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Abstract

Genetic and Genomic Bases of Evolved Increases in Stickleback Dentition

by

James Clinton Hart

Doctor of Philosophy in Molecular and Cell Biology
and the Designated Emphasis in

Computational Biology

University of California, Berkeley

Professor Craig T. Miller, Chair

Evolution - the great tinkerer - has produced the astounding diversity of form within
and between existing species. It is a fundamental goal of evolutionary biology to understand
the origin of such diversity. What types of genes underlie evolved changes in morphology?
Are certain types of mutations (notably changes within regulatory regions) more likely to be
used to produce adaptive changes in form? When distinct populations evolve similar mor-
phological changes, are the underlying genetic bases changes to the same genes, the same
genetic pathways, or largely independent? Are changes in form modular, or are their con-
certed changes to multiple developmentally similar organs? The ever cheapening cost of se-
quencing, coupled the availability of high-quality reference genomes, allows high-throughput
approaches to identifying the loci of evolution. The emergence of a robust genome engi-
neering system, CRISPR/Cas9, allows for efficient and direct testing of a gene’s phenotype.
Combining both of these techniques with a model system with naturally evolved phenotypic
variation, the threespine stickleback, allows for systems-level answers to the many evolution-
ary questions.

Chapter one outlines the field of evolutionary developmental biology. It proposes two
alternative viewpoints for thinking about the evolution of form. The first is the view of the
‘Modern Synthesis’, linking Mendelian inheritance with Darwinian natural selection, which
explains evolution as the change in allele frequencies over time. The second views evolution
through the lens of deep homology, focusing on changes to developmental programs over
time, even across related organs within the same animal. It then introduces key concepts
within evolutionary and developmental biology, including cis-regulation of gene expression,
and gene regulatory networks. It then provides examples of evolution reusing similar gene
regulatory networks, including Hox genes, Pax6 dependent eye initiation, and ectodermal
placode development. Teeth use highly conserved signaling pathways, during both their
initiation and replacement. Threespine sticklebacks Gasterosteus aculeatus have repeatedly
adapted following a shift from marine to freshwater environments, with many independently
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derived populations sharing common morphological traits, including a gain in tooth number.
The following chapters investigate this gain in tooth number in multiple distinct populations
of sticklebacks.

Chapter two describes the discovery and mapping of a spontaneous stickleback albino
mutation, named casper. casper is a sex-linked recessive mutation that results in oculo-
cutaneous albinism, defective swim bladders, and blood clotting defects. Bulked segregant
mapping of casper mutants revealed a strong genetic signal on chromosome 19, the stickle-
back X chromosome, proximal to the gene Hps5. casper mutants had a unique insertion of a
G in the 6th exon on Hps5. As mutants in the human orthologue of Hps5 resulted in similar
albino and blood clotting phenotypes, Hps5 is a strong candidate underlying the casper phe-
notype. Further supporting this model, genome editing of Hps5 phenocopied casper. Lastly,
we show that casper is an excellent tool for visualizing the activity of fluorescent transgenes
at late developmental stages due to the near-translucent nature of the mutant animals.

Chapter three details the fine mapping of a quantitative trail locus (QTL) on chromosome
21 controlling increases in tooth number in a Canadian freshwater stickleback population.
Recombinant mapping reduced the QTL-containing region to an 884kb window. Repeated
QTL mapping experiments showed the presence of this QTL on multiple, but not all, wild-
derived chromosomes from the Canadian population. Comparative genome sequencing re-
vealed the perfect correlation with genetic data of ten variants, spanning 4.4kb, all within
the 4th intron of the gene Bmp6. Transgenic analysis of this intronic region uncovered its role
as a robust tooth enhancer. TALEN induced mutations in Bmp6 revealed required roles for
the gene in stickleback tooth development. Finally, comparative RNA-seq between Bmp6
wild-type and mutant dental tissue showed a loss of mouse hair stem cell genes in Bmp6
mutant fish teeth, suggesting deep homology of the regeneration of these two organs.

Chapter four investigates the evolved changes in gene expression that accompany evolved
increases in tooth number in two distinct freshwater populations. Independently derived
stickleback populations from California and Canada have both evolved increases in tooth
number, and previous work suggested that these populations used distinct genetic changes
during their shared morphological changes. RNA-seq analysis of dental tissue from both
freshwater populations compared to marine revealed a gain in critical regulators of tooth
development in both freshwater populations. These evolved changes in gene expression
can be partitioned in cis changes (mutations within regulatory elements of a gene) and
trans changes (changes to the overall regulatory environment) using phased RNA-seq data
from marine-freshwater F1 hybrids. Many genes show evidence for stabilizing selection of
expression levels, with cis and trans changes in opposing directions. Most evolved changes
in gene expression are due to changes in the trans environment, and these trans changes are
more likely to be shared among the high-toothed freshwater populations. Thus, Californian
and Canadian sticklebacks have convergently evolved similar trans regulatory environments
through distinct cis regulatory changes.

Chapter five identifies candidate genes underlying evolved tooth gain in multiple geo-
graphically distinct freshwater populations. Many populations of freshwater sticklebacks
have evolved increases in both oral and pharyngeal tooth number. QTL mapping of this
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evolved gain in pharyngeal tooth number revealed that a 438bp regulatory haplotype of
Bmp6 is associated with increased tooth number in five distinct Pacific Northwest popula-
tions, though not in the high-toothed California population. QTL mapping of evolved oral
tooth gain in California fish reveals the surprisingly modular nature of evolved changes in
dentition. Correlation analysis of gene expression data from 33 separate samples across mul-
tiple populations and genotypes revealed Plod2 and Pitx2 as dentally expressed candidate
genes underlying evolved tooth gain. CRISPR/Cas9 genome editing of Plod2 resulted in
mutants displaying increases in pharyngeal but decreases in oral tooth number. Mutations
in Pitx2 are homozygous lethal and show a recessive near-complete loss of dentition across
all tooth fields. The pleitropic effects of the coding mutations and the lack of evolved coding
changes suggest that modular regulatory changes to Plod2 and Pitx2 underlie increases in
tooth number.

Combined, these results make significant contributions to our understanding of the evo-
lutionary genetics underlying an adaptive change in morphology. Modular cis-regulatory
alleles appear to play critical roles during the evolution of increased tooth number. Some
alleles, such as the regulatory haplotype of Bmp6, are repeatedly used by multiple indepen-
dently derived freshwater populations, suggesting both that the haplotype is adaptive and
that evolution is partially repeatable. The Californian specific use of Plod2 and Pitx2 shows
that evolution is not entirely predictable, and that there are many ways to modify teeth.
Additionally, the use of high-throughput expression assays and genome sequencing, com-
bined with genome editing with CRISPR/Cas9, allowed for rapid identification and testing
of candidate genes underlying evolved changes in morphology. Additional studies could use
these approaches to further identify the loci of evolved changes in morphology.
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Chapter 1

Introduction

1.1 Diversity of animal form

“From so simple a beginning endless forms most beautiful and most wonderful have been,
and are being, evolved” (Charles Darwin) [1]

Animals display an almost endless diversity of form. Forelimbs range from webbed swimming
fins to clawed grasping hands to delicate feathered wings. Eyes vary from the compound
eyes of insects to the telescopic eyes of birds to the camera eyes of cephalopods. Coloration
spans the ghost white of cave dwelling albinos to the incredible hues of birds of paradise and
tropical fish to the ever-changing pigmentations of chameleons and cuttlefish. As all of these
organisms share a common ancestor, the diversity observed today must have an ancient evo-
lutionary origin. This diversity raises the key question in evolutionary developmental biology
- how do differences in animal form arise?

There are two different schools of thought that attempt to answer the question - “How
does evolution produce the diversity of life we see today?” The first finds its origins in the
Modern Synthesis [2], combining Darwinian natural selection [1] with Mendelian inheritance
[3] and population genetics [4]. Mutations are inherited following Mendel’s laws, and the
resulting genetic diversity within a population can give rise to a corresponding phenotypic
diversity. If a population is subject to natural selection, the more fit phenotypes survive,
also ensuring survival of the underlying genotypes. These genotypes are again transmitted
through Mendelian processes, and the cycle continues in subsequent generations. In this
view, evolution is the change in allele frequencies over time.

