein-coding DNA
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regions

from

the

playtfish

(Xiphophorus

maculatus)

Amazon

(Poecilia

molly

and

formosa)

genomes that were not identified in the
O. latipes genome (Figure 6.2).
Using the custom-designed
targeted sequence capture array, we
sequenced the protein coding regions
from 21 species of Beloniformes
fishes. We recovered on average

Figure 6.2. Beloniformes capture design. (A-B)
To include protein-coding sequences that may be
specifically lost within the lineage leading to the
primary refrence genome, medaka (O. latipes),
outgroup protein-coding sequences not found within
the medaka genome were included from the
amazon molly (P. formosa) and platyfish genomes
(X. maculatus). We term this combined array
design a Phylochip.

78.7% of targeted DNA regions within the sequence data at an average read depth of 31X.
Capture efficiency did vary among species (Figure 6.3). The overlap between exons with
coverage was high, with 12.1% of genes uniformly lacking coverage across all species and 10.6%
having no coverage among half of the species. As I previously reported with Cypriniformes ([8]
Chapter 5), the majority of missing exon recovery was from exons having highly variable protein
sequences in evolution, such as nucleosome components and immune-related genes (Table
S6.1).
The level of sequence recovery is surprising given that we cross-hybridized DNA
fragments from each Belonoidei species to the distantly related medaka targeted sequence
capture probes. The average exon had 85% sequence identity to the medaka exome (Figure
6.3). The distribution of recovered sequences may reflect a limit to capture efficiency based on
sequence conservation with the tested hybridization conditions. This evolutionary window in which
captures are efficient is rather large, and with the increasing numbers of reference genetic
materials being generated, this window may soon encompass the majority of fish, and for that
matter a large number of taxa both plant and animal (see Chapter 8: Discussion). Reflecting the
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diversity between reference and sequencing data, there was an average of a total 4 million SNPs
per species relative to medaka, with an average of 600K of these SNPs being fixed nonsynonymous changes (Figure 6.3A). DNA was also recovered from on average approximately
20% of the non-medaka targets species that were included in the capture, validating the multispecies capture approach.

Figure 6.3. Beloniformes targeted sequence capture. (A) Coverage, depth, and SNP
information for each species. * SNPs are called relative to the reference genomes used for
sequence capture. (B) Comparison of exon percent identity of each species relative to
medaka. Each species has a similar distribution of exon identity. This data also suggests a
limit to capture efficiency generally >80% identity between species and baits (20
mismatches per 100bp). Species with lower coverage tend to have slightly higher average
percent identity, perhaps reflecting poor capture efficiency of the more diverse regions in
these species. Phylogeny based on [3,46].

The level of sequence variation and large number of species within the dataset
necessitated several changes in the analysis protocol developed in Chapter 5 [8] to improve
accuracy and computational efficiency. Briefly, rather than the reconstruction of a shared
ancestral sequence for the clade, which is considerably divergent in older clades such as the
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Beloniformes, a reference exome was reconstructed for each individual species. For crossspecies comparisons, a codon alignment to the original reference genome was performed on
each exon from the individual species, and poorly aligned and divergent sequences are masked
by Gblocks[9]. Unlike pairwise ortholog searches by reciprocal BLASTN when comparing two
species as in Chapter 5 [8], TreeBEST [10] was used for ortholog pairing across large numbers
of species and to incorporate the species phylogeny. Sequencing reads were then aligned back
to this species-specific exome. Between-species comparisons of the read data then occurred as
scaffolded by a shared alignment of reads and contigs to the reference genome.
Patterns of diversification in Exocoetidae
To identify phylogenomic trends associated with the evolution of fin growth, we first
compared patterns of sequence evolution within exons across the phylogeny to identify exons
that are most divergent between flying fishes (Exocoetdiae) and the other Beloniformes (Figure
6.4; Table S6.2). Patterns of sequence diversification specifically within Exocoetidae showed
enrichment for several biological and molecular processes that may be associated with fin growth,
notably ion transport, epidermal growth factor and fibroblast growth factor signaling pathways and
insulin receptor signaling (Figure 6.4B; Table S6.3). We have established a role for bioelectric
signaling within fin scaling ([1]; Chapters 2 and 3). While this group of genes with accelerated
sequence changes in Exocoetidae includes four potassium channels and co-transporters,
potassium-related genes were not significantly enriched. However, as simple mutations in
potassium channels are sufficient to increase fin size by large amounts[1], specific enrichment for
this class of genes may not be expected. Nonetheless, many bioelectric phenomenon respond to
membrane potential rather than specific channels or ions, and a signal for ion transport may reflect
both coordinated and compensatory changes in bioelectric signaling within this lineage.
FGF signaling may also play a role in growth regulation, as FGF is critical for fin outgrowth
and is associated with establishing position-dependent growth rates in the fin[11]. Further, as local
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regulation of growth by extrinsic signals is one of the means for organ-specific scaling [12,13],
insulin receptor signaling may also be involved in establishing allometric growth relationships
within the flying fish fin by increasing sensitivity of the fin to insulin.

Figure 6.4. Patterns of sequence acceleration or conservation among the exons
in flying fishes. (A) Heatmap of identity of each exon relative to the medaka
outgroup. Only those showing a trend specific to Exocoetidae are displayed. Missing
or incomplete exon data is in white. Phylogeny based on [3,46] (B) Subset of gene
ontology enrichments (Table S6.2) for genes with exons under accelerated sequence
evolution in Exocoetidae.
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Flying fish-specific amino acid changes in known fin growth-regulating genes
Given constraint in the types of amino acid substitutions that can lead to adult-viable
changes to fin growth in the zebrafish, we next investigated patterns of amino acid variation within
these genes in the Beloniformes dataset. We
identified 8,294 amino acid changes that are
shared among flying fishes and not observed
within the other Beloniformes. These changes
include potassium channels known to affect fin
growth. In particular, we detected an amino
acid substitution in a highly conserved region
of the cytoplasmic C-terminal domain of kcnh2
that is fixed and shared among all the flying
fishes (S664T). Previous work in the lab, not
associated with this thesis, has shown that
pattern fin overgrowth can be driven by altered
Kcnh2a signaling (Figure 6.5A; data not
shown).

Interestingly, we also identified a

shared, fixed non-synonymous change in the
L-type amino acid transporter lat4b (L312V).
Surprisingly, when zebrafish fin overgrowth
mutants in kcnh2a (tlf) are crossed to a shortfinned mutant linked to non-synonymous
changes in lat4a (nr21), the resulting zebrafish
phenocopies the flying fish fin phenotypes

Figure 6.5. Alterations in kcnh2a and
lat4a activity are sufficient to phenocopy
flying fish fin patterning. (A) Fixed nonsynonymous changes to kcnh2 and lat4b
that are specific to Exocoetidae. Grey
dashes indicate missing data. (B) Zebrafish
transheterozygous fish with an inversion in
kcnh2a (tlf) and a mutant with linked to nonsynonymous changes in lat4a (nr21) display
elongated paired fins and an extended
bottom lobe of the caudal fin, as is observed
in flying fishes. Arrows indicate end of
pectoral fin, asterisk highlights extended
ventral caudal fin.

(Figure 6.4B). The paired fins are uniquely
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elongated in the transheterozygote fish, and, strikingly, the ventral lobe of the caudal fin is
concordantly asymmetrically elongated. These are the exact paired phenotypes observed both in
extant Exocoetidae and in an unrelated fossil species (Figure 6.1).
Parallel amino acid substitutions in halfbeaks with above-surface gliding
While it is difficult to disentangle mutations of adaptive value from those resulting from neutral
drift and bottleneck along a single lineage, parallel substitutions occur with low probability in
models of neutral evolution [15]. Yet,
there are numerous cases of parallel
genetic

changes

separated

occurring

lineages

independently-derived

in
with

character

changes [14]. Thus, parallel amino
acid changes are strong candidates
for

functional

association

with

convergent evolutionary traits.
We asked whether there were
parallel amino acid substitutions in
the

Beloniformes

species

with

prolonged surface gliding behaviors.

Figure 6.5. Example cases of parallel amino acid
substitutions in species with convergent
evolution of aerial gliding in flying fishes and
halfbeaks.

These include the flying fishes and
two of halfbeak species within the dataset, Oxyporhamphus micropterus and Euleptorhamphus
viridis. In addition to surface taxing, these species have elongated pectoral fins relative to their
halfbeak relatives. We detected at least 44 cases of shared amino acid changes in both flying
fishes and these ‘flying haflbeaks’ that were not observed in the other sequenced Beloniformes
(Table S6.4).
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Among these parallel changes is a substitution in gigyf1 (P217T) (Figure 6.5). Gigyf1
binds in a complex with Grb10 to activated tyrosine kinase receptors including IGF-1 and insulin
receptors [16]. This binding enhances tyrosine phosphorylation downstream of IGF-1[16].
Differential sensitivity to exogenous growth factors, including IGF-1 specifically, are hypothesized
to regulate tissue-specific growth relationships. Potentially related to this, there is also a parallel
substitutions (V206A) in the growth hormone secretagogue receptor-a (ghsra), a gene that
regulates growth hormone secretion. Mutations in GHSR in humans leads to short stature and
obesity [17]. While there is no known role for gigyf1 or ghsra in fin growth, parallel changes at
these sites are strong candidates for investigations into their potential influence on pectoral fin
size regulation.
The above-water taxing and aerial gliding of Exocoetidae is supported by changes to that
affect balance and musculature. These morphological changes include enlarged semicircular
canals [18], increased size of pectoral fin musculature and neuromuscular adaptations to enable
propulsive tail oscillations at speeds up to 50 beats per second [4,19]. Analysis of additional
parallel amino acid substitutions in the “flying halfbeak” species identified shared amino acid
substitutions in a highly conserved EGF-like domain of celsr1a (D329M) (Figure 6.5B). Celsr1a
is a proto-cadherin involved in planar cell polarity [20,21]. Mutations in celsr1a in the mouse
cause severe disruption to inner ear hair cells that results in head shaking and spinning behaviors
[22]. Thus the mutations in celsr1a are candidates for studies of balance and coordination in these
and other fishes.
Further analysis of parallel amino acid changes and additional convergent molecular
signatures could be informative as to the genetic context of aerial gliding in these fishes. These
signatures may also provide insight into the genetic basis for fundamental underlying biological
processes within model systems, such as growth regulation and neuromuscular coordination.
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Evolution-directed screen to identify regulators of fin growth
To reduce potential bias and to systematically explore the ability of genes within the
dataset to affect fin growth, we have designed and initiated cloning of a high-throughput
CRISPR/Cas9-mediated transcriptional overexpression or silencing cassette (Figure 6.6). We
have previously developed a powerful means of testing the ability of gene activity to affect fin size
(Chapter 2, [1]). This assay used overexpression of a full open reading frame (cDNA) within the
fin. Expression of certain genes like kcnk5b lead to mosaic fin overgrowth by this method (Chapter
2, [1]). However, cloning of individual cDNAs can be labor intensive. Unlike cloning cDNA from
long and variably expressed mRNA transcripts, short gRNAs can be synthesized en masse on
oligonucleotide arrays and batch-cloned into vectors for injection. By linking gRNAs targeting the
promoter regions of genes in a vector with a catalytically inactive Cas9 variant fused to VP64p65-Rta (VPR) transcription factor activation domains [23] or the engrailed transcriptional
repression domain [24,25] (Figure 6.6A,B), one can alter gene expression in a targeted manner.