An alternate, and not necessarily mutually exclusive, view addresses the origin of animal
form through homology [5]. An organisms development gives rise to a wide variety of mor-
phological traits. Many existing traits share a common evolutionary origin, whether looking
at the same trait class in different animals [6,7], or even different traits within the same
animal [8]. These similarities go beyond just surface-level morphology, with many of the
same genes and genetic circuits active during development of these homologous structures.
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These homologous structures continue to look similar in part because small changes to de-
velopment are more tolerated, and more likely to be beneficial. Organisms are not clay balls,
to be molded as natural selection sees fit; rather organisms are contingent collections of their
evolutionary and developmental history, with some transitions of form no longer possible. In
this view, the origin of animal form is highly dependent on modifications to the developmen-
tal program of the ancestral, homologous structure. Attempts to answer questions about
the evolution of morphology must address both viewpoints, not only finding genetic changes
that underlie changes in morphology, but also understanding the conserved developmental
program that forms the structure in the first place.

1.2 Regulation of gene expression during development

“Spooky action at a distance” (Albert Einstein)

Precise control of the spatiotemporal expression patterns of thousands of genes is neces-
sary for an organism’s development. Gene expression can be regulated at many different
stages. mRNA translation can be modulated by the presence of upstream open reading
frames (uORFs) [9], the blocking of ribosome binding due to mRNA secondary structure
[10], or the action of microRNAs (miRNAs) [11]. mRNA stability can be affected by trans
acting RNA binding proteins or miRNAs triggering deadenylation or exonuclease cleav-
age, eventually resulting in transcript destruction [12]. mRNAs can be regulated by direct
post-transcriptional modifications, such as the formation of N6-methyladenosine [13]. Co-
transcriptional RNA splicing can result in different isoforms of mRNA[14]. The rate and cell
type specificity of transcription itself can also be tightly controlled.

Transcriptional regulation is a critical part of the control of gene expression during de-
velopment. Eukaryotic transcription is regulated by a combination of trans-acting transcrip-
tion factors and the cis-acting sequences they bind to. Transcription of a gene is initiated at
proximal promoter sequences, with several alternate promoters occasionally available [15,16].
Specific cis sequences in the promoter, such as the TATA-box or the B recognition element,
are bound by general transcription factors such as the TATA-binding protein (TBP) and
general transcription factor II B (TFIIB). General transcription factor binding, together
with tissue-specific TBP-associated factors (TAFs), recruits RNA polymerase II, assembles
the transcription pre-initiation complex, and eventually initiates transcription [17-19].

Distal cis-acting regulatory sequences, often termed enhancers, bind tissue-specific tran-
scription factors. The DNA-bound transcription factors will then loop out the intervening
sequence of DNA and interact with promoter-bound proteins, allowing enhancers to act dis-
tally from the gene or genes they regulate [20]. A single gene can be regulated by multiple
enhancers, with one estimate that, in a given cell type, >50% of transcription start sites
are regulated by more than one distal sequence, with up to as many as 20 interactions [21].
Enhancers are often associated with specific epigenetic modifications, especially the presence
of acetylated lysine 27 of histone 3 (H3K27Ac) [22] or general open chromatin as assayed by
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DNase I hypersensitivity (DNase-seq) [23] or transposase-accessible chromatin (ATAC-seq)
[24]. Many enhancers are transcribed [25], either as longer, polyadenylated, unidirectional
transcripts or short, bidirectional RNAs lacking polyadenylation. It is still unclear the exact
role of this transcription, though there is increasing evidence that it plays a functional role
in the regulation of nearby genes [26].

1.3 Regulatory developmental networks

“Cell differentiation is based almost certainly on the regulation of gene expression” (Eric
Davidson) [27]

Gene expression is controlled by the given state the gene regulatory network (GRN) of
the cell is in. A gene regulatory network includes all regulatory events (the edges), as well
as the molecules (whether DNA, RNA, or protein) responsible for such events (the nodes).
Gene regulatory networks seem to exhibit scale-free topology, where most nodes participate
in only one or two interactions, and a small number of nodes (hubs) participate in many, with
node connectivity degree following a power law [28]. As regulators are capable of regulating
other regulators, including themselves, GRNs are full of cyclic feedback loops. Development
and cellular differentiation can be thought of as changing the GRN of a given cell from one
metastable state into another through the activation or repression of key regulators [29].

One of the best studied examples of a gene regulatory network is used during the for-
mation of segments during the early development of Drosophila melanogaster. Initially,
maternally deposited transcription factors set up the anterior-posterior axis of the embryo
Bicoid and Hunchback at the anterior, and Caudal at the posterior. These maternal effect
transcription factors freely diffuse in the syncytium of the early embryo, creating morphogen
gradients. These gradients of transcription factors activate spatially restricted expression
of gap genes, which encode other transcription factors, including giant, huckebein, knirps,
Krppel, tailless, and the zygotically transcribed hunchback. These gap genes activate another
class of genes encoding transcription factors the pair rule genes even-skipped, odd-skipped,
hairy, paired, and runt. These pair rule genes are expressed in alternating parasegments,
which later guide the formation of proper segments. Lastly, the orientation of each paraseg-
ment is specified by the segment polarity genes engrailed, hedgehog, wingless, frizzled, and
naked cuticle. Each layer of regulation in this gene regulatory network involves the spatial
control of transcription of transcription factors. These transcription factors are able to reg-
ulate the transcription of additional targets, often including themselves or their regulators.
This creates a stable, robust network capable of repeatedly developing segments in a precise
and predictable manner [30,31].
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1.4 Evolutionary reuse of developmental networks

“Anything found to be true of E. coli must also be true of elephants, only more so” (Jacques
Monod)

Evolution is a tinkerer [32] in that it is evolutionarily easier to modify an existing struc-
ture than it is to create a novel structure from scratch. The genetic code is highly conserved
across all domains of life yet studied. Central metabolism is shared between eukaryotes and
bacteria. Vertebrate wings have repeatedly evolved from arms, rather than alongside arms.
Indeed, there has been little variation of phylum level body plan of animals since the early
Cambrian period [33].

Many animals share Hox genes, first discovered in Drosophila as a cluster of genes which
caused homeotic transformations when mutated [34]. Following their molecular character-
ization, it was found that all of these Drosophila homeotic genes possessed a similar DNA
motif, termed the homeobox [35], which encodes the DNA-binding homeodomain of this
class of proteins. Surprisingly, this homeobox appeared to be highly conserved to verte-
brates as well, suggesting a conserved role for Hox genes during development [36]. Over-
expressing mouse Hox genes in Drosophila resulted in a similar homeotic transformation as
overexpressing Drosophila orthologs. Loss-of-function mutations in the mouse HoxC8 gene
resulted in homeotic phenotypes [37], and ectopic expression of mouse HoxB6 in Drosophila
results in homeotic phenotypes similar to ectopic expression of the fly ortholog [38]. Other
key developmental regulators, such as the morphogen Hedgehog, originally discovered as a
key regulator of Drosophila development [31], are conserved across many animal phyla [39].
Certain cis-regulatory sequences are deeply conserved, such as a SoxB2 class enhancer that
drives expression in the central nervous system in vertebrates and cnidarians [40].

Networks of key developmental regulators are often conserved across many animal phyla.
The regulatory factors eyeless (Pax6 ), atonal (Math5 ), eyes absent (Eya), and optix (Six3/6 )
have been shown to be critical for eye development from organisms ranging from flies to
mice [7,41,42]. Flies and mice lacking wild-type copies of any of these genes lack fully de-
veloped eyes. Ectopic expression of eyeless or eyes absent results in ectopic eye formation
in Drosophila [43]. Surprisingly, expression of the eyeless mouse homologue, Pax6, was also
able to induce ectopic compound eyes in flies, demonstrating the cross-phyla conservation
of eye induction circuitry. Even in animals as distant as the jellyfish Tripedalia cystophora,
Pax gene family members are involved in eye development, with the PaxB gene of Tripedalia
also able to induce ectopic eyes in Drosophila [44]. Even though it has been estimated that
eyes have independently evolved dozens of times [7], the core developmental regulators are
conserved across vast evolutionary distances.

Eyes start development as part of a broader class of developmental structures called
placodes. Epidermal appendages, such as hair, scales, sweat glands, and teeth, also all begin
development as placodes, with the thickening of an epithelial layer overlying mesenchymal
cells. These placodes are typically thought to be specified by a Turing-style reaction-diffusion
mechanism [45], though there is little evidence of long-range diffusion of morphogens within
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vertebrate tissues [46,47]. An alternative mechanism for placode formation is the mechanical
forces stretching the epithelial layer of cells [48,49], which appears to be a conserved process
[50]. Epithelial placodes of diverse developmental fates are marked by the expression of
highly conserved regulatory molecules including Bmp2/4, Fgf10, Eda, and members of the
Wnt family [51].

Following initial placode formation, the epithelial layer of cells begins proliferating, and ei-
ther buds downward into the mesenchyme (in the case of hair, teeth, and mammary glands),
or outwards (in the case of feathers) [51]. The identity of this epithelial growth is deter-
mined by signals coming from the underlying layer of mesenchymal cells. Transplantations
of corneal epithelium covering dermal mesenchyme result in the ectopic formation of hair
follicles, while corneal epithelium covering plantar dermis results in sweat glands [52]. This
process of mesoderm-driven specification appears to be conserved to all ectodermal placodes
[51].

1.5 Tooth Development

“If I only knew how many teeth and of what kind every animal had I should perhaps be able
to work out a perfectly natural system for the arrangement of all quadrupeds” (Carl Linnaeus)

Teeth belong to a class of structures which start development as placodes, and have long
been a model system for vertebrate organogenesis [51]. The epithelial layer then invaginates
into the underlying mesenchyme during the bud stage, and eventually forms the start of a
crown during the cap stage. The mesenchymal cells continue to condense during the bell
stage, where the tooth begins to grow to its full size. The tooth becomes ossified due to
the action of mesenchymal dentin producing osteoblasts, and epithelial enamel (enameloid
in teleosts) producing ameloblasts [53]. This process involves a series of highly conserved
signaling pathways notably the transforming growth factor β (TGF-β), bone morphogenetic
protein (BMP), fibroblast growth factor (FGF), sonic hedgehog (SHH), and Wnt signaling
pathways [53]. The most upstream signals in mouse tooth development seem to be the Wnt
and BMP pathways, which form a feedback loop [54].

Though the mouse oral teeth are the most studied dental developmental system, much of
tooth development is conserved across species and tooth types. In snakes, early tooth germs
show expression of Wnt signaling components Lef1, Axin2, Wnt10b, and Wnt6, and inhibition
of Wnt or SHH signaling results in developmental arrest [55]. Catshark tooth development
shows similar conserved patterns of expression of Wnt components β-catenin, Lef1, as well as
Pitx2 and Sox2 [56]. These conserved patterns of gene expression extend to pharyngeal teeth.
In cichlids, oral and pharyngeal tooth number is correlated, and appear to have a similar
genetic architecture[57]. Both cichlid pharyngeal and oral teeth share conserved expression
patterns of Bmp2, Bmp4, Dlx2, Pitx2, Runx2, and Shh [58]. Zebrafish pharyngeal tooth
development also shows conserved early expression patterns of Dlx2a, Dlx2b, and Pitx2, and
later expression of Fgf3 and Fgf4. Inhibition of FGF signaling arrests zebrafish pharyngeal
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tooth development, similar to mouse oral teeth [59]. Thus, though tooth morphology may
differ between organisms, the core developmental genetic circuitry appears deeply conserved.

Continuous tooth replacement (polyphyodonty) appears to be the ancestral jawed ver-
tebrate condition [60]. However, mice are monophyodonts and do not replace their teeth,
necessitating the need to study other polyphyodont systems. Elasmobranchs (sharks) replace
their teeth using a conveyor-belt system where new teeth are fully formed by an odontogenic
band before being functionally used [56,61]. Teleosts often undergo a one-for-one tooth re-
placement scheme, where a functional tooth is able to form a single replacement tooth, which
eventually replaces the functional tooth in the tooth field [62]. In cichlids and zebrafish, the
dental lamina proliferates and invaginates, forming a successional lamina capable of gener-
ating the next replacement tooth [63]. Unlike many tetrapods, geckos are polyphyodonts
that exhibit a many-for-one mode of tooth replacement. Similar to the replacement of mam-
malian hair, gecko teeth harbor a niche of slow-cycling epithelial stem-like cells, marked by
the gene expression of Lgr5, Dkk3, and Igfbp5, and these putative stem cells are potentially
able to give rise to the new replacement tooth [64].

1.6 Radial evolution of sticklebacks

“Evolution is a process of constant branching and expansion” (Stephen Jay Gould)

The threespine stickleback (Gasterosteus aculeatus) is an emergent supermodel [65] for the
study of the evolution and development of morphology. Ancestral marine populations of
sticklebacks have colonized freshwater lakes and streams throughout the northern hemi-
sphere, leading to a series of isolated populations independently adapting to a similar shift
in environment. These evolutionary replicates, as well as a compact 460 Mb genome with a
high-quality reference [66,67], large clutch size, and ease of transgenesis and genome editing
[68] make for an excellent model system for evolutionary and developmental genetics.

Stickleback freshwater colonization has been thought to follow a source-sink model, where
marine populations colonize isolated freshwater environments [69]. Consistent with this, ma-
rine stickleback genomes display little population structure, and even geographically diverse
marine populations appear to share more genomic similarity than freshwater populations
[70,71]. When colonizing a new freshwater environment, certain rare alleles will switch from
neutral or deleterious to advantageous and will increase in frequency following natural se-
lection. However, due to founder effects, each newly derived freshwater population will
potentially carry a different set of adaptive alleles. Further complicating matters, alleles
might be only advantageous in specific types of freshwater environments (e.g. lakes but not
streams [72]).

Freshwater populations of sticklebacks nevertheless share many derived phenotypes and
genotypes. The best studied example is the loss of armored lateral plates in most freshwater
stickleback populations [69], due to a reuse of an ancient regulatory allele of the Eda gene
[73,74], though this allele may be pleiotropic [75,76]. Genome-wide scans for signs of parallel
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freshwater adaptation have revealed multiple regions that appear to be reused in diverse pop-
ulations [66,77]. This collateral evolution [78] suggests a model where freshwater populations
could act as reservoirs of freshwater adaptive alleles, which would percolate into the marine
gene pool by occasional introgression. These alleles could then be reused during colonization
of new freshwater environments, further increasing their migration rate into the marine gene
pool [79]. Supporting this, the low-plated Eda allele was found at 0.2% frequency in marine
populations [73], far above the frequency expected by mutation-selection balance, and more
in line with migration-selection balance.

Not all shared evolved morphological changes in freshwater stickleback populations have a
shared genetic basis. A recent study found a mix of potentially shared and population specific
QTL controlling the evolved change in a wide array of phenotypes in three geographically
proximal freshwater populations [80]. Two additional studies, and the fourth chapter of this
thesis, revealed distinct genetic bases of evolved tooth gain in benthic freshwater fish from
Paxton Lake, Canada and creek fish from Cerrito Creek, California [81,82]. These cases of
convergent evolution reveal that evolution is able to access a wide variety of genetic changes
to evolve an adaptive change in form.
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2.1 Abstract

Here we present and characterize the spontaneous X-linked recessive mutation casper, which
causes oculocutaneous albinism in threespine sticklebacks (Gasterosteus aculeatus). In hu-
mans, Hermansky-Pudlak syndrome results in pigmentation defects due to disrupted forma-
tion of the melanin-containing lysosomal-related organelle (LRO), the melanosome. casper
mutants display not only reduced pigmentation of melanosomes in melanophores, but also
reductions in the iridescent silver color from iridophores, while the yellow pigmentation from
xanthophores appears unaffected. We mapped casper using high-throughput sequencing of
genomic DNA from bulked casper mutants to a region of the stickleback X chromosome
(chromosome 19) near the stickleback ortholog of Hermansky-Pudlak syndrome 5 (Hps5 ).
casper mutants have an insertion of a single nucleotide in the 6th exon of Hsp5, predicted
to generate an early frameshift. Genome editing using CRISPR/Cas9 induced lesions in
Hsp5 and phenocopied the casper mutation. Injecting single or paired Hps5 guide RNAs
revealed higher incidences of genomic deletions from paired guide RNAs compared to single
gRNAs. Stickleback Hps5 provides a genetic system where a hemizygous locus in XY males
and a diploid locus in XX females can be used to generate an easily scored visible phenotype,
facilitating quantitative studies of different genome editing approaches. Lastly, we show the
ability to better visualize patterns of fluorescent transgenic reporters in Hps5 mutant fish.
Thus, Hps5 mutations present an opportunity to study pigmented LROs in the emerging
stickleback model system, as well as a tool to aid in assaying genome editing and visualizing
enhancer activity in transgenic fish.