Figure 6.6. High throughput evolution-directed screen to identify genes with potential to
influence fin growth. (A) dCas9-VPR transcriptional activator or (B) dCas9-EnR
transcriptional repressor fused to GFP by the T2A self cleaving peptide to label fin clones
under the ubiquitin promoter. In cis to dCas9 is a single gRNA under control of U6
promoter. This entire cassette is randomly integrated into the genome by Tol2
transposase for sustained expression of the constructs in the injected animals. (C) gRNA
oligos can be batch-cloned and injected into the zebrafish for screening large numbers of
gRNA targets simultaneously. Overgrown fin clones can then be genotyped to determine
the gRNA(s) found within the integrated vector.
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Mixed injection of gRNA plasmids into single-celled zebrafish embryos should result in a mosaic
animal harboring numerous gRNA variants (Figure 6.6C). As the guides are integrated into the
genome by use of transposon mediated transgenesis, clones within the adult zebrafish that show
overgrowths can then be isolated using GFP fluorescence and genotyped to identify the
associated gRNAs for downstream analysis.
This evolution-directed screen has the potential to identify numerous genes and pathways
associated with fin growth. Through barcoding of the oligonucleotide arrays, sub-groups of oligos
can be specifically amplified and cloned. With this tool, we aim to rapidly screen subsets of genes
for potential in influencing fin growth, such as genes under positive selection or those with
significant changes to codon usage bias. These subsets may be useful in directing future
phylogenomic analyses of other non-reductive phenotypes.
Summary
The unique aerial gliding behaviors of flying fishes have long inspired and captivated
naturalists [26–29] and engineers [30–32], and have been defining components to local cultures
[33,34]. My work here through both experimental and comparative genomic approaches is the
first systematic analysis of the genetics associated with this phenotype and this group. I
successfully recovered conserved coding genomic material from the broad Exocoetidae clade.
Further though custom methods, I was able to identify fixed variable SNPs among different
species of the clade to then make pairwise comparison across the taxon for potential shared
variants associating with particular traits. The identified genetic changes will serve as a starting
point for experimental studies of size regulation and proportional growth. Investigators interested
in genetic underpinnings of other adaptive traits within this group can track genetic signals to mine
for potential mechanistic correlates to these phenotypes and use this dataset for robust
phylogenetics. Lastly, and not directly related to the thesis, these data will support conservation
efforts within the group. Many flying fish fisheries are strained with modern fishing techniques and
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expanding demand for Japanese tobiko. Increasing rarity and the shifting pelagic populations of
flying fishes has also led to geopolitical disputes [35]. The exome sequences derived for many of
these species may be useful in the identification of population variants for understanding their
variation in natural history, response to the changing temperature of the ocean and setting and
managing fishing regulations.

Materials and Methods
Tissue collection and DNA extraction
Tissue was collected in collaboration with Dr. Nathan Lovejoy at University of TorontoScarborough and through a field collection expedition in Barbados (April-2015). Tissues were
stored at -20°C in ethanol, DMSO or RNAlater (ThermoFisher). Prior to DNA extraction, tissues
were briefly rinsed in PBS to remove excess storage buffer. DNA was extracted using the Qiagen
DNeasy Blood & Tissue Kit following manufacturers instructions.

Targeted Sequence Capture Design
Protein-coding sequences from the Oryzias latipes genome (MEDAKA1) were identified in
Ensembl BioMart [36]. To identify sequences that may be missing along the O. latipes lineage but
preserved during evolution of the Belonoidei suborder, protein-coding regions from the Poecilla
formosa (Poecilia_formosa-5.1.2) and Xiphophorus maculatus (Xipmac4.4.2) genomes were also
extracted using Ensembl BioMart [36]. BLASTN (E-value < 0.001) of each target against the O.
latipes genome was used to identify non-annotated protein-coding DNA sequences within the O.
latipes genome and to include coding DNA sequences lacking strong BLASTN hits within O.
latipes. To avoid adding DNA regions that are specific to Poecillidae, DNA sequences from P.
formosa and X. maculatus were identified by BLASTN (E-value <0.001) in the genome of an
additional outgroup, the Nile tilapia (Oreochromis niloticus; Cichlidae ; Orenil1.0), prior to inclusion
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in the capture. SeqCap EZ Developer (cat
#06471684001)
designed

in

capture

oligos

collaboration

were

with

the

Nimblegen design team to limit probe
redundancy, standardize oligo annealing
temperature
regions.

and

The

final

remove

repetitive

capture

design

encompassed a total of 225,182 regions
targeting 38,295,260 bases.
Library Preparation
DNA from multiple individuals of each
species

were

pooled

(Table

6.1).

Sequencing libraries were sheared by
Covaris to an average size of 200bp
according to manufacturers instructions
(Duty

Cycle:10%,

Intensity:

5,

Table 6.1. Number of individuals per species
Species
# Individuals
Hemiramphus brasiliensis
5
Hemiramphus unifasciatus
8
Tylosurus crocodilus
5
Hyporhamphus brederi
6
Hemiramphus far
6
Strongylura marina
5
Xenentodon cancila
5
Oxyporhamphus micropterus
8
Rhynchorhamphus georgii
2
Ablennis hians
5
Potamorrhamphis guianensis
8
Euleptorhamphus viridis
5
6
Parexocoetus brachypterus
8
Cheilopogon xenopterus
7
Cheilopogon papilio
7
Cheilopogon furcatus
Hirundichthys affinis
18
Fodiator rostratus
5
Prognichthys tringa
7
Exocoetus volitans
8
Cypselurus callopterus
8

Cycles/Burst: 200, Time: 400 seconds, Temperature: 8°C). Sequencing libraries were generated
using KAPA HyperPrep Kits following the Nimblegen SeqCap EZ Library protocol (Version 4.3).
Each species pool library was barcoded with Nimblegen Adapter Kit A adapters. The libraries
were hybridized to the capture baits according to the SeqCap EZ Library protocol. In place of
Human CotI DNA, the SeqCap EZ Developer Reagent was used (cat #06684335001) during
hybridization. Additionally, libraries were hybridized to the capture baits and washed at a reduced
stringency of 45°C relative to the standard 47°C in order to allow extra mismatches for crossspecies hybridization.
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Read processing
Low read quality bases were masked using fastq_masker (-Q 33) and identical reads were
collapsed

using

fastx_collapser

(-Q

33)

from

the

fastx

toolkit

(http://hannonlab.cshl.edu/fastx_toolkit/).

Read identification
Targeted reference regions of high similarity, as in the case of recent duplication or shared highhomology protein domains, may result in ambiguous alignment of short sequencing reads. If
reads align to multiple regions within the reference, it could confound downstream analysis by
causing reads from multiple exons to overlap. Reads were grouped into reference exon-specific
bins by BLASTN (ncbi-blast-2.2.30+; E-value <0.0001). To reduce error associated with shortreads aligning to multiple places within the targeted reference sequences, if a read mapped to
more than one place within the reference sequence within an E-value factor of 10, these reads
were excluded from initial contig assembly.

Initial contig assembly
To assemble contigs, like-reads from each exon bin are grouped by Usearch cluster_fast (-id 0.97
-fastq_maxdiffs 3 -fastq_minovlen 5 -alnout ; [37]). The output of cluster_fast is a list of pairwise
read alignments of high identity. These pairwise read alignments can be extrapolated into a larger
multiple sequence alignment, from which the base of maximum allele frequency at every position
within the multiple sequence alignment can be identified to generate a contig. CAP3 (-p 85 -o 16
; [38]) is then used to piece together these proto-contigs into larger sequence and to include reads
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which had not previously been incorporated into a contig by Usearch. The Usearch step greatly
improves the speed and sensitivity of CAP3 when dealing with large numbers of sequencing reads
from each homology bin. Further, Usearch is able to recover low-coverage exons from which
CAP3 may have unsufficient coverage or overlap to generate contigs.

Contig refinement and fusion
Contigs from this initial assembly are merged together with an additional stringent round of
Usearch (-id 0.99). Adjacent exons within the reference sequence were not permitted to join into
larger contigs that contain multiple exons, as this may complicate downstream analysis. For
contigs that are joined but that originated from distinct reference exons, the final merged contig is
re-annotated by BLASTN against the reference and named accordingly.
All reads are then aligned to the newly generated contigs with Stampy [39]. Reads with
>5 mismatches relative to the contig are removed from the dataset. The maximum allele at every
base within the read alignment is then recorded and turned into a final contig. This additional
round of contig assembly is useful in expanding contig length and in fixing potential errors
associated with previous contig assembly steps.

Alignment of contigs to reference and masking of poorly aligned regions
Each contig was translated along all 6 reading frames and was compared to the reference amino
acid sequence for the corresponding exon. The frame with the highest percent match by was
kept. For speed and computational efficiency, exons >1000 amino acids were aligned to medaka
by MAFFT (--maxiterate 1000 --localpair –quiet) [40], while those <1000 amino acids aligned by
Biopython

(pairwise2.align.localds,

gap_open

=

-10,

gap_extend

=

-0.5,

matrix

=

matlist.blosum62). From this amino acid alignment, Gblocks [9] was used to mask poorly aligned
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regions (-b=2 -b3=5 -b5=h -v=32000). A minimum block length (-b4) of 10 was used for proteins
greater than 20 amino acids, while a block length of 4 was used for shorter exons. The maximum
number of contiguous non-conserved positions (-b3) was set at 5.
The Gblock-masked amino acid output was converted into a nucleotide alignment by
converting the amino acids back to their respective codons. As all contigs from each species are
aligned to the same reference sequence, between-species comparisons can be made without an
additional multiple sequence alignment.

The codon-alignment of each contig was also

extrapolated to the short sequencing reads that were previously aligned to each contig by Stampy.
This results in a codon-based alignment of the original sequencing reads directly to the reference
genome.

This alignment was used for variant annotation and as a common scaffold for

comparison of reads between species.

Variant Calling and SNP Effect Prediction
Utilizing the existing materials for the O. latipes, variants along each exon were converted to their
respective locations within the medaka genome as above. Variants were called directly from
alignments using custom python scripts. To call a heterozygous variant, an allele frequency of
>25% or <75% and at least 2 reads were required. Ensembl Variant Effect Predictor [41] was
used to annotate variants. The impact of missense changes were predicted with PROVEAN [42].
To facilitate and speed-up downstream analyses, a PROVEAN matrix of all potential amino acid
substitutions for the entire O. latipes, X. maculatus and P. formosa proteome was generated and
referenced for annotation of effect prediction.

Ortholog pairing
TreeBEST was used to pair orthologs based on phylogenetic trees (best –f ; nj -v -s -c ;
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http://treesoft.sourceforge.net/treebest.shtml, [10]). All pairwise ortholog matches were given a
unique identifier for downstream analysis. To avoid errors and improve confidence of local
duplications, exons with multiple contigs were filtered for high coverage prior to TreeBEST.
Contigs with <15% coverage were excluded from the analysis and those with <60% coverage that
overlapped another contig with complete exon coverage were also excluded as potential
background artifacts.

Analysis of patterns of sequence variation within the phylogeny
The percent sequence identity of each codon-aligned exon relative to the reference sequence
was calculated. To establish significance for exons at the extreme ends of sequence identity
within specified foreground branches relative to background branches in the phylogeny, the
average value for each group of specified lineages was bootstrap resampled with 500 iterations.
P-values were false discovery rate-corrected for multiple hypothesis testing using SciPy
(https://www.scipy.org/). To improve stringency, only exons with values in the specified branches
that were as great or greater than background branches were kept. Heatmaps were generated
using R heatmap().
The gene ontology annotation for the O. latipes genome were downloaded from Ensembl
BioMart [36]. As GO terms are relatively poorly annotated for O.latipes, the GO annotations of
human, mouse, chicken, rat, zebrafish and stickleback genomes were also downloaded. The
Ensembl gene IDs from the GO annotations of these species were converted to the gene ID of
their Ensembl-predicted O. latipes ortholog to create a final file of predicted GO-terms relative to
O. latipes (Table S6.5). The final list of gene IDs within each GO-term were then pruned to only
include those with coverage in the Beloniformes dataset.

GO enrichment significance was

calculated by Fishers exact test (SciPy), and corrected for multiple hypothesis testing by FDR as
above.
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Positive Selection
The shared common ancestral sequence of flying fishes (Exocoetidae) and of halfbeaks
(Hemiramphidae) were both reconstructed using ‘prequel’ from the phast package[43]. Positive
selection was detected along the common ancestral lineages using an adaptive branch-site
random effects model (aBSREL) as implemented in HyPhy with O. latipes as an outgroup [44,45].
To reduce the computational load associated with analysis of all 200k exons within the dataset,
only exons that had at least two Exocoetidae non-synonymous substitutions not seen in
Hemiramphidae were tested for signatures of selection (14,807 total exons representing 9,043
genes). P-values for each lineage were corrected by FDR as above.
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Chapter 7 –
“Expanding” analysis of allometric variation to the Beloniformes jaw
The expansive Beloniformes dataset can also inform of other changes to skeletal
proportionality in evolution. One character that is pertinent to my analysis of size and proportion
is the evolution of rostrum size in the three groups of Beloniformes in our sequencing data.
Rostrum development in Beloniformes was a key case study used in arguments in support of
changes in developmental timing (heterochrony) in evolution [1–3]. The majority of needlefish first
develop a halfbeak-like lower jaw extension as a juvenile before growth of the upper jaw into the
adult morphology. Prior to molecular systematics, it was hypothesized by de Beer that the
halfbeak fishes were paedomorphic needlefishes, and further that flying fish were paedomorphic
halfbeaks[1]. However, more recent phylogenetic work established that the ancestral morphology
for all of Belonoidae is that of a halfbeak [3]. Thus, rostrum length evolution is a bit more dynamic:
the needlefish have gained an additional upper jaw elongation (peramorphosis), while the flying
fishes, some of which develop a temporary lower jaw elongation as juveniles, have lost this
halfbeak morphology (paedomorphosis) [3]. We looked for patterns within the dataset that
associate with trends in jaw allometry within the Beloniformes dataset as starting points for
investigations into these complex developmental processes.

Loss of the halfbeak jaw phenotype in the flying fishes (Exocoetidae)
Though derived from a common ancestor having an elongate lower jaw, all flying fishes as adults
do not have an extended lower jaw that is characteristic of their halfbeak relatives [3]. Preliminary
analysis of positive selection along the Exocoetidae branch identified kcnj2a, an inward rectifying
potassium channel. Kcnj2a is an interesting candidate as humans with mutations in this gene
have Andersen-Tawil Syndrome [4,5]. Among the phenotypes presented in patients with
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Andersen-Tawil include craniofacial defects and shrunken lower jaws (micrognathia). Given these
jaw and other craniofacial malformations, selection at the kcnj2a locus may be involved in the loss
of the halfbeak lower jaw elongation in the flying fishes and the function of this channel is a strong
candidate for experimental analysis in model systems to understand its role in craniofacial
development and evolution.
In my analysis of global signatures of diversification in Exocoetidae (Chapter 6; Figure
6.4) I found evidence for differential signaling for calcium signaling. Though calcium signaling may
be important in the regulation of fin growth (Chapter 3), it is also plausible that enrichment for
diversification in calmodulin-associated genes in Exocoetidae is related to the loss of jaw
elongation these fishes (Figure 6.4). Using a candidate gene approach, Gunter et al. have shown
differential expression of calmodulin in the elongating lower jaw of halfbeaks relative to the upper
jaw and compared to the uniform expression of calmodulin in both jaws of medaka [6]. This data
is further supported by the known roles of calmodulin with beak length evolution in Darwin’s
finches and is also linked to a QTL associated with jaw width cichlids [7,8]. Thus this signaling
node may be a common means of altering allometry in vertebrates. Following up on specific
changes in calmodulin within Exocoetidae may reveal means by which this gene is modulated in
these lineages.
Analysis of convergent changes in heterochronic development of the needlefish jaw.
A difficulty with analysis of single lineages is that there are large numbers of lineage
specific SNPs shared as a function of common ancestry.

However, there at least three

independent cases within our dataset where needlefishes bypass a halfbeak-like juvenile stage
and directly develop to the adult morphology [3]. Similar to cases of independent fin overgrowth
seen in non-Exoceditae lineages, the presence of similar morphologies occurring independently
allows the potential to dissociate lineage-associated SNPs unrelated to the phenotype. We asked
whether trends in the dataset would suggest pathways involved in this process, and if signals

155

related to developmental timing could be identified (Figure 7.1).
Of 260,237 exons within the dataset there are 542 exons showing convergent signatures
of accelerated or conserved sequence evolution within the direct developing needlefish relative
to the other Beloniformes (Figure 7.1A; Table S7.1). There are few gene ontology enrichments
for either grouping (Table S7.2). One notable exception is enrichment for the JNK signaling
cascade (FDR 0.0012). JNK signaling has been implicated in Wnt-dependent beak clefting in
chicken embryos and as a MAP family kinase may be critical in growth regulation [9,10]. There
are also 10 genes associated with caldmodulin binding that are accumulating mutations in the
direct developers, though this category is not statistically enriched.

Figure 7.1. Convergent signatures correlated with direct development of the
needlefish jaw morphology. (A) Patterns of sequence identity in exons relative to the
medaka genome. Only exons significantly diverged from the non-direct developing
Beloniformes are shown. Phylogeny based on [3,19] (B) Example convergent amino
acid changes identified within the dataset. Dashes indicate missing data.

Interestingly, there are at least 42 cases of convergent amino acid substitutions within the
direct developing needlefish in regions that are otherwise conserved in all other sequenced
Beloniformes lineages (Table S7.3). Among these genes several are strong candidates for
involvement in the needlefish craniofacial allometry.

156

For example, we detected unique

substitutions in thrombospondin 2a (thbs2a; S950N) that are specific to the direct developing
needlefish (Figure 7.1B). Thbs2 is located within a major effect loci associated with rostrum
shortening and brachycephaly in both dog and pig breeds [11,12]. Another parallel mutation
(M1522I) is in piezo2-like, a mechanosensitive ion channel. Mutations in piezo2 cause Gordon
syndrome, Marden-Walken syndrome and distal arthrogryposis type 5 [13]. There are numerous
craniofacial defects associated with these disorders, including cleft palate and a lower jaw defects.
How coding mutations, such as those in thbs2a or piezo2-like, would affect timing of
growth is unclear. One intriguing gene candidate for developmental timing with convergent
substitutions is safb (F660I), an estrogen receptor that modulates estrogen-responsive
transcriptional activity [14–16]. Estrogen has strong effects on bone growth remodeling [17]. Thus,
differential sensitivity to estrogen through modifications to safb may affect timing of jaw outgrowth.
Possibly also associated with altered timing or intensity of gene expression, there are parallel
substitutions in the GTPase activating gene agap1/centg2 (I87V). Though agap1 is not typically
associated with skeletal or craniofacial phenotypes, an intron of agap1 contains the HACSN1
enhancer element that is highly divergent between chimps and humans [18]. This element drives
expression of agap1 in developing limbs and branchial arches [18]. Thus, if this enhancer element
is conserved in Beloniformes, fixation at this locus in three independent lineages of needlefishes
may be related to the developmental timing of onset of the needlefish phenotype. Experimental
manipulation of these and other signals and investigations into the effect of these amino acid
substitutions on protein function could be informative as to the role in craniofacial development
and shifts in developmental timing.
Summary
As illustrated by fin allometry (Chapter 6) and craniofacial development, the Beloniformes
dataset is a valuable resource for a wide variety of evolutionary questions. Traits that vary in the
diverse Beloniformes dataset include convergent marine to freshwater transitions, variation in
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craniofacial shape, changes in developmental timing and arrested development (paedomorphy),
pryamidal corneal shape, green bones, and viviparity among many others. Furthermore, these
large datasets of protein coding sequences are additionally useful for mining other aspects of
protein evolution, including the genetic context of convergent changes in amino acid sequence,
the identification of mutational hotspots, protein repeat evolution and codon usage bias. Analysis
of function using both zebrafish and other models will enable a systematic analysis of these
candidates as associated with craniofacial growth.

Materials and Methods
For methodology, see Chapter 6.
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Chapter 8 –
Discussion
Size and shape are one of the fundamental aspects of character change in Nature that broadly
affect the form and function of structures mechanically as well as physiologically. In assessing
genetic basis of organ size and proportion, I uncovered specific roles for potassium channels in
the regulation of the rate of growth and manifestation of proportion.

My work detailed the

molecular regulation of growth rate due and association with bioelectric polarity. I extended this
work to generate new methods and analytical approaches at defining genomic change within nonmodel species to enable analysis of the large experiment of Nature in all its forms. Below, I
integrate the implications of these findings.

Bioelectric signaling and organ growth control: a missing link?
Bioelectric signaling has the potential to enable long-distance organ and tissue communication.
This capability can influence cellular aspects of organ size, including cell volume and proliferation.
Thus, perhaps bioelectric signaling plays a broad role in organ size control in addition to the fin.
Supporting this notion, bioelectric signaling plays an important part in organizing developmental
processes, frequently preceding known key morphogenetic events [1]. For example, using voltage
sensitive dyes in Xenopus laevis embryos, a region of hyperpolarized cells is observed in the
anterior neural field prior to development of the eye primordia and before known genetic markers
appear [2]. Ectopic expression of a dominant negative KATP channel that causes cell
hyperpolarization leads to ectopic eye formation while induced depolarization through injection of
constitutively active cation channels is sufficient to block or reduce eye formation [2]. Similar
mechanisms may enable small and spatially restricted cells to maintain an awareness of organ
size across large fields of cells.
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Many organs and organisms possess measurable electric fields [3].

An intriguing

possibility is that long-range electric fields are integrated locally by cells for regulation of organ
size. Segmented earthworms have a head-tail electric dipole that is disrupted after amputation.
This results in a decreased voltage around the cut site, which then increases with each additional
segment until the worm has returned to full size[4–6]. Similar fluctuations in electric fields have
been demonstrated among diverse proliferative and regenerating tissues ranging from hydroid
polyps to Xenopus tail blastema, where the electric field is temporarily strengthened along regions
of high growth potential before losing intensity as growth wanes [7,8].

Although specific

measurements have not been made, the growth of the zebrafish fin may be regulated by
alterations in membrane potential at the distal fin tip through dynamic regulation of potassium
channel activity. This activity may alter membrane voltage, resulting in sustained fin growth until
the fin is large enough or specific potassium channel expression is reduced enough to dilute the
effects of the field. My data would implicate kcnk5b as part of such a signaling mechanism, and
one of which has direct interaction with downstream cellular signaling molecules such as
calcineurin.
One way for bioelectric fields to influence organ-level cellular behavior is through
intercellular flow of small molecules by gap-junction coupled cells. In the fin, Cx43 and Kcnk5b
have a dose-dependent relationship in which the loss of gap junction coupling is sufficient to
suppress kcnk5b-mediated growth. Calcium [9–11], cAMP [12–14], ATP [15,16] and miRNAs
[17–19] have all been shown to spread between cells via gap junctional communication. One
possibility is that gap junctional coupling utilizes an electric field generated through ion channel
activity to mediate directional transport of small molecules [20]. Heterotypic gap junctions,
particularly between Cx33 and Cx43, can enable one-way ion flow [21,22]. One-way gap
junctional flow in the early Xenopus embryo results in serotonin accumulation on the left side of
the embryo. This asymmetry is required for the establishment of left-right asymmetry [23], and
appears prior to the onset of asymmetry markers such as sonic hedgehog in the node [24]. This
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unidirectional flow requires proton channels to establish left-right asymmetry [25], supporting a
role for ion channels in driving gap-junction flow in vivo.
As many cells form gap junctions with neighbors, there might be a shared syncytial-like
cytoplasm from which cells can respond to organ-level events. Some experiments have
demonstrated that change cell size or number can nonetheless result in organs of appropriate
sizes and proportions [26–28]. This might suggest that cells recognize a more global organ
volume. As was previously hypothesized [29], events that would disconnect cells from this
syncytial-like shared growth-regulatory milieu may enable neoplastic transformations. Indeed
downregulation of potassium channels [30] and upregulation of gap junction can both inhibit
growth in many cancers [29,31,32].
The relative paucity of evidence for bioelectric signaling in growth and proportionality could
be due to redundancy among channels in loss-of-function screens and potential lethality
associated with the pleotropic roles of membrane potential in cellular physiology. Additionally, the
difficulty in working with, detecting and visualizing electric fields within tissues has hampered
experimental analysis. The development of genetically encoded membrane voltage sensors will
be critical for the advancement of the field and for understanding the role of bioelectric signaling
in the fin.