2.2 Introduction

The combination of new genome editing methods and next-generation sequencing technolo-
gies has ushered in a new era in genetics. High throughput DNA sequencing enables rapid
forward genetic mapping of Mendelian (Schneeberger et al. 2009; Cuperus et al. 2010; Zuryn
et al. 2010; Doitsidou et al. 2010; Bowen et al. 2012; Obholzer et al. 2012) and quantitative
(Glazer et al. 2014, 2015; Jamann et al. 2015) loci. The remarkably high efficiency of the
CRISPR/Cas9 system across diverse species (Jinek et al. 2013; Hwang et al. 2013; Friedland
et al. 2013; Guo et al. 2014; Square et al. 2015; Martin et al. 2016) now allows for functional
reverse genetic analysis in any species competent for delivery of genome editing reagents.
However, the optimization of genome editing protocols is still in its infancy, with the effi-
ciency of DNA double-strand break formation and repair still requiring characterization in
many species. Particularly powerful loci for this characterization are those that mutate to
cause an obvious viable visible phenotype, such as loci that affect pigmentation (Dahlem et
al. 2012; Guo et al. 2014; Irion et al. 2014; Square et al. 2015; Hoshijima et al. 2016;
Burger et al. 2016).

The diversity of vertebrate skin pigmentation is due to an interplay between four main
groups of pigment-containing cells known as chromatophores (Fujii 2000; Kelsh 2004; Mills
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and Patterson 2009; Irion et al. 2016). Chromatophores originate from the neural crest,
which migrate and then differentiate into pigment cell types during embryonic develop-
ment (Fujii 2000; Kelsh et al. 2009). Melanophores possess black or dark brown melanin-
containing organelles, melanosomes, which are also present in the retinal pigment epithelium
(RPE) (Marks and Seabra 2001; Wasmeier et al. 2008). Iridophores appear iridescent and
typically silver due to the presence of light-reflective guanine-containing platelets, the size
and orientation of which determine the reflective color (Cooper et al. 1990; Oshima 2001).
Xanthophores appear yellow-red due to the presence of pteridine within pterinosomes (Ziegler
2003). Erythrophores contain vesicles with red carotenoids obtained through the diet, and
are a critical mating cue in sticklebacks (Milinski and Bakker 1990; Wedekind et al. 1998;
Fujii 2000). Pigment cells in insects also possess melanin, ommochrome, or drosopterin
containing organelles (Shoup 1966).

Pigment containing organelles belong to a larger class of cellular organelles, the lysosome-
related organelles (LROs) (DellAngelica et al. 2000; DellAngelica 2004). LROs encompass a
wide variety of organelles in different cellular contexts, including platelet granules, basophil
granules, neutrophil azurophil granules, major histocompatibility complex class II compart-
ments, lamellar bodies, osteoclast granules, and lytic granules (DellAngelica et al. 2000;
Marks and Seabra 2001; DellAngelica 2004). The best studied LRO, the melanosome, has
a well characterized biogenesis. Starting at stage I, premelanosomes already have internal
vesicles and interluminal fibers that become parallel and organized during stage II, darkening
during stage III until they are obscured by melanin in fully formed stage IV melanosomes
(Marks and Seabra 2001). Patients with melanosome maturation defects often exhibit de-
fects in other LROs, revealing that different LROs share similar biogenesis pathways (Marks
and Seabra 2001).

In a wide range of vertebrates and invertebrates, a highly conserved set of genes in-
cluding members of biogenesis of lysosome-related organelles complexes (BLOC) 1,2, and
3 (Helip-Wooley et al. 2007; Wei et al. 2013) regulate the formation and maturation of
LROs, including pigment producing LROs, and are required for wild-type pigmentation
(Helip-Wooley et al. 2007; Wei et al. 2013). In humans, mutations in the BLOC-2 complex
member Hps5 result in Hermansky-Pudlak Syndrome type 5, which is characterized by ocu-
locutaneous albinism, and bleeding diathesis (Huizing et al. 2004). Mutations in orthologs of
Hps5 result in oculocutaneous albinism in a wide variety of model organisms, including the
ruby-eyed 2 phenotype in mice (Zhang et al. 2003), the snow white phenotype in zebrafish
(Daly et al. 2013), the pink phenotype in Drosophila (Falcn-Prez et al. 2007; Syrzycka et al.
2007), and the translucent phenotype in silkworms (Fujii et al. 2012). In vertebrates, Hps5
is required for the maturation of type I to type II melanosomes (Nguyen et al. 2002), and
also binds to and stabilizes other HPS proteins including HPS3 and HPS6 (Daly et al. 2013).
In addition to conserved roles in melanosome maturation, Hps5 and Hps6 are required for
iridophore development in zebrafish and Xenopus, respectively (Daly et al. 2013; Nakayama
et al. 2016).

In zebrafish, the snow white mutant phenotype, oculocutaneous albinism, was shown to
result from an I76N point mutation in the WD40 domain of Hps5 (Daly et al. 2013). This
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mutation results in relatively mild reductions in RPE and melanophore melanization due to
fewer and smaller melanosomes, and loss of iridophores. snow white mutants display early
larval lethality, representing the only lethal Hps5 allele reported, as well as the only mutation
within the N-terminal WD40 domain (Daly et al. 2013).

Here we report the discovery and characterization of a spontaneous threespine stickle-
back X-linked recessive albino mutation casper. A mapping-by-sequencing approach revealed
casper to be tightly linked to the stickleback ortholog of Hps5. casper mutants have a one
base pair insertion resulting in a predicted frame-shift mutation in Hps5 that results in an
early truncation of the highly conserved protein product. Inducing mutations in Hps5 using
the CRISPR/Cas9 system phenocopied the casper mutation. Lastly, we show the usefulness
of casper embryos as a tool to visualize fluorescent reporters in adult fish. Together these
data provide a new locus in an emergent genetic supermodel (Gibson 2005) to facilitate
studies of genome editing, transgene expression, and pigmentation biology.

2.3 Materials and Methods

Animal Husbandry and Imaging

Fish were raised in brackish water (3.5g/L Instant Ocean salt, 0.217mL/L 10% sodium
bicarbonate) at 18C in eight hours of light per day in 110L aquaria. Fry with standard
length (SL) less than 10 mm were fed a diet of live Artemia, with frozen Daphnia added as
fish reached 10 mm SL. Adults with SL greater than 20 mm were fed a combination of frozen
bloodworms and Mysis shrimp. To map the casper mutation, six crosses were generated by
crossing four different marine males to heterozygous casper mutant females (Table 2.1).
Experiments were approved by the Institutional Animal Care and Use Committees of the
University of California-Berkeley (protocol AUP-2015-01-7117). Embryos were visualized
using Montage z-stacks on a Leica M165 FC dissecting microscope, using a GFP2 filter to
visualize xanthophores, or on a Keyence VHX-5000 microscope. Adult fish were imaged
using a Cannon Powershot S95 digital camera.
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Male Population Male Number casper Embryos Wild-Type Embryos
RABS 1 19 (23%) 63 (77%)
RABS 2 16 (25%) 47 (75%)
RABS 3 15 (38%) 24 (62%)
RABS 3 22 (23%) 72 (77%)
LITC 4 16 (21%) 61 (79%)
LITC 4 15 (23%) 63 (77%)

Table 2.1: Outcrossing female casper carriers yields casper animals. Each row lists
a single cross between a male and a casper carrier female. ”Male population” describes the
stickleback population of the male parent of the cross (RABS = Rabbit Slough, Alaska,
LITC = Little Campbell River, British Columbia). ”Male number is a unique identifier of
a single male. Male 3 and 4 sired two different crosses. ”casper embryos lists the number
of embryos with a textitcasper phenotype in the clutch, and ”wild-type embryos lists the
number of wild-type embryos in the clutch.

DNA Purification and Sequencing

For sequencing and genotyping, DNA was extracted from caudal fin tissue from the original
casper male, the F0 female he was crossed to, as well as 47 individual casper mutant F2

embryos. Caudal fin tissue or embryos were digested for 12 hours at 55C in 600 µl of
tail digestion buffer (10mM Tris pH 8.0, 100mM NaCl, 10mM EDTA, 0.05% SDS, 2.5 µl
Proteinase K (Ambion AM2546)).