Bridging the divide between ion activity and canonical developmental growth regulators
One of the challenges in assessing the specific role of ion channels in development and allometry
is the large number of possible pleiotropic effects of membrane potential on cellular physiology.
While potassium leak channels (TASK/TREK family) were originally thought to passively
regulate background K+ currents in cells, recent evidence has revealed complex regulation of their
activity [33]. Regulatory inputs to leak channels range from hypoxia to cell swelling to pH [33].
Leak channels also physically interact with many intracellular growth regulators. KCNK1 is
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activated by p53 family member TAp53, and this interaction functions to inhibit cancerous growth
[34]. TREK-1 is inhibited at AMPK, PKC, and PKA phosphorylation sites [35–39] and is activated
by the NO/cGMP/PKG pathways [40]. TASK-1 and TASK-3 are inhibited through direct binding
by Gqα [41]. A significant parallel to Kcnk5b data shown here, TRESK activity is regulated by
calcium levels and has a NFAT-like calcineurin binding site [42]. Less is known about TASK2/KCNK5 regulation and the roles of leak channels in morphogenesis more generally. Here, we
identified a putative calcineurin binding site in zebrafish Kcnk5b. Interactions between calcineurin
and Kcnk5b appear to be important in the establishment of growth rates within the fin. Profiling of
the Kcnk5b cytoplasmic C-terminal domain through CRISPR-Cas9, as has been initiated, may
identify other intracellular regulators of it’s activity that could be relevant in coordinating fin growth.
The discovery of a putative calcineurin binding site within the C-terminus of Kcnk5b leads
to the integration of Kcnk5b with calcium signaling. Like Kcnk5b, other potassium channels have
calcineurin binding sites [42]. Interactions with calcineurin is critical for the gating and molecular
activity of these channels [42]. Calcineurin is activated through phosphorylation by caldmodulin,
which is downstream of intracellular increases in calcium [43]. Though canonically operating
through activation of the NFAT family of transcription factors, calcineurin signaling has numerous
protein interactions and downstream effectors [44]. Not surprisingly, treatment of regenerating
fins with calcineurin inhibitors results in significant changes to the fin transcriptome [45]. Through
transcriptional profiling of kcnk5b-/- and wildtype fins that are regenerating in the presence or
absence of FK506, one may gain insight into the molecular distinctions brought on specifically
through the presence of Kcnk5b that contribute to accelerated growth in fins treated with FK506.
One potential window through which Kcnk5b activity is connected to known growth
regulators may be through miR-133. There are predicted miR-133 seed sequences within the
3’UTR of both Cx43 and Kcnk5b, and expression of miR-133 is maximum when fin growth ceases
[46]. miR-133 also targets members of the FGF pathway, providing a potential mechanistic link
between cx43, kcnk5b, and morphogen-driven fin growth and patterning by FGF signaling [46].
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Interestingly, FGF signaling has also been implicated in the position-dependent growth rates
during fin-regeneration [47]. Kcnk5b also appears to affect growth rates rather than specification
of positional identity, suggesting the presence of a FGF-Kcnk5b-Cx43 growth rate program that
is under shared post-transcriptional regulation.

Temporal dynamics of size regulation and the cellular identity of induced structures
An intriguing finding within this dissertation is that fins that have overgrown due to FK506treatment will revert back to pre-treatment sizes if allowed to regenerate in the absence of the
drug. That the memory of ‘size’ is not altered or respecified by FK506 is clear in that FK506treated fins do not even regenerate if cuts are made within the overgrown tissue. There is some
evidence of similar size-reversion phenomenon in other adult-induced overgrowths. For example,
mammalian livers that have overgrown up to 5X their original size as a result of doxycyclineinduced Yap overexpression will revert back to their wildtype size within a few weeks of removal
of doxycycline [48].
However, there do exist mechanisms that restore memory of size within tissues. For
example, antlers that have developed ectopic growths due to damage during development will
remember and re-grow the ectopic growths in subsequent seasons [49,50]. Unlike FK506-treated
fins, kcnk5b overgrowth mutants do remember their pre-cut lengths during regeneration. These
opposing observations suggest that there may be a critical window during development at which
organ size is established and remembered by a tissue. As treatment of juvenile zebrafish fins with
FK506 results in overgrowth [45], perhaps these fins have grown during a critical window such
that size is remembered. However, these fish are generally shifted in relative size as their axial
growth becomes restricted. Transient kcnk5b perturbation during development and regeneration
could be key in unraveling this mystery.
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What is the positional identity of cells that have previously not existed prior to drug-induced
growth of the distal fin? Molecular profiling of the "excess" cells in FK506 treated fins could be
rather illuminating. For example, is there continued progression of molecular markers along a
proximal-distal axis, or are these cells simply copies of the amputation plane extended outward?
In the absence of clear proximal-distal anatomical indicators in the fin, answering these questions
will first require detailed identification of proximal-distal molecular markers.

Position-dependent growth rates and the allometric equation
Evolutionary alterations in allometry can result in shifts to both the slope of the allometric equation
(α) and in the intercept (b). Many selection studies have demonstrated relatively easy shifts in the
intercept variable, but changing the slope variable appears to be more difficult. For example,
artificial selection for increase or decrease in forewing-to-hindwing size in the butterfly Bicyclus
anyana was sufficient to shift the growth intercept, resulting in disproportionally large forewing or
hindwings within 12 generations [51,52]. Artificial selection for increase or decrease in caudal-fin
length relative to body-size in guppies (Poecilla reticulata) was similarly successful in altering the
intercept, but not the slope of growth [53]. Artificial selection for increased L2 vein length in
Drosophila was able to change the intercept by 6-9% within seven generations [54] however, the
evolutionary slope variable for L2 vein length changed at a rate of less that 2.8% per million years
[54]. Nonetheless, a slope decrease of 75% or increase of 30% could be achieved within 16
generations, but this slope quickly reverted back to the slope of wildtype within 14 generations
after removing selection despite no overt negative effects of altered L2 vein length [54]. This
supports canalization of the mechanisms in which size is regulated centering on regulation of rate
of growth.
Oddly, few studies have experimentally investigated the underlying developmental
mechanisms behind shifts in the allometric equation. Some examples include growth of male
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stag (Cyclommatus metallifer) and flour beetle (Gnatocerus cornutus) mandibles by juvenile
hormone [55,56]. This excessive juvenile hormone increases the intercept of the allometric
equation (b), but not the slope of the line. Similarly, studies on differential sensitivity to insulinIGF signaling is thought to be important for the hyperallometric growth of horns in male rhinoceros
beetles Trypoxylus dichotomus as knockdown of insulin receptor by RNAi results in
disproportionate growth reduction in the horns (15%) relative to the isometric wings (2%) and
hypoallometric genitals (0%)[57].
Within this dissertation, I have shown that Kcnk5b may be a relatively rare genetic
component of the allometric slope variable. Here, tissue-specific changes to fin growth slope
occurs through increased activity of a locally-acting potassium channel. It remains unknown
whether Kcnk5b mutants also sensitize the fin to an extrinsic growth factor or if Kcnk5b operates
through other mechanisms. This particular example follows a set of lab-derived mutants within a
single species. Work on selection within clades of flying fish may prove to further illuminate
whether these mechanisms are conserved or provide alternative hypotheses for how shifts in
allometric variables are accomplished.

Correlative selection and the co-evolution of behavior and morphology
Behavior enables morphology to interact with the environment and become subject to natural
selection. Morphology is so often tailored to the particular behaviors it is associated with that it
becomes unclear which may evolve first. For example, how does a tissue like the elongated fins
of flying fishes evolve when the transitionary forms may have no apparent behavioral advantage?
Large-effect mutations in the zebrafish by simple genetic polymorphisms suggest that long
fins have the potential to evolve rapidly and within a single generation. The presence of simple,
adult-viable genetic changes of large-effect would also remove the issue of non-functional
transition forms as the organisms would then simply learn to use their inherited structures to
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maximum effect. While large-effect mutations are generally thought to be infrequent due to
deleterious effect from shared use of key developmental genes and signaling pathways, there
may be a place for the “hopeful monster” coined by Richard Goldschmidt [58]. The hopeful
monster is a beneficiary organism stemming from a large-effect change that is of adaptive value
within a single generation [58].