DNA from whole casper mutant F2 embryos was diluted to 10 ng/µl for each fish and
pooled. Barcoded Nextera libraries (Illumina FC-121-1031) were created from 50 ng of
genomic DNA from the pooled embryos, as well as 50 ng of genomic DNA from the original
casper male and F0 female mate following the manufacturers instructions. Quality was
assayed on an Agilent bioanalyzer, and the resulting libraries were sequenced on a single
lane of an Illumina HiSeq4000 to generate 100 bp single-end reads.

Bulked Segregant Analysis

Reads were mapped to a revised assembly of the stickleback genome (Jones et al. 2012;
Glazer et al. 2015) using bowtie2 (Langmead and Salzberg 2012) with parameters ’-q –
sensitive’ (Table 2.2). Resulting SAM files were converted to BAM files and sorted using
Samtools version 0.1.18 (Li et al. 2009). Read groups were added, CIGAR strings fixed,
mate pair information was fixed and PCR duplicates were removed using picard tools v 1.51
(http://broadinstitute.github.io/picard). The Genome Analysis Tool Kit (McKenna et al.
2010; DePristo et al. 2011; Van der Auwera et al. 2013) (GATK)’s (v3.2-2) IndelRealigner
(parameter: ’-LOD 0.4’), BaseRecalibrator, and PrintReads were used to finalize prepro-
cessing of BAM files. Finally, Unified Genotyper was used to call variants, with parameters
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’–genotype likelihoods model BOTH -stand call conf 50.’ The resulting VCF file was filtered
for variants which had qual score >40, had more than five reads covering the variant, and
were not found in the F0 female mated to the original casper male. Analysis was performed
using a custom ipython notebook. Briefly, we computed the proportion of each variant that
matched the casper allele, and results were smoothed by plotting the proportion of casper
reads within a 50 variant sliding window, advancing five variants at a time. As we found
casper to be X-linked, we reasoned that the hemizygous XY casper animals should all be
identical in sequence around the causative locus. We computed, as an additional measure,
the proportion of variants within the window with reads matching more than one allele,
which is expected to be 0 at the causative locus.

Sample Total Reads Mapped Reads Final Reads Expected Coverage
Original casper 122762025 103307721 67090400 14.5x

Wild-type RABS 117041920 96661604 63849076 13.8x
Bulked Segregants 78373157 67075791 48780347 10.5x

Table 2.2: Mapping casper by bulked segregant analysis. ”Total reads lists the reads
matching the sample barcode. ”Mapped reads indicates the number of reads successfully
mapped to a revised assembly of the stickleback reference genome (Jones et al 2012, Glazer
et al. 2015). ”Final reads indicates the number of reads that passed quality filters including
removal of PCR duplicates. ”Expected Coverage indicates the expected fold-coverage of each
base in the 463 Mb assembled genome (Jones et al 2012) given the number of Final Reads.

PCR, Cloning, and Sanger Sequencing Validation

PCR primers (Table 2.3) were designed using Primer3 (Rozen and Skaletsky 2000) and
ordered from IDT. PCR was performed using Phusion DNA polymerase (Macro lab, UC-
Berkeley) and Phusion Buffer (NEB B0518S). To obtain sequence of single clones, PCR
products were purified using a Qiagen PCR purification kit, and digested with XhoI (NEB
R0146L) and XbaI (NEB R0145L) in cutsmart buffer for 1 hour at 37C. Digested products
were ligated into a pBluescript II SK+ vector cut with XbaI and XhoI, transformed and
plated onto LB agar plates with ampicillin, IPTG, and X-gal. White colonies were picked
and used as input to PCR as described above, adding a 5 minute incubation at 95C be-
fore thermocycling. Resulting reactions were purified using a Qiagen PCR purification kit.
Purified PCR product (20 ng) was Sanger sequenced by the UC Berkeley DNA sequencing
facility and results visualized using abiview.
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Name Gene Forward sequence Reverse sequence
Restriction
Cut Sites

casper
genotyping

Hsp5
CCAGTGGCTGTTT

GAACTGA
GGCCACGGTGTT

TTTCATTA
NA

gRNA
validation

Hsp5
CTTTGGCACTGG

GTCGTAAT
GCGAGTACGGAG

CATGTTTT
NA

gRNA
validation

cloning
Hsp5

CGGCctcgagCTTTG
GCACTGGGTCGT

AAT

CGGCtctagaGCGAG
TACGGAGCATGT

TTT

XhoI,
XbaI

Hps5
guide1

template
NA

GCGTAATACGACT
CACTATAGGGAG
AGGAGGACAGGC
CAGGTTTTAGAG
CTAGAAATAGC

AAAGCACCGACTC
GGTGCCACTTTTT
CAAGTTGATAAC

GGACTAGCCTTAT
TTTAACTTGCTAT
TTCTAGCTCTAAA

AC

NA

Hps5
guide2

template
Hsp5

GCGTAATACGACT
CACTATAGGTCG
GGCGGAGTACAA
CAGGTTTTAGAG
CTAGAAATAGC

AAAGCACCGACTC
GGTGCCACTTTTT
CAAGTTGATAAC

GGACTAGCCTTAT
TTTAACTTGCTAT
TTCTAGCTCTAAA

AC

NA

Template
amplifica-

tion
NA

GCGTAATACGACT
CACTATAG

AAAGCACCGACTC
GGTGCCAC

NA

Sex deter-
mination

NA
CATATTGCTGCTT

GTGTGGAAG
GATCCTCCTCGTT

CCTACAG
NA

Table 2.3: Sequences of primers used for PCR and creation of sgRNA templates.
”Gene indicates the corresponding gene in the stickleback genome the primer sequences
are derived from, ”Forward and reverse sequence give the sequence of the primers, and
”Restriction cut sites indicates the presence of cut sites for the given enzyme on the 5′ end
of the primers. The ”Sex determination primers amplify fragment sizes of 186 bp and 229
bp from the X and Y chromosomes, respectively (Glazer et al., 2014).

Genome Editing of Hps5

Genome editing reagents were designed as previously described (Talbot and Amacher 2014).
Briefly, pCS2-nCas9n (Addgene 7929) was linearized following digestion with NotI. Lin-
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earized plasmid (600 ng) was used as input to the mMessage SP6 kit, following the manufac-
turers instructions. mRNA quality was verified by running 0.5 µL of the reaction in 0.1%SDS
on a Tris acetic acid EDTA (TAE) gel.

Guide RNAs (gRNAs) were designed using ZiFiT (Sander et al. 2010). DNA oligos were
ordered from IDT, and gRNA templates were created with T7 promoters by PCR using
Phusion polymerase. Resulting PCR products were gel purified, and 100 ng of the resulting
elution was used as input to the MAXIscript T7 kit (Ambion), and guide RNA quality
verified by running 0.5 µl of the reaction in a 50% formamide buffer on a TAE gel. Resulting
gRNAs were precipitated using lithium chloride, incubated at -80C following addition of 75
µl 100% ethanol, and centrifuged at 15000 rpm for 1 hour at 4C. Following a wash with
200 µL of 75% ethanol and an additional centrifugation at 15000 rpm for 10 minutes at 4C,
RNAs were resuspended in 20 µl of DEPC treated water.

Stickleback embryos at the one cell stage were microinjected as described (Erickson et al.
2016) with some modifications. First, the concentration of gRNA in the 0.2M KCl injection
mixture was increased to 50 ng/µl. The Cas9 mRNA concentration was also doubled to
160ng/µl, with 0.025% phenol red used as a tracking dye. Embryos were scored for casper-
like phenotypes at four days post fertilization (dpf). Embryos were scored by eye, with
embryos with embryos with any sign of mosaic albinism in their retinal pigment epithelium
(RPE) classified as mosaic, with embryos with 75% albino RPE classified as severe. DNA
from uninjected, wild-type injected, mosaic injected, and casper -like injected embryos was
purified at 4-6dpf, and deletions in Hps5 were validated using Sanger sequencing of PCR
products as described above.