Indeed, rather than gradual evolutionary progression, the

paleontological record can be punctuated by of cycles of rapid change and relative stasis [59].
Similarly, long-term experimental evolution with E. coli cultures also show rapid jumps of
adaptation after periods of no change [60]. There are several other instances where relatively
simple genetic mechanisms lead to viable changes in adult phenotype. Recurrent deletion of a
Pitx1 enhancer within isolated stickleback populations results in huge changes in pelvic spine
morphology [61], and there are similar large-effect changes in cis-regulatory elements associated
with natural variation in stickleback armor plating and pigmentation [62,63]. In addition to cisregulatory elements, simple amino acid substitutions can also underlie rapid adaptive changes,
as in the coat coloration of Peromyscus mice [64]. In the lab, simple coding point mutations in
zebrafish can also lead to adult-viable alterations in skeletal proportions [65–67], scale coverage
[68], and pigmentation [69,70]. Many large-effect mutations that arise in populations are preceded
by small-effect changes, presumably setting the stage for the large-effect phenotypic change. For
example, after 33,127 generations, a cultured E. coli strain rapidly evolved the ability to utilize
citrate buffer as a carbon source through a single mutation that required the presence of at least
two prior mutations [71]. Nonetheless, this ‘epigenetic ratcheting’ [72] still involves single
generation large-effect phenotypic changes.
What is the connection between the evolution of long fins in the flying fishes and their
behavioral use? There is a behavioral predisposition for Beloniformes to rocket out of the water,
as evidenced by the burgeoning medical literature of leaping needlefish impalements of surfers,
bathers, and fishermen [73–77]. This hypothesis is supported by reports of needlefish hunting
behaviors that involve leaping for an expanded attack range [78]. Unrelated halfbeak species
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have independently evolved a prolonged taxing behavior similar to that of flying fishes, but lack
the pectoral fin complement of flying fishes needed for sustained aerial gliding [79]. Regardless
of the lack of true take-off, however, these halfbeaks do have longer pectoral fins than their close
halfbeak relatives. One species of halfbeak, Euleptorhamphus viridis, has been reported to leap
as far as 50 meters [79,80], though it pales in comparison to the 200m flights at speeds of up to
60 kilometers per hour reported for some flying fish species [81].
Of note, Darwin expressed concern that intermediate structures rarely persist making it
difficult to analyze anything but already perfected structures. He used flying fish as an example:
“When we see any structure highly perfected for any particular habit, as the wings of a
bird for flight, we should bear in mind that animals displaying early transitional grades of the
structure will seldom continue to exist to the present day, for they will have been supplanted by
the very process of perfection through natural selection. Furthermore, we may conclude that
transitional grades between structures fitted for very different habits of life will rarely have been
developed at an early period in great numbers and under many subordinate forms. Thus, to return
to our imaginary illustration of the flying-fish, it does not seem probable that fishes capable of true
flight would have been developed under many subordinate forms, for taking prey of many kinds
in many ways, on the land and in the water, until their organs of flight had come to a high stage
of perfection, so as to have given them a decided advantage over other animals in the battle for
life. Hence the chance of discovering species with transitional grades of structure in a fossil
condition will always be less, from their having existed in lesser numbers, than in the case of
species with fully developed structures.”[82]
However, unknown to Darwin was that the Beloniformes are fishes at all steps along the
evolution of gliding, from the rudimentary abilities of some halfbeaks to the differences in flight
performance between 2-wing and 4-wing flying fishes. Gradual fin elongation within the taxing
flying fish relatives would argue against the likelihood of major single generational effects.
Additional adaptations that enhance flight may have complicated genetic underpinnings, such as
fin aerodynamic shape and pectoral musculature support.
In addition to large-effect mutations, there may be other means of co-evolution between
behavior and morphology. One possibility, as proposed here for scale-loss in Phoxinellus, is that
pleiotropy itself may occasionally link specific morphological and behavioral characters. In this
example, two forms of predator defense, the presence of scales and cautious behaviors, appear
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to be linked through the genetic activity of a single gene, fgfr1a. This model would imply that in
some cases, the neural development that elicits a behavioral response may be linked with the
genetic mechanisms that build tissues of functional relevance to that behavior. From this
perspective, pleiotropy could act as a sort of glue that maintains functional unity between
behavioral, physiological, and morphological traits through correlative selection.
Many structures and proportions can be induced to form through behavior or
environmental exposure. In this scenario, certain behaviors or environmental conditions can
trigger corresponding changes to morphology, either through epigenetics or by exposing cryptic
genetic variation [84]. For example, the morphology of the jaws of cichlid fishes (Cichlasoma
managuense) [85], pharyngeal mills of pumpkin-seed fishes (Lepomis gibbosus) [86], and head
depth in sticklebacks are also highly plastic depending on usage through available diet [87]. Many
phenotypically plastic changes are indeed heritable due to cryptic genetic variation that can
ultimately lead to stable, non-environmentally induced phenotypes in future generations through
genetic assimilation [88]. Such phenotypic plasticity is correlated with phyletic richness [89,90],
and may be important for evolution of allometric relationships in some cases.
Parallelism and developmental constraint: considerations for evolutionary shifts in
proportionality
Whether similar genetic mechanisms underlie convergent phenotypic changes has been a major
question in the study of evolution. The clade-wide Phylomapping datasets we have generated in
the lab provide numerous opportunities to explore these topics.
There are many cases of convergent changes caused by similar mutations within the
same gene or regulatory region. For example, similar amino acid substitutions within the Na++K+
ATPase enabled resistance to the poisonous cardenolide compound at least 12 independent
times in insects over 300 million years of evolution [91,92]. Parallel regulatory variation in
shavenbody/ovo expression underlies many cases of convergent trichrome patterning variation
within the Drosophila genus [93–95]. Similarly, loss-of-pigmentation is associated mutations in
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the melanocortin receptor Mc1r in organisms as diverse as beach mice [96], white sands lizards
[97], cavefish [98], “Kermode” black bears [99] and bananaquits [100]. Diverse modes of selection
can result in genetic convergence. For example, mutations in the Eda locus results in amour
plate loss in independent populations of sticklebacks [62], loss of scales in zebrafish lab strains
[68] and even loss of scales in domesticated varieties of bearded dragons (Pogona vitticeps )
[101]. Such constraint, even if not on a single locus but selection on a genetic pathway, provide
a means to track means of change across different taxa. Our clade-wide comparative datasets
may be useful in modeling the frequency and regional context surrounding parallel genetic and
morphological changes – more that single genomes could. This information can be used to better
quantify and determine the relative contribution of genetic changes to convergent evolution.
The Phoxinellus fgfr1a example highlights the role of duplications in providing fodder to
evolutionary innovation. Duplication is thought to reduce constraints associated with pleiotropic
gene function, enabling neofunctionalization, subfunctionalization or tissue-specificity [102,103].
Duplication of fgfr1, a major developmental signaling node, is likely required for loss-of-function
mutations to be adult-viable as reduced fgfr1a activity in species with just one copy is embryonic
lethal [104]. The Phoxinellus finding runs in parallel to artificial selection for scale loss within the
mirror carp (Cyrpinus carpio), wherein an ancestral genome duplication produced two copies of
fgfr1a, of which loss-of-function mutations in one copy resulted in scale loss [105].

The

Phoxinellus and mirror carp fgfr1a duplication and divergence joins many other examples of
duplication releasing constraint and providing a target for parallelism. For example, the Asian
douc langur (Pygathrix nemaeus) and the African guereza (Colobus guereza) have independently
duplicated a ribonuclease prior to parallel amino acid substitutions in one copy that enable the
RNAses to function at lower gut pH [106]. This enables a symbiotic relationship with leaffermenting bacteria. As another example, the teleost whole-genome duplication produced two
copies of the voltage-gated sodium channel Scn4aa. Over 100 million years later, scn4aa
accumulated similar mutations and is under strong positive selection for it’s role in the electric
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organs of the distantly related gymnotiform and mormyroid fishes [107]. The large clade-wide
comparative data we are generating through Phylomapping can detect relative recent duplications
(with divergence of at least 4%) enable analysis of the role and frequency of parallel duplication
events in evolution.
Conservation of genetic mechanisms in cases of convergent evolution implies constraint
in the types of mutations that lead to natural variation. This may bias the course of evolutionary
change. One opportunity provided by constraint is the ability to use lab-based model systems to
make predictions of natural variation. Possibly due to reduced selection pressure in the lab and
saturating mutagenesis, genetic screens may uncover genes associated with a phenotype more
abundantly than the relatively few large-effect genes targeted in natural variation [108]. For
example, flowering time in Arabodopsis thaliana is associated with variation in the gene FRIGIDA
in 70% of populations, yet 80 genes have been identified that control flowering time in the lab[109].
Similarly, genetic screens for swarming defects in the bacterium Pseudomonas aeruginosa
identified 233 different genes [110], with only convergent substitutions in a single gene, fleN,
observed during experimental evolution [111]. Thus, knowledge of genetic mechanisms
underlying particular traits within model systems may provide rather saturated insight into the
types of adult-viable changes available for phenotypic variation and will continue to be useful in
guiding analysis of natural evolutionary change. This knowledge base adds power to candidate
gene analysis in approaches such as Phylomapping, as it implies that the candidate gene list may
be more extensive than available targets for natural variation. Importantly, such experimental
approaches may help define the spectrum of genes likely to be altered in nature.
In the context of size regulation, the unique identification of potassium channels leading
to changes in zebrafish fin proportionality is potential evidence of developmental constraint.
Studies of the evolutionary shifts in fin size will be critical in determining whether this is a
zebrafish-specific phenomenon or if potassium channels are a common target for variation in fin
growth. I explored this hypothesis of constraint through sequencing of flying fishes. Within the
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Beloniformes dataset, we identified fixed amino acid variants within known potassium channels
and amino acid transporters that have effects on fin proportionality. Intriguingly, modulation of the
activity of these genes in the zebrafish results in a strikingly similar fin pattern, including pairedfin and ventral caudal-fin specific overgrowth. Additional patterns of nucleotide variance revealed
diversification of the flying fishes in several genes classes that could have effects on proportional
growth, including ion transport, FGF signaling, and response to insulin. Supporting a hypothesis
for local organ responess to exogenous factors such as insulin, we detected parallel amino acid
changes in IGF and growth hormone modifying proteins in lineages of halfbeaks that have
convergent fin elongations and gliding behaviors. To assess the potential for changes to these
genes in modifying fin proportions, we have devised a high-throughput evolution-directed screen
to reduce bias and to utilize genome-wide trends in nature to guide experimental analysis in the
laboratory.
One question is whether the convergent signatures identified within the Beloniformes
dataset is occurring in a truly parallel manner, or whether it is evidence for incomplete lineage
sorting, introgressive hybridization, or repeated fixation of an ancestral pool of polymorphisms.
Many adaptive cases of parallelism actually reflect hybridization events. For example, increased
beak bluntness in the Darwin’s finch Geospiza fortis has been partly attributed to gene flow from
G. scandens [112].

Similarly, color Müllerian mimicry appears to have spread through the

Heliconis genus through hybridization and introgression [113]. Beloniformes frequently live within
overlapping habitats or in mixed shoals that would provide opportunities for introgression.
However, it should be noted that the long evolutionary divergence and in some cases marinefreshwater barriers limits the probability of hybrids.
Cases of parallelism are also caused by repeated fixation of a low-frequency
polymorphism within an ancestral pool – or resting genetic variation. Mutations responsible for
many of the convergent traits found in isolated freshwater stickleback populations, such as armour
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plate loss, are identified in the larger ancestral marine population [62]. Low-frequency ancestral
polymorphisms within the Beloniformes data, as well as within other phylomapping studies we
have initiated, is highly unlikely, as many of the highlighted cases of convergence occur over the
course of several million years and with many intervening relatives lacking the parallel changes.

Targeted sequence capture vs full reference genomes
Phylogenetic studies between species or genera frequently ignore highly variable sequences due
to inability to align divergent sequences. Our data leverge this limitation to extend analysis into
phylogenies to strengthen comparative analyses.

Even with whole genome sequences,

comparative genomics papers, including those publishing new genomes, tend to focus on
signatures of selection within protein coding regions or investigate regulatory evolution within
highly conserved non-coding DNA that may be missing or duplicated along certain lineages [114–
122]. Rather than sequencing complete reference sequences, I have demonstrated that targeted
sequencing of a priori defined regions of interest over large clades has the potential to provide
huge amounts of useful, relatively cheap, and interpretable sequence information. Full, high
quality reference genomes will likely remain the gold standard for completeness and providing
information about synteny, translocations, and large-scale chromosome rearrangements.
However, when targeted sequence capture is paired with low-coverage sequencing on emerging
long-read platforms, such as PacBio or Oxford Nanopore, the isolated genetic elements can be
combined into a proto-reference sequence to determine relative locations of the regions of
interest. This dataset can then be mined for evidences of translocations, inversions, and other
structural changes, further reducing the gap between targeted capture and full reference genome
construction. Additionally, the phylomapping approach can generate sequence information from
many more species, dramatically increasing the coverage of species that have genetic information
and providing huge datasets for comparative genomic mining.
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A phylogeny-wide genomic dataset of conserved sequences such as those generated
through Phylomapping can be useful in modeling and predicting the genetic context of
evolutionary change. For example, mutation rates are non-random across the genome [123].
Nucleotide context can lead to a propensity for mutation, such as frequent CpG dinucleotide
deamination of cytosine to thymidine [124]. This is of evolutionary significance. For example,
improvement in BA-globin oxygen-binding affinity in high-altitude Andean house wrens
(Troglodytes aedon) is associated with a non-synonymous mutation in frequently mutated CpG
dinucleotide [125]. Copy-number variation can also be non-random.

During experimental

evolution in E. coli selected for growth at high temperatures, three out of six lineages
independently adapted through the exact same five duplication and deletion events [126].
Similarly, the frequently lost pitx1 enhancer associated with convergent cases of pelvic spine
reduction in sticklebacks occurs at a site of chromosome instability[61]. Other genomic context,
such as proximity to insertions and deletions [127], GC-content [128], DNA replication time [129],
and gene transcription levels all influence mutation rate [130,131], and so could affect the
probability of sequence changes both arising and sweeping through populations. With large
genome-wide datasets representing whole clades, connections between these parameters and
unforeseen associations can potentially be identified.
Due to the pleiotropic nature of direct modifications to primary amino acid sequence, many
have identified cis-regulatory evolution as a major source of evolutionary change [132,133]. With
cis-regulatory evolution, changing the timing, location and intensity of a gene product limits the
broad, negative consequences of modifications to protein activity. Inclusion of conserved noncoding elements to targeted sequence capture approaches would enable tracking of cisregulatory modules across entire phylogenies. Relatively simple expression analysis and knockout of conserved elements within a model system could then be used to characterize and annotate
non-coding elements [134–136]. I tested the ability of conserved non-coding regions to be
captured with the notothenioids (Appendix 2).
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Recovery of highly conserved non-coding

sequences was actually more efficient than protein-coding regions and show phylogenetic
patterns of loss and variation, validating the phylomapping approach in tracking at least some
aspects of non-coding evolution.
Phylomapping to uncover mechanisms of organ size regulation
While identification of the genetic basis for reductive traits may involve shared signatures of drift
or strong positive selection, the genetic basis for non-reductive traits, behavioral evolution or for
complex shifts in life history strategies may be quite different. For example, while reductive traits
might be accompanied by a signature of accumulation of deleterious mutations and drift, positive
selection for non-reductive traits may involve subtle amino acid and/or regulatory changes that
may not be statistically significant in any metric.

For these reasons, signatures of positive

selection, such as dN/dS, are underpowered to detect cases of positive selection involving few or
no amino acid changes. Without divergent populations recently undergoing selection with which
to identify linked chromosomal regions with reduced genetic diversity, comparative genomic
analysis over long evolutionary timescales poses unique challenges. In Chaper 5, I show the
ability to detect key signatures of loss in the ability to form scales. Can genomic signatures
associated with these non-reductive processes be identified through our clade-wide comparative
genetic approach? Parallel genetic trends within Beloniformes would suggest that there are
signals correlated with complex evolutionary changes in such non-reductive processes. For
example, by screening the whole phylogeny for shared signatures in convergent cases of the
evolution of heterochronic shifts in development, numerous gene products associated with human
craniofacial disorders were identified. Many of these then can be experimentally analyzed within
model systems.
Potential application of phylomapping to cases of skeletal proportionality are many, and
could include diverse biological structures for identifying universal principles of size regulation in
all organs and tissues.
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Antlers grow at rapid rates every mating season before reaching a final size proportional
to body size, and could therefore be useful in elucidating how organs interact with total body size
to regulate growth and proportion [137]. One intriguing possibility would be to attempt to include
exitinct lineages such as the Irish elk (Megaloceros giganteus). Runaway sexual selection is
hypothesized to have contributed to their extinction through growth of unmanageably large and
metabolically expensive antlers [137,138], sometimes up to 85 pounds on a 5 pound head [139].
Though extinct for roughly 8,000 years [140], mitochondrial DNA has been successfully extracted
from cortical bones and teeth of M. giganteus [141], and nuclear DNA has isolated from older
mammals like the wooly mammoth [142]. The target enrichment approach may additionally be
useful in removing contaminating DNA from ancient sources [143].
Feathers are an exciting model system for investigations into proportionality, and in
particular the intersection between positional information and size. As a frequently sexually
dimorphic trait, there is an additional opportunity to investigate allometry in the context of sexual
dimorphism and epigenetics. There is considerable variation in feather length among birds. Even
within chicken breeds, for which there are many experimental tools, feather length can vary
greatly. At one extreme, onagadori rooster tail feathers can reach lengths of up to 13 meters
[[144] cited in [145]]. Other Phesants (Phasianidae) provide numerous extremes of tail feather
evolution, ranging from the spectacularly long tail feathers of crested argus pheasants and the
more modest tail feathers of partridges. Extension of the phylomapping approach to other clades
and orders will be quite powerful to understand the genetic basis of morphological and
physiological change.

Phylomapping: applications in biotech and conservation
Another application of phylomapping resides in conservation efforts. I have generated datasets
of near complete protein-coding and conserved non-coding sequences for the Chilean sea bass
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species Dissostichus eleginoides and D. mawsoni (Appendix 2). Revered for its flaky, oily meat
to the point of being proclaimed “white gold”, the global demand of these long-lived top predators
make these fish particularly vulnerable to overfishing [146]. Diminishing returns in South America
and New Zealand have pushed fishing vessels into Antarctic waters, resulting in ecological
destruction that could impact protected whale, fish, and penguin populations in addition to
intoducing serious hazards for the fishing crews [147]. Generation of datasets of genetic diversity
through approaches such as phylomapping can enable studies both of the biology of the
organisms as well as provide markers for determining genetic diversity, estimating population
size, and helping set and monitor conservation regulations. Chilean sea bass is just one among
many fishes now on conservation watch-lists, with up to 87% of global fish stocks estimated to be
fully or over-exploited as of 2012 [148]. Approaches like phylomapping that enable clade-wide
sequencing from a single capture design may be useful in cataloging expansive amounts of
genetic information from a large number of endangered and exploited species.
This approach also has the potential to be applied for biotechnology. Unlike terrestrial
animals and plants with a long history of domestication and selective breeding, many aquaculture
species remain wild or within a few generations of captivity. Unfortunately, due in large part to
overfishing, the once endless supply of wild marine and freshwater species has largely collapsed
and will soon be unable to keep up with rising demand for sea products. Land-based and penned
aquaculture have the potential to supply much of this demand with minimal ecological destruction,
but the long maturation time, complex mating systems, disease outbreaks, and potentially harmful
chemical treatments limit safety and sustainability. Thus, the generation of genetic tools for
selective breeding to improve health, maintain genetic diversity, and improve feed conversion
ratios would be critical in the establishment of sustainable aquaculture stocks. Unfortunately,
aquaculture in the majority of species, such as commercially farmed shrimp species like
Litopenaeus vannemei (~2.5C) [149], the American lobster Homarus americanus (~4.75C) [150],
Atlantic sea scallop Placopecten magellanicus (2.1C) [151] and fishes like the Atlantic salmon
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Salmo salar (~3.2C) [152] have large and repetitive genomes that complicate reference sequence
assembly and interpretation.
Many selectable genetic markers for aquaculture are developed with microsatellite data.
More recently, a high-density SNP arrays were developed to support high-throughput genotyping
and development of commercial markers for species such as the Atlantic salmon [155]. The
recent advent of restriction site associated DNA markers (RAD-seq) has also bypassed the need
for a pre-existing reference sequence and is highly multiplexable [156–158]. While high density
and high throughput, these approaches for identifying association are generally anchored on noncoding polymorphisms. Thus, even when an association is made, it may take extensive time and
resources to identify causative genetic lesions or on a more basic level even know what genes
are within the linked interval. Additionally, as focus is on non-conserved DNA elements, biological
findings within one species are not easily extrapolated to other species or in some cases other
populations within the same species.
The phylomapping approach has the potential to systematically identify, catalogue, and
analyze variance both across species and within populations regardless of pre-existing genetic
information and genome size. Early testing of this technology has revealed success in reconstructing conserved sequences from species as divergent as 70 million years to the nearest
outgroup reference sequence. The vast majority of agriculturally relevant species will be within
this large evolutionary window. Importantly, the focus on conserve sequences enables application
of diverse analytical toolkits, ranging from population genetics, comparative genomics and
candidate gene analysis, and provides potential targets for therapeutic or genetic modification.
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Summary
Through a combination of experimental and genomic approaches, I have explored the
genetic basis for organ size in both laboratory model systems and natural populations.

I

demonstrate that mutations in potassium channels are sufficient to induce major changes in
skeletal proportionality. The potassium channel mutations affect channel activity and require
potassium conductance for fin growth, adding to an expanding list of bioelectric phenomena
influencing development. These large-effect, single generation increases in fin size due to simple
amino acid substitutions support a model of rapid shifts in the evolution of proportional
relationships. Additionally as potassium channels were by far the most frequently altered genes
identified that cause coordiated overgrowth, this suggests that there is fairly intense constraint in
the types of changes that can modify these mechanisms. Further, I demonstrate that these
mutations affect growth rate of the fin, and may serve as a rare genetic correlate to the types of
genetic changes underlying specific variables in classic mathematical studies of proportional
relationships. To assess potential conservation of these genetic mechanisms in altering the
scaling of fin size during evolution, I have developed a comparative genomic approach based on
targeted sequence capture technology to specifically sequence conserved DNA regions from
species lacking prior genetic resources. This sequencing approach has the potential to be applied
to many different species groups, and generates large datasets that are valuable community
resources for tracking the genetic changes associated with traits of interest. A case study using
this approach to investigate scale-loss in fish of the genus Phoxinellus provided supporting
evidence for the notion that gene duplication releases developmental constraint, and is now
among several examples of parallel genetic changes occurring through duplicated paralogs in
cases of convergent evolution. To address evolution of changes in skeletal proportionality, this
approach was applied to sequence the Beloniformes fishes. There are numerous phylogenomic
patterns within this dataset that are correlated with changes to fin and craniofacial propotions.

180

These patterns will form the basis of evolutionary-directed studies within model systems to
explore the role of identified genes in regulating proportional growth. Finally, to expand usefulness
of this comparative genetic technique, we included conserved non-coding and miRNA elements
into the targeted sequence capture. Recovery of these elements enables more complete analysis
of both coding and putative gene-regulatory evolution within a phylogeny.
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Appendix 1 –
Genetic analysis of patterned human overgrowth disorders
There are numerous human overgrowth disorders that could be useful in unraveling the nature of
organ size regulation. These disorders are non-heritable and are thought to develop from
mutations that arise during development. As a result, the timing and distribution of the mutation
limits the affected area and likely impacts the presentation of the disorder. While many of these
overgrowth disorders disrupt tissue patterning, patients with macrodactyly frequently present
appropriately patterned but enlarged digits (Figure A1.1). This provides a unique context in which
to investigate the potential distinctions between macrodactyly and other somatic disorders and to
search for links between zebrafish and human overgrowths.

Figure A1.1. Patterned overgrowth in macrodactyly patients. (A) Hand X-rays of
samples used in this study showing pronounced digit elongation with thickened bone and
soft-tissue overgrowth. (B) Histology of digital nerve resections from macrodactyly and
polydactyly patients showing massive nerve overgrowth in macrodactyly digits.
One of the issues associated with studies of somatic disorders is the unknown cell-type
and frequency of the causative mutation within the affected tissues. Recent approaches have
utilized next generation sequencing to generate large amounts of sequence data in hopes of
searching for low-frequency mutations within affected tissue. However, this approach requires
high levels of sequencing depth that is typically not gained through whole-genome sequencing of
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the large genomes. A custom 100K Agilent SureSelect capture array was designed through
collaboration with the lab of Dr. Matthew Warman at Boston Children’s Hospital to enrich for target
genes thought to be involved in human overgrowth disorders and genes associated with fin
overgrowth in the zebrafish.
Through collaboration with Dr. Brian Labow in the Plastic Surgery department at Boston
Children’s Hospital, we obtained affected tissue and blood samples from 19 patients with
macrodactyly. Histology of extracted tissue samples confirmed reports of massive fiboradipose
and nerve overgrowth within affected digits (Figure A1.1A). After next generation sequencing,
mutations in PIK3CA were detected in nearly every sample. The H1047R mutation in PIK3CA
was identified in 15/19 macrodactyly patients and 1/1 syndactyly patients while 1/19 contained an
E542K mutation (Table A1).
Table A1. Mutations identified in macrodactyly patients.

Rows are highlighted with >2 reads showing mutation.
* confirmed as wildtype by Sanger sequencing
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To assess whether specific tissues were affected by the macrodactyly mutations, I
performed immunohistochemistry on activated members of the PIK3CA pathway. PIK3CA, pAKT (Ser473) and p-MTOR (Ser2448) were all detected within the neurons and blood vessels
(Table A1). However, there was no obvious difference in signal intensity or localization between
macrodactyly and polydactyly digital nerves (Figure A1.2, Figure A1.3), though with small
sample sizes (n=2).

Figure A1.2. Nerve immunohistochemistry for PI3K pathway members from
macrodactyly patients. PIK3CA and activated forms of AKT and mTOR were assessed
to determine potential differences in pathway activity between macrodactyly and
polydactyly digital nerves. n=2.
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Figure A1.3. Vascular immunohistochemistry for PI3K pathway members from
macrodactyly patients. PIK3CA and activated forms of AKT and mTOR were assessed to
determine potential differences in pathway activity between macrodactyly and polydactyly in
blood vessels from digital nerve and surrounding tissue resections. n=2.