2.4 Results

casper mutants display severely reduced pigmentation early
during embryogenesis

We discovered a single spontaneous mutant male stickleback displaying severe pigmentation
defects. We named this mutation casper, and recovered the mutation in subsequent gener-
ations (see below). casper mutants display oculocutaneous hypopigmentation in unhatched
embryos when pigment first becomes apparent, becoming readily apparent by seven days
post fertilization (dpf) (Figure 2.1). Mutants appear fully viable and fertile (see below).
casper mutants display severely reduced melanization of their retinal pigment epithelium
(RPE), the most obvious visible phenotype (Figure 2.1A-D). Additionally, sexually mature
casper males displayed severely reduced pigmentation in their testes relative to their wild-
type siblings (Figure 2.2). Chromatophores are differentially affected in casper mutants.
Beginning at the time of their first appearance (four dpf), melanophores in casper mutants
are present, but display severe reductions in melanization relative to their wild-type sib-
lings (Figure 2.1E-H). The silver pigmentation from iridophores appears absent from older
casper fish (Figure 2.1I,J). The red erythrophores, which contain diet-supplied carotenoids
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(Wedekind et al. 1998), were never observed in the throats of sexually mature casper mutant
males. However, the yellow xanthophores (autofluorescent in sticklebacks) appear unaffected
by the casper mutation in 10 dpf casper mutants (Figure 2.3).

casper mutants appear to initially inflate their swim bladder (Figure 2.1E-H). Older
mutants display variably penetrant minor difficulties in maintaining their position in the
water column, suggesting possible swim bladder defects (14/15 one month old juvenile casper
mutants were found within 1 cm of the bottom of their tank compared to 2/21 wild-type
siblings, P <.01, Fishers exact test). Lastly, casper mutants display a bleeding phenotype,
possibly due to a decreased clotting rate, following euthanization in 0.04% tricaine relative
to their wild-type siblings (Figure 2.1I-J).
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Figure 2.1: casper mutants display severely reduced eye and body pigmentation.
(A-D) casper mutants are hypopigmented at 7 days post fertilization (dpf) and have severely
reduced melanization of retinal pigmented epithelium (RPE): lateral (A,C) and dorsal (B,D)
views. (E-H) Hypopigmentation of casper mutants persists at 14 dpf, with severely reduced
melanophores but slightly melanized RPE: dorsal (E,G) and lateral (F,H) views. Black ar-
rows indicate inflated swim bladder. (I, J) casper males are translucent at five months, with
severely reduced iridophores and melanophore pigmentation, and highly reduced melaniza-
tion of RPE. Mutants also bleed after euthanization (arrow in J). scale bars = 100 μm (A-H),
1 mm (I).
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Figure S1 casper mutant testes have reduced pigmentation. 
(A) casper male (right) displays reduced pigmentation in its dissected testes relative to its wild-type sibling (left). 
(B) Wild-type dissected testes, displaying normal pigmentation patterns. 
(C) casper dissected testes are severely lacking in pigmentation.

Figure 2.2: casper mutant testes have reduced pigmentation. (A) casper male (right)
displays reduced pigmentation in its dissected testes relative to its wild-type sibling (left). (B)
Wild-type dissected testes, displaying normal pigmentation patterns. (C) casper dissected
testes are severely lacking in pigmentation.
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Figure 2.3: Xanthophores appear unaffected in casper mutants. Wild-type (top)
and casper mutant (bottom) 15 dpf larvae both possess pigmented xanthophores, which
fluoresce yellow under GFP fluorescence filters (B). casper xanthophores are the most visible
pigmented cell type even under bright-field conditions (A), scale bars = 1mm.

casper is a spontaneous, X-linked recessive albino mutation

The original casper mutant fish was a single male, and first appeared in a clutch of 80 fish
from a cross between a marine male from the Rabbit Slough (RABS), Alaska population,
and a freshwater creek female from the Cerrito Creek (CERC), California population (Figure
2.4A). To map the locus responsible for the casper phenotype, the original casper male
was outcrossed to a female fish from a different marine population (Table 2.1). All the
resulting F1 progeny were phenotypically wild-type, suggesting the casper mutation was
either recessive or mosaic, with the germline of the original mutant fish not containing the
casper mutation. As sticklebacks have a simple XY sex determination mechanism (Peichel
et al. 2004), a spontaneous X-linked recessive mutation would be displayed in the original
hemizygous male, but not in F1 progeny. We thus hypothesized that casper was X-linked. To
test this hypothesis, we generated six outcrosses of F1 females to four males from two other
populations and observed the F2s. Consistent with an X-linked mutation, 103/419 (24.6%)
of the F2 offspring were casper mutants (Table 2.1), and molecular genotyping (Table 2.3) of
47 of the casper mutants showed that they were all male, confirming the sex-linked nature
of casper (P <1.4e-14, two-tailed binomial test).

We next mapped the casper locus using a bulk segregant approach (Schneeberger et al.
2009; Cuperus et al. 2010; Zuryn et al. 2010; Doitsidou et al. 2010; Bowen et al. 2012;
Obholzer et al. 2012). A barcoded Illumina sequencing library was created using genomic
DNA pooled from 47 F2 casper males from six different F1 crosses. Additional barcoded
libraries were created using DNA from the original casper fish as well as the F0 female
crossed to casper, and all libraries were sequenced to moderate (10-14x) coverage (Table
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2.2). We mapped casper by examining the proportion of reads at each variant position
that matched the casper male’s allele. As an additional measure, we also looked for a loss
of variants with mixed mapped reads (reflecting positions where most or all mutant male
fish have the same X-chromosome genotype), as measured by the proportion of variants
which only have reads supporting a single allele within a 50 variant genomic window (Figure
2.4B). Both measures had similar peaks along stickleback chromosome 19, the stickleback X
chromosome (Peichel et al. 2004), near the stickleback ortholog of a human oculocutaneous
albinism gene, Hermansky-Pudlak syndrome 5 (Hps5 ) (Figure 2.4B).

Figure 2.4: casper is X-linked and maps to a region of chromosome 19 near Hps5.
Pedigree of the spontaneous appearance of the original casper mutant and X-linked trans-
mission in subsequent generations. Of the 103 casper mutants, 47 were genotyped and all 47
were male by molecular genotyping with sex-specific primers. (B) Bulk segregant analysis
of 47 casper mutants by high-throughput sequencing. Each point is the proportion of the
variant allele with the casper genotype, with the red line showing a sliding window average
across 50 variants. The blue line shows the proportion of variants called as heterozygous
across a 50 variant sliding window. The peak of both red and blue lines is near the stickle-
back Hps5 gene. X-axis shows the chromosome 19 revised genome assembly (Glazer et al.
2015). The top of the Y-axis for the proportion of mixed variants (blue line) is zero.
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casper is the result of the insertion of a single base-pair into the
coding sequencing of Hps5

We next sought to determine the mutation responsible for the casper phenotype. Genome-
wide variant discovery using high-throughput sequencing data from the original casper male
and the F0 wild-type female he was crossed to revealed 14 total variants within the predicted
Hps5 coding frame. Of these, ten were synonymous point mutations, and two were substitu-
tions found in both the affected casper male and unaffected female. The unaffected female
had a mutation that results in a substitution from alanine to valine, which appears neutral
(score of 0) in the BLOSUM62 matrix (Henikoff and Henikoff 1992), and which is also found
in the orthologous mouse HPS5 sequence (Figure 2.5A). The only remaining and highest
impact variant was the insertion of a G in the sixth exon of Hps5, resulting in a frameshift
and predicted early stop appearing seven codons following the novel insertion (Figure 2.5A,
Figure 2.6). This variant is only present within the casper male and not in his unaffected
female mate. Sanger sequencing in both the casper male (Figure 2.5B) and wild-type female
(Figure 2.5C) validated this insertion.
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Hps5

A AC CG G G G G G G G T G
casper *

A AC CG G G G G G G T G
wild-type

B

C

     MAFVPVIP-ESYSHVLAEFESLDPLLSALRLDSSRLKCTSIAVSRKWLALGSSGG
     MTFVPVIP-EAYSHVLAEFESLDPLLTALRLDSSRLRCTSIAVSRKWLALGSTGG
     --MIPVVPVESCTHVLAEFDCLDPLLSALRLDSGRIKCTCLSVSRKWLALGTSAG
     MPQIPVVP-ENHSHVLAEFDCLDPLLSALRLDSGRLKCTCLGVSRKWLALGTSAG
     MPQIPVVP-ENHSHVLAEFDCLDPLLSALRLDSGRLKCTCLGVSRKWLALGTSAG