Shortly after initiating this study, a second group announced the discovery of similar
mutations in PIK3CA within a separate cohort of macrodactyly patients [1]. These exact PIK3CA
mutations are found in numerous other overgrowth syndromes [1–6]. Thus, on a molecular level
these apparently distinct disorders may share a significant amount of mechanism (Figure A1.4A).
The unique disease presentation of these diverse growth disorders could be caused by
background genetic modifiers, cell-type specificity or simply different timing and placement of the
somatic mutation events during development (Figure A1.4B). Parsing out these variables will be
critical in treatment and prevention. Surgical treatment for macrodactyly involves tissue debulking by removal of excessive soft tissue. Occasionally the de-bulked tissue will regrow. The
discovery of PIK3CA-mediated overgrowths may offer potential therapeutic treatments to slow
growth of macrodactyly and prevent relapse. For example, aspirin inhibition of PTGS2 leads to
downregulation of PIK3CA, which can improve survival in patients with PIK3CA mutations in
colorectal cancer [7]. Though none of the potassium channels included in the capture displayed
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mosaic deletions, there was a common population variant in KCNH2 found within the dataset.
Establishment of zebrafish models of PI3K-mediated overgrowth of the appendages will permit
confirmation that PIK3CA mutations are sufficient to cause overgrowth and provide tools to
address whether there is a genetic interaction of PIK3CA and potassium channel signaling.

A

B

Figure A1.4. PI3K signaling in somatic overgrowth disorders. (A) Similar to other
overgrowth disorders, macrodactyly patients have somatic mutations in PIK3CA. Many
members of this pathway are affected in other somatic growth disorders, such as
CLOVES, megalencephaly, PTEN-HTS, Proteus syndrome. Intriguingly, many of the
same mutations in PIK3CA are found without genotype-phenotype relationship in these
PIK3-mediated overgrowths (H1047R;E542K [1,2,5]). (B) Models for the differences in
clinical presentation in overgrowth disorders despite similar associated mutations.
Tissue-specificity to the overgrowth disorders could permit particular phenotypic
presentation, such that certain tissues (like neural or vascular) may lead to patterned
overgrowth while mesodermal tissues like adipose or fibroblasts lead to mispatterned
growth. Alternatively, similar tissues may be affected in each disorder, but with variation
in the timing of mutation, extent and location. In this manner, each disorder is really the
same, with just a superficial “patterned” look in digits vs forearms and other locations.

Materials and Methods
Targeted sequence capture design
Genes in the capture array are derived from several pools of interest. Genes associated with other
human overgrowth disorders (AKT1, AKT2, AKT3, PIK3CA, PIK3CG, PIK3CB, PIK3R1, PIK3R2);
potassium channel genes causing fin overgrowth in the zebrafish (KCNK5, KCNH2, KCNH1,
SLC12A7); tumor suppressors associated with nerves (NF1, NF2); genes that function in calcium
signaling (FKBP1A, Calcineurin (PPP3CA, PPP3CB, PPP3CC) and NFATC1); and genes that
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are upregulated in patients with macrodactyly (IGF1, PTN, MDK, NOS3)[8]. The Agilent
SureSelect array contains 100,000 60mer oligo probes. Probes are spaced every 1 base pair,
and each probe is repeated 6 times.

DNA library preparation and sequencing:
Genomic DNA was extracted with the Qiagen DNAeasy Blood & Tissue DNA extraction kit. Pools
of 3-5 μg DNA were sheared according to manufacturer’s protocol (Covaris) to an average size
of 200bp, as verified on a 4% agarose gel. DNA libraries were blunt-ended, 5’ phosphorylated, Atailed and adapter ligated as previously described [9]. Phusion High-Fidelity DNA Polymerase
(NEB) was used to amplify pre- and post-capture libraries. Hybridization to the capture array
occurred at 65°C as previously described [9]. All 19 samples were split between two capture
arrays and were each sequenced in one lane of Illumina HiSeq 2000.

Sequence analysis
Sequencing

reads

were

aligned

to

the

human

genome

(hg19)

using

Novoalign

(http://www.novocraft.com). PCR duplicates were removed with the Genome Analysis Toolkit
(GATK). To detect low frequency polymorphisms within the dataset, alignments were converted
into the pileup format using SAMtools[10]. This pileup was then converted into a VCF format
using custom python scripts to include all variant bases regardless of quality score or read depth.
Variants were annotated with SnpEff (GRCh37.68) [11]. As these overgrowth disorders arise
through de novo mutations within each patient, common variants present within the NHLBI Exome
Variant Server were filtered from the dataset. Blood samples from affected patients frequently
contained low levels of detectable somatic mutations, and so a threshold of 4% allele frequency
was established and we required at least two sequencing reads for consideration of a positive hit.
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Histology and immunohistochemistry
Samples were fixed overnight in 4% paraformaldehyde at 4°C and rinsed three times in PBS prior
to a dehydration series of 30/50/75/100% ethanol. From 100% ethanol, samples were rinsed
three times in CitriSolv, embedded in paraffin and stored at 4°C. For immunohistochemistry,
sections were deparaffinized in an ethanol series and rehydrated in distilled water. Endogenous
alkaline phosphatase activity was blocked in 1% H2O2 for 15 minutes and rinsed for 5 minutes in
PBS. Antigen retrieval was performed by boiling slides in sodium citrate pH6 buffer for 30 minutes
at 90°C. Slides were allowed to cool to room temperature for 20 minutes. Slides were blocked
in PBST (PBS + 5% heat inactivated goat serum + 0.1% Tween) before a 1 hour incubation in
primary antibody. Primary antibody concentrations : p-AKT (1:50, Cell Signaling #4060), p-MTOR
(1:100, Cell Signaling #2976), p-PIK3CA (1:50, Cell Signaling 4249). Slides were rinsed for 5
minutes in PBST and then incubated for 30 minutes with secondary antibody diluted in PBST at
room temperature (1:500 Biotin-conjugated Goat anti-Rabbit IgG; ThermoFisher #31820).
Following secondary antibody incubation, slides were exposed to ABC reagent (Vectastain #PK7100) for 20 minutes, followed by 30 seconds in 1% Tween solution and then 30 seconds in dH2O
before exposure in diaminobenzidine (DAB; Sigma #D0426) for up to 15 minutes. After exposure,
slides were rinsed in dH2O, dipped in hematoxylin for 20 seconds, rinsed in dH2O and then
dehydrated in an ethanol series to xylene for cover-slipping and imaging. Polydactyly digital nerve
samples : PS007, PS013. Macrodactyly digital nerve samples: PS006, PS011
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Appendix 2 –
Phylogenomic analysis of notothenioid evolution
We sought to expand our clade-wide targeted sequence capture approach through
inclusion of conserved DNA elements beyond protein coding regions. Through addition of noncoding elements and by sequencing of large numbers of species within a clade, we aimed to
provide genetic resources for high-resolution characterization of adaptive radiations and for
exploring the genetic basis of numerous character changes within a phylogeny. We chose the
notothenioid fishes for analysis using extended Phylomapping approach. Nothenoids are a well
studied group of fishes with several intriguing and well defined character changes of evolutionary
and biomedical interest.
Notothenioid fishes are a fascinating group of organisms adapted to the harsh
environmental conditions of the Southern Ocean. Sub-zero temperatures and frequent exposure
to sea ice make the Antarctic Southern Ocean inhospitable to most fishes. The evolution of a
novel antifreeze glycoprotein (AFGP) within the common ancestor of Antarctic notothenioids in
part enables survival in these frigid conditions [1]. The general lack of fish competition due to the
temperature and harsh conditions provided by shifting glacial and icesheet activity are thought to
have potentiated the dramatic adaptive radiation of notothenioids [2] in this environment.
The adaptive radiation of notothenioids was accompanied by many unique and
biomedically-relevant physiological and morphological character changes. Many species have
lost kidney glomeruli, potentially to avoid filtering excess metabolically expensive AGFPs from the
bloodstream [1,3]. As the thermally stable and cold waters of Antarctic Southern Ocean are highly
oxygenated, a group of “white-blooded” notothenioids (Channichthyidae) have additionally lost
red blood cells, hemoglobin, and myoglobin expression [1,4]. This remarkable condition of life
with loss of oxygen binding ability is paired with a compensatory enlargement of the heart,
increased blood volume as well as vascular branching [5–8]. These traits however limit survival
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to temperatures around freezing [9]. Notothenioids evolved from a benthic ancestor that had
previously lost their swim bladders and thus mechanisms for buoyancy regulation [1]. To gain
access into the food in the productive water columns above without extensive energy expenditure
in swimming, many species evolved extremely low bone density in tandem with high levels of lipid
within their muscles. These traits are thought to help these fish maintain neutral buoyancy and
active foraging in the water column [1,10]. As these fish display human signatures of chronical
anemia, renal failure, osteoporosis and other changes, comparative genomic analysis may in fact
be used to identify signatures of drift, positive selection and other phylogenetic patterns to
annotate novel genes, miRNAs and conserved regulatory elements that are important in these
biological processes.
Through collaboration with Dr. Bill Detrich at Northeastern University, I collected pooled
population samples (n>5) from 15 notothenioid species covering diverse genera (Figure A2.1).

Figure A2.1. Phylogeny of species included in the study. Based on [2]
To facilitate genome capture from these groups, I designed a ‘phyochip’ targeted sequence
capture for the clade. The notothenoid capture was based primarily on the genome of Notothenia
coriiceps, with inclusion of genetic elements from the stickleback, sea bass, and tilapia genomes
that may be specifically missing within N. coriiceps. I aimed to expand the targeted sequence
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capture approach beyond protein coding regions, and included conserved non-coding elements,
miRNAs and ultraconservative elements within the capture design (Figure A2.2).

Figure A2.2 Notothenioid targeted sequence capture design. (A) The captures
were designed from several species in an effort to capture DNA elements specifically
lost within any particular lineage. (B) In addition to protein coding sequences,
conserved non-coding regions and miRNA were included in the capture. Total
number of targets in parentheses.
Impressively, we recovered sequence information from >90% of each targeted region in
all species, even with species as divergent as 75 million years from the capture materials (Table
A2.1). When combined with data from Cypriniformes (Chapter 5) and Beloniformes (Chapter 6),
for which capture was less efficient despite more recent common ancestors, this suggests that
molecular evolutionary rates, rather than geological time, is the best predictor of cross-species

Table A2.1. High recovery of all sequence-classes by target enrichment
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capture success. However, as molecular rates of divergence are not generally known a priori,
future capture projects will need to use geological time as a proxy for estimating successful
capture. Importantly, we have 82.4% coverage of targets that were not found in the published N.
coriiceps genome [11], including in my sequenced N. coriiceps samples. Thus, combined with the
Beloniformes phylochip (Chapter 6), this recovery of sequence information underscores the
importance of incorporating data from related species in the capture design and from genomes
that may be highly fragmented. Reflecting the high coverage, there was low overlap (<0.001% of
the sequence targets) of sequences that were not recovered in all species.
With high levels of sequence coverage, we asked whether patterns of sequence recovery
could be informative to gene losses within the phylogeny. As a positive control, we investigated
patterns of globin loss within the white-blooded icefish (Channichthyidae). We detected the loss
of two out of three hemoglobin subunit alpha-1 exons and all hemoglobin subunit beta-1 exons
within our sequence data (Figure A2.3). This exact pattern of exon loss was previously reported
for Channichthyidae [12]. Additionally, we detected the complete absence of sequence