   GKPEQMYVSSEHKGRRVTALCWDTAILRVFVGDHAGKVSAIKLNTSKQAKAAAAF
   GKPERIHVSSEHKGRKVTALCWDTAVLRVFVGDHVGKVSAIKLNTLKQAKAAAAF
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   GRPERVSVSWEHRGQAVTALCWDASALRVFVGDAGGKVSFLRAGSSKAGK-GSGF

   GACFFPGRC-------SGGQQPLIYCARPGSRMWEVNFDGEVISTHQFKKLLSLP
   GACFFPGRC-------AGGQQPVIYCARPGSRMWEVNFDGEVLSTHQFKKLLSMP
   GACFLTQGLAGQRGQLVGCPAPLLFCARPGSRIWEASFSGEVLSTHQFKQLLAVP
   GACFFPQN----KGLLVG-QPPLLYSARPGSRIWEASFNGEVLSTHQFKQPLACP
   GACFFPQN----KGLLVG-QPPPVVLRPTGVSNLGGQF-----------------
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Figure 2.5: casper mutants contain a 1 base-pair insertion in exon 6 of Hps5.
(A) A Clustal Omega (Sievers et al. 2011) multiple alignment of predicted amino-terminal
HPS5 sequences from vertebrates with a known loss of function phenotype, as well as the
predicted sequence from the original casper mutant (casper), and his wild-type F0 mate (G.
acu). Black lines indicate WD40 repeats predicted in human HPS5, and the red asterisk
indicates the position of the casper insertion. See Figure 2.6 for full amino acid alignment
(B) Sanger sequencing of the red indicated region of Hps5 in wild-type fish. (C) Sanger
sequencing of the red indicated region of Hps5 in the original casper mutant. The red *
indicates the inserted G, which results in a predicted frame-shift and early truncation of the
HPS5 protein.



CHAPTER 2. SEQUENCE-BASED MAPPING AND GENOME EDITING REVEAL MUTATIONS IN

STICKLEBACK HPS5 CAUSE ALBINISM AND THE CASPER PHENOTYPE 28

   1 MAFVPVIP-ESYSHVLAEFESLDPLLSALRLDSSRLKCTSIAVSRKWLALGSSGGGLHLIQKEGWKHRLFLSHREGAISQVACCLHDDDYVAVATSQGLVVVWELNQERR
   1 MTFVPVIP-EAYSHVLAEFESLDPLLTALRLDSSRLRCTSIAVSRKWLALGSTGGGLNLIQKDGWKQRLFLSHREGAISQIACCSHDDDYVAVATSQGLVVVWELNQERR
   1 --MIPVVPVESCTHVLAEFDCLDPLLSALRLDSGRIKCTCLSVSRKWLALGTSAGGLHLIQRDGWKQKLILTHKEGSITQVSCCPHDEDFIAVATSQGLVVVWELHLERR

   1 ---------MADAYCLTNFIDFSLSLSLPLKHHNRIKYTCFDISDSYIIFGASSGSLYLFNRNGK-FLLLIPNKHGAITSLSI-SANSKYVAFATQRSLICVYAVNLSAQ

   1 MPQIPVVP-ENHSHVLAEFDCLDPLLSALRLDSGRLKCTCLGVSRKWLALGTSAGGLHLIQKEGWKQRLILTHKEGSIAQVACCPHDEDFIAVATSQGLVVVWELQLERR
   1 MPQIPVVP-ENHSHVLAEFDCLDPLLSALRLDSGRLKCTCLGVSRKWLALGTSAGGLHLIQKEGWKQRLILTHKEGSIAQVACCPHDEDFIAVATSQGLVVVWELQLERR

 110 GKPEQMYVSSEHKGRRVTALCWDTAILRVFVGDHAGKVSAIKLNTSKQAKAAAAFVMFPVQTITTVDSCVVQLDYLDGRLLISSLTRSFLCDTEREKFWKIGNKERDGEY
 110 GKPERIHVSSEHKGRKVTALCWDTAVLRVFVGDHVGKVSAIKLNTLKQAKAAAAFVMFPVQTVLTVDSCVVQLDYLDGRLLVSSLTRSFLCDTEREKFWKIGNKERHGEY
 109 GRPERASVSWEHRGVTVTSLCWDTVALRVFAGDMGGKVSCVRAGSSKLGK-GSAFVIFPVQTVTTVDSRVVQLGYTDGHLVISSLSRCYLCDTEREKFWRVGNKERDGEF

 100 ATPQVIFTHL-DQSVQVTCIHWTQDEKQFYYGDSRGQVSLVLLSSFIGH---SLLFNMTVHPLLYLDSPIVQIDDFEYLLLVSNCTKCILCNTEYEDYKQIGNRPRDGAF

 110 GRPERVSVSWEHRGQAVTALCWDASALRVFVGDAGGKVSFLRAGSSKAGK-GSGFVIFPVQTVTTVDSRVVQLGYQDGRLLVSSLSRCYLCDTEREKFWRVGNKERDGEY
 110 GRPERVSVSWEHRGQAVTALCWDASALRVFVGDAGGKVSFLRAGSSKAGK-GSGFVIFPVQTVTTVDSRVVQLGYQDGRLLVSSLSRCYLCDTEREKFWRVGNKERDGEY

 220 GACFFPGRC-------SGGQQPLIYCARPGSRMWEVNFDGEVISTHQFKKLLSLPPLPVITLRSEP-QYD----HTAGSSQSLSFPKLLHLSEHCVLTWTERGIYIFIPQ
 220 GACFFPGRC-------AGGQQPVIYCARPGSRMWEVNFDGEVLSTHQFKKLLSMPPLPVITARSEP-QYD----HTVGSSQSLAFPKLLHLSEHCVLTWTEKGIYIFIPQ
 218 GACFLTQGLAGQRGQLVGCPAPLLFCARPGSRIWEASFSGEVLSTHQFKQLLAVPPLPLVSCKNEP-HFN----PTQTNPQSLAFPRLLQFGDQNLLTWTDSAIYIFTPH

 206 GACFFVSPQ-------ESLQPSRIYCARPGSRVWEVDFEGEVIQTHQFKTALATAPARIQRPGSGTDELDANAELLDYQPQNLQFAKVQRLNDDFLLAFTELGLYIFDIR

 219 GACFFPQN----KGLLVG-QPPLLYSARPGSRIWEASFNGEVLSTHQFKQPLACPPLPLITYRDEPQHYD----PVPKSPQSIVFSKLLYFGDQNLLTWTDSAIYIFTPH
 219 GACFFPQN----KGLLVG-QPPPVVLRPTGVSNLGGQF------------------------------------------------------------------------

  NVQVLLWSEVK-DIQDVAVCRNELFCLHLNGKVSHLSLISVERCVERLLRRGLWNLAARTCCLF--Q-NSVIASRARKTLTADKLEHLKSQLDHGTYNDLISQLEELILK
 318 NVQVLLWSEVK-DIQDVAVYKNELFCLHFNGKISHLSLLSVERCVERLLRRGLWDLAARTCCLF--Q-NSIITSRARKTLTADKLEHLKSQLDLTACSELISQLDDLILR
 323 SGQVLLWTEVK-DVLEISVFRNDLFCLHGDGHLSHMSLVSPDRCVERLMKRENWTIAATVCCMF--Q-HAITTSKARKSLSIDRLEHLKAQLNSTSQQQLIGQLEEVISK

 309 RSAVVLWSNQFERIADCRSSGSEIFVFTQSGALYSVQLQTLQSHAVSLIQQSKLL----PCANLLRQHVRYFADKAREDYELKQLNPLKQLLIERQEYELLNDIS---VI

 320 NGQVLLWTEVK-DLVDIAVYRNELFCLHGSGRLSHLSLLSAERCVERLLRRESWPLAAMVCCMF--Q-HAITTSRARKAIPIDRLEHLRSQLSSSTHPELTGQLEEIITK
     --------------------------------------------------------------------------------------------------------------