Figure A2.3. Patterns of globin loss within Channichthyidae. Two out of three hba1
coding exons and all three hbb1 coding exons are missing in the sequenced icefish
species (C. wilsoni, C. aceratus), as previously reported [12]. Other less abundant
hemoglobin subunits (hbbc, hbz, hbad) are also missing within these lineages. Myoglobin
(mb) is covered by the sequence data, though is known to contain compromising
mutations that affect expression [13,4].
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information of three additional hemoglobin subunits that have not previously been reported,
hemoglobin subunit alpha-D-like, hemoglobin subunit beta-C-like and hemoglobin subunit zeta
(Figure A2.3). As expected, myoglobin has coverage in Channichthyidae, though some lineages
have deleterious mutations [4,13]. Like the globin data, there are 116 other coding exons entirely
missing within the Channichthyidae sequence data but present in all other lineages (Table
SA2.1).
With a high level of recovery of non-coding sequences (>96% in all species), we asked
whether there is evidence for specific loss of any of these elements within the clade. Without
taking into account drift or other indicators of functional loss, there are 1,122 out of 55,572 total
non-coding elements (2%) that are differentially missing within at least one lineage but present in
others. When mapped on to the phylogeny, some of these elements are progressively lost during
the adaptive radiation (Figure A2.4; Table SA2.2). Among these elements are two
ultraconservative elements that are absent in the sequencing data from the icefishes
(Channichthyidae). Interestingly, one of these ultraconservative elements is located within an
intron of sox6, a transcription factor that regulates differentiation and survival of erythrocytes
[14,15]. This element could potentially regulate sox6 expression and loss in Channichthyidae may
either be a consequence of or contribute to loss of red blood cells in this lineage. A second
ultraconservative element missing within these lineages is located 2kb upstream of eya1. Eya1 is
required for kidney development [16,17], and human mutations in Eya1 are associated with
numerous kidney disorders [18], including a splice-donor mutation in a branchio-oto-renal
syndrome patient with glomerulosclerosis [19]. As Channichthyidae are among the notothenioids
to have lost kidney glomeruli, this non-coding element within the vicinity of a critical kidney gene
may be associated with the loss of certain aspects of kidney function in this group. These and
other conserved non-coding elements that are lost within specific lineages with reductive traits
will be intriguing targets for experimental analysis of the role of such elements in regulating
important biological processes. Expansion of this approach to include drift and more subtle
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changes to each sequence beyond absence will provide additional insight into the non-coding
landscape of this radiation.
The recovery of conserved non-coding sequences validates the use of targeted sequence
capture beyond protein-coding sequences and further empowers the phylomapping approach to
identify patterns of selection. As with effect of protein function, patterns of loss and diversification
in these non-coding elements can potentially be modeled within the zebrafish, stickleback, or
other model system for analysis and annotation of function. This dataset will support a highresolution analysis of the adaptive radiation of this clade and will take into account both changes
to coding as well as potential regulatory elements such as highly conserved non-coding
sequences and miRNAs.

Figure A2.4. Progressive loss of conserved non-coding elements in Antarctic
notothenioids. Despite >96% coverage of constrained non-coding elements
recovered from the Ensembl 8-way fish alignment in all sequenced species, there
are several non-coding elements missing in specific lineages. Here, a subset of
non-coding elements progressively lost within the clade are displayed.
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Materials and Methods
Tissue collection and DNA extraction
Tissue was collected in collaboration with Dr. Bill Detrich at Northeastern University. Tissues
were stored at -20°C in ethanol or flash frozen without buffer. Prior to DNA extraction, tissues
were briefly rinsed in PBS to remove excess storage buffer. DNA was extracted using the Qiagen
DNeasy Blood & Tissue Kit following manufacturers instructions.

Targeted sequence capture design
The notothenioid capture design was based primarily on the N. coriiceps genome
(NC01)[11]. In addition to the annotated protein coding regions, we identified more potential
protein coding sequence based on homology to outgroup reference sequences from the
stickleback (Gasterosteus aculeatus; BROAD_S1) and European sea bass genomes
(Dicentrarchus labrax; dicLab1) by BLASTN of these elements against N. coriiceps (E-value
<0.0001). To keep sequences which may have been lost specifically within the N. coriiceps
genome, those elements which lacked a good BLASTN hit within N. coriiceps (E-value >0.0001)
were included in the capture with preference to the G. aculeatus sequences due to phyletic
relatedness.
Non-coding sequences were also included in the capture design. Conserved non-coding
elements were identified via an Ensembl 8-way fish whole genome alignment. Coordinates and
sequence from these constrained elements were extracted from the G. aculeatus and Nile tilapia
(Oreochromis niloticus; Orenil1.0) genomes. As with coding elements above, these were either
identified within N. coriiceps or included as sequence from G. aculeatus or O. niloticus directly.
miRNA seed sequences from all microRNAs were extracted from miRBase[20] and identified by
BLASTN in the N. coriiceps genome. BEDTools ‘mergebed’ was used to remove redundant
miRNA annotations within the N. coriiceps genome [21]. Ultra-conservative non-coding elements
(UCNEs) are defined as having >98% sequence identity over greater than 200bp from chicken
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through human genomes. UCNEs from UCNEbase[22] were identified within N. coriiceps genome
by BLASTN and these sites were included in the capture. Potentially missing miRNAs and UCNEs
from the N. coriiceps assembly were included from G. aculeatus and O. niloticus as above. Finally,
transcriptome information from several notothenioid studies were included in the capture provided
there were no strong BLASTN hits (E-value <0.0001) already annotated within N. coriiceps [23–
25].
SeqCap EZ Developer (cat #06471684001) capture oligos were designed in collaboration
with the Nimblegen design team to reduce probe redundancy, standardize oligo annealing
temperature and remove repetitive regions. The final capture design encompassed a total of
309,642 regions targeting 44,123,724 bases.

Library Preparation
DNA from multiple individuals of each species were pooled. Sequencing libraries were sheared
by Covaris to an average size of 200bp according to manufacturers instructions (Duty Cycle:10%,
Intensity: 5, Cycles/Burst: 200, Time: 400 seconds, Temperature: 8°C). Sequencing libraries were
generated using KAPA HyperPrep Kits following the Nimblegen SeqCap EZ Library protocol
(Version 4.3). Each species pool library was barcoded with Nimblegen Adapter Kit A adapters.
The libraries were hybridized to the capture baits according to the SeqCap EZ Library protocol.
In place of Human CotI DNA, the SeqCap EZ Developer Reagent was used (cat #06684335001)
during hybridization. Additionally, libraries were hybridized to the capture baits and washed at a
reduced stringency of 45°C relative to the standard 47°C in order to allow extra mismatches for
cross-species hybridization. The resulting sequencing reads were processed as in Chapter 6.
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Patterns of loss within the dataset
Coverage was estimated by overlap of read data mapped to the reference sequences by BLASTN
(E-value cutoff <0.001). Presence was estimated for targets with >75% coverage, while absence
was declared for targets with <25% coverage. To simplify interpretations of coverage and avoid
conclusions from ambiguous data, exons with coverage between 25% and 75% were ignored.
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Appendix 3 –
Supplementary Materials
Supplementary information is listed in order of appearance in the text.

Figure S5.1. Simulated parsing of haplotypes and paralogs by CAP3 contig
assembly. In silico analysis was performed to assess the ability to identify paralogs
within an orthology group. Exonic sequence of zebrafish fgf20a was duplicated and
variation was added to each paralog at a defined level of divergence. 100bp “reads”
were then generated from each of these paralogs in silico and mixed into one pool to
determine whether reads from multiple paralogs were properly phased into independent
conitgs or were joined into one conitg incorrectly. Diagram illustrates example with
mixing of two paralogs.

Table S5.1 (Online). Fixed, unique, non-synonymous changes identified in developmentassociated genes in P. alepidotus.
List of gene ontologies associated with developmental processes and list of fixed nonsynonymous changes identified within P. alepidotus relative to T. ukliva and D. rerio. The
“Development-associated SNPs” tab shows the whole dataset for development-associated
genes. The remaining tabs represent filtered breakdowns of this list by LRT q-value < 0.05 and/or
SIFT score < 0.05. The mutations within Eda and Fgf signaling pathways are identified and
summarized.
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Table S5.2. Gene ontology-enrichment of zebrafish genes with no coverage by
P. alepidotus and T. ukliva reads. Zebrafish gene ontology enrichment (DAVID)
identified classes of variable genes that are less-likely to be covered in cross-species
alignment at evolutionary distances used in this study (~50MY).
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Table S5.3 (Online). Gene signatures of duplication in P. alepidotus and T. ukliva.
Raw sequencing reads were aligned to the zebrafish reference genome. The total number of
exons containing >3 heterozygous SNPs per 100bp were considered as likely duplicated relative
to the zebrafish reference genome. The percentage of exons showing this increased
heterozygosity relative to the total number of covered exons was then calculated for each species.

Figure S5.2. cDNA sequence of P. alepidotus fgfr1aa and fgfr1ab. cDNA sequence of
the Phoxinellus fgfr1a paralogs were aligned by ClustalW2 (Larkin et al., 2007).
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Table S5.4 (Online). Merged gene ontology terms from multiple species datasets. Merged
gene ontology annotation lists between zebrafish, human, mouse and chicken genomes with
predicted zebrafish orthologs (Ensembl).
Table S5.5 (Online). Enrichment for genes with accelerated sequence evolution within
individual and aggregate gene ontology terms. Analysis of genes with an accumulation of
mutations beyond neutral drift (LRT q-value < 0.05) within individual GO-terms and within clusters
of GO-terms representing similar biological processes.

Table S5.6. Predicted accuracy in calling heterozygosity in Phylomapping. True and
false positive heterozygosity predictions from simulations of the Phylomapping pipeline using
in silico derived reads of 95, 85 and 75% identity to the zebrafish reference genome. As the
in silico reads were without heterozygous variants, alignment of diverse reads to the same
position within the zebrafish reference genome (BLASTN alone) or to the same contig
created through the Phylomapping pipeline (BLASTN + CAP3) would result in false positive
heterozygosity. The percentage of exons displaying a false positive SNP is listed within the
table. While the Phylomapping pipeline has much lower rates of false positive heterozygosity
than direct alignment to a reference genome, it is possible that the contig assembly mistakes
heterozygosity for duplication and splits haplotypes into paralogous contigs. This would
reduce true heterozygosity. To test this, variants were added to the reads at 50% allele
frequency and the total percent recovery of these variants was calculated.

Table S6.1(Online). Enrichment analysis of genes with complete lack of coverage in
Beloniformes dataset .
Table S6.2 (Online). Patterns of sequence identity within Exocoetidae. Each cell represents
the percent identity of individual exon to the reference sequence used for targeted sequence
enrichment. Only exons that have all Exocoetidae greater than or less than the exons of other
species are shown.
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Table S6.3 (Online). Gene ontology enrichment of patterns of sequence variance between
Exocoetidae and the rest of the Beloniformes.
Table S6.4 (Online). Matrix of convergent amino acid changes specific to both Exocoetidae
and ‘flying halfbeak’ species O. micropterus and E. viridis.
Table S6.5 (Online): Custom gene ontology annotations for O. latipes. Merged gene ontology
annotation lists between zebrafish, human, mouse, chicken and rat genomes with predicted
medaka orthologs (Ensembl).
Table S7.1 (Online). Patterns of sequence identity within lineages with independent
evolution of direct development to the needlefish adult craniofacial morphology (X.
cancila, T. crocodilus, P. guianensis). Each cell represents the percent identity of individual
exon to the reference sequence used for targeted sequence enrichment. Only exons that have all
the direct developing needlefish species greater than or less than the exons of other species are
shown.
Table S7.2 (Online). Enrichment of patterns of sequence variation between direct
developing needlefish and the other Beloniformes
Table S7.3 (Online). Matrix of convergent amino acid changes specific to X. cancila, T.
crocodilus, P. guianensis that are not observed in other Beloniformes.
Table SA2.1 (Online). Matrix of coverage data showing loss of coding exons in
Channichthyidae
Table SA2.2 (Online). Matrix of coverage data showing progressive loss of certain
constrained non-coding elements in the notothenioid phylogeny.

221