  FEPLDSACSSRRSSISSHESFSILDSGIYRIISSRRGSQSDEDSCS---------LHSQTLSEDE----RFKEFTSQQEEDLPDQCCGSHGNEDNVSHAPVMFETDKNET
 424 FEPLESACSSRRSSISSHESFSILDSGIYRIISSRRGSQSDEDSCS---------LHSQTFSEDE----RLKEFASHQEEEQPEQGCGANRNEESASHSPVMSEVDKSEA
 429 LEPLDSACSSRRSSISSHESFNVLDCGIYRVIS-RRGSQSDDDASS---------LANQSMLEEE----RLKEFSFTEEEQVDND------------SASVRGEGDRSDL

 412 FDA----------------------------ITQCTGSALDTHSSGGSSATTERSLSGGSSSRAPPKGVYVLENAFCDNLKQPLK--TGHFKD---ALLTVTGKFGKNII

 426 LEPLDSASSSRRSSISSHESFNVLDCGIYRVIS-RRGSQSDEETSS---------IINHSTSEEE----RLKEFSFVHEEDPADHGKTSVAD----PQSSERTEAERSEQ
     --------------------------------------------------------------------------------------------------------------

  FLPFGIPLPFRSPSPLVSLQAVKESVSSFVRKTTEKIGTLHTSPDLKVRPELRGDEQSCEEDVSSDTCPKEEDTEEEKEVTSPPPEEDRFQELKVATAEAM---TKLQDP
 521 FLPFSIALPFRSPSPLVSLQAVKDSVSSFVRKTTEKIGTLHGSPELKEPFESKDADRAHEEEVSAVTCPLEEDTEEKE--IHQPPKEDRLQELTAATAEAM---TKLLDP
 513 GLQF-LPLPFRSKPPRVALQAVRDSVSSFMKKTTEKINTLQMNADLWPRPDLREGVQG---EVASTASPISEESEQE-LNTEESSSESELLELRAATKKAI---SQIQDP

 489 KYKFNIFAE---E----QQQLVRELIPASE--------RSLPFKDIKARYESGS--EDQEEEIV-RRCKKP-----APQVPHISPEEKTLYNLYLIAKSAKFSRTQCVDR

 518 GMQFHLPLSFRPKPPRIALQAVRDSVSSFVK----KINTLQMNSELWQRADFRDSGHS---EISAS---YSEEMDNE-VYNEMPNTEADMQALRAATERAT---SQIQDP
     --------------------------------------------------------------------------------------------------------------

  -LVLFESESLRMVLQEWLSHLEKTFAMKDFSGVSDTDNSSMKLNQDVLLVNESKK-GILDEDN----EKEKRDSLG---NEESVDKTACE--CVRS----PRESLDDLFQ
 626 -LVLFEPKVLRMVLLEWLSQLEKTFAMKDFPGISNTSSPTVKSNLGAHLLGETEK-RVLDEES----GEGRRVSLV---TEEAGGQITCD--PVSN----LSEPSADRFR
 615 -MVLLDPLCLSDVLQEWAPVLERALGPEDQILPVETTNPEEKTLEEEELVSSMSCCVVVQPEISTSPAADPDESATHTEEEDFRESTPCSIAPVRAQFP-PLANHVELIQ

 576 YRAVFDEYAAGE----LVNLLEKLAQ----VMVEHGDTPDQAQRNCYEMYF-----DYLDPEMIWEVDDATRDHIA-------------------AGFVLLNTSQNAEIV

 614 -LVLLDPSCLGETLQEWLTVLQGILGPEELRSTAAADSDVNEPGEE---RSGYLNSGSEQQDGSLFPSGEPTESITEESGELEEREDKCEMKPDG-----SNGNHPAPVR
     --------------------------------------------------------------------------------------------------------------

  ICSPCAIASGLRNDLAELTTLCLELNVLNSKI-KSTSGHVDHT-LQQYSPEILACQFLKKYFFLLNLKRAKE-SIKLSYS-----------NSPSVWDTFIEGLKEMASS
 721 VCSPYAITNSLQRDLAELTTLCLELNVLTSAM-ESVGGHVDRA-SQQLSPEILACRFLKKYFFLLDLKRAKE-SIKLTYD------------SPCVWDTFVEGLKEMARS
 723 LFSPKPLPPDLQADLSLLACLYLEMGCPGRG----------------G--MESVCVFLRRFFFLLDQERVRR-MCMLRYR-----------ENREVLKAYIAGMLEFTQA

 654 KCEHCSFPLRFDT-----SCQYHELGAVLLRYFWSRGEQLKCFDVVQSVPA-L-LDVLAK-FYLAEQNLTKVVAIVLNYGLPELLADVGKQLSVSAWGRCFEQFVELQRG

 715 VESPEPLPSDLLESLTQLATLHTEMSCFRNQ----------------ENEAASCTLFLRSYFFLLDQERVRR-MCLMCYQ-----------DQPEVQSSFIEAMLELTQS
     --------------------------------------------------------------------------------------------------------------

  NPVYME-------MEKGDLPTRLKLLDDEVPFDSPLLVVYATRLYEKFGESALRSLIKFFPSILPSDIIQLCHHHPAEFLAYLDSLVKSRPEDQRSSFLESLLQPESLRL
 816 NPAYTE-------LEEGDLPTGLQLLDGSVPSDSPLLIAFATRLYDRFGESALRACIKFYPSISPSDIAQLCRHHPAQFLAYLDSLVKSRPEDQWPSFLEFLLQPESLRL
 803 SKVVEV-------IQKGDLLKSLRSLRELQPWNAPLLLSHLYRLYEKHGEVAVRAYPQFYPTILPSDIMAMA--LPSHFLPYLDNLVQSRAEQQRLSFLGSLLQPETLRQ

 756 GRLVCANCECISGVEQEQLGR-----HFFYNWNCFLNIAL-----DHMSAGDTLALIFKWSSYIPNDAIDR------------------------EFYSRCLLKG-----

 797 SKVVEV-------IQRGDLLRSLRSLRELQPWSAPPLLAHLHRLYQKHGEAAVRSFTQFYPTITPADVMTMA--QQSHFLAYLDNLVQSQTEEHRLSFLQCLLEPESLRQ
     --------------------------------------------------------------------------------------------------------------

 922 DWLLLAVSLDAPPSTSTMDDEGYPRPHSHLLSWGYSQLILHLIKLPADFITKEKMTDICRSCGFWPGYLILCLELERRREAFTNIVYLNDMSLMEGDNGWIPETVEEWKL
 919 EWLLLAVSHDAPPSTSTVDDEGHPRPHSHLLSWGYSQLILLLIKLPADFTTKEKMTDICRSYGFWPGYLTLCLELERRREAFTNIVYLNDISLMEGDNGWIPETLEEWKL
 904 DWLELALSHDAPQREDTLTHDGQPRWHSHFFSWGYGRLLSLLIRLPADLASKQKMLDMCKAHGYWMGYLYLCRELQRRAEAFSAICRLDDMTLLEGDDGIVPQSLDEWVL

     --------------------------------------------------------------------------------------------------------------

 898 DWLELALTHDAPQRCDTISPDGHPRWHSHRFSWGYGRLLSLLIRLPADLPSKQKMAECCRSHGYWTGYVFLCCELQCREEALSTICQLDDISLLEEADGVVPQTLEEWKL
     --------------------------------------------------------------------------------------------------------------

 LLHLIQSKSTRPAP--------------QESLNGS--------LSDGPSPINVENVALLLAKAMGPDRAWSLLQECGLALELSEKFTRTCDILRIAEKRQRALIQSMLEK
1029 LLHLLQTKSTRPAP--------------QESLNGS--------LSDGPAPINVENVALLLAKAMGPDRAWSLLQECGLALELSEKFTRTCDILRIAERRQRALIQGMLEK
1014 LLQLSQQISASDESSLTSTKNSNGSCLDDANSNGDCSSGLSNGSTDWSIQVSPENIILRLVRVFGPDRALTALQEHGIPVDHSSRSTLVCDLLRMAEKRQRALIQSMLER

     --------------------------------------------------------------------------------------------------------------

1008 LIRLSQRCSSAV---------------DSEQVAGSNGSGWSNGSADCGGKINPENLTLMLARTAGPDRAVAVLEECQVHLDLSPHSKLVCELLRVTETRQRAMIQTMLER
     --------------------------------------------------------------------------------------------------------------
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Figure 2.6: Full alignment of predicted HSP5 orthologues. The Clustal Omega (Siev-
ers et al. 2011) alignment of the full predicted HPS5 protein sequences in a variety of animals
shows the highly conserved nature of the protein.
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Genome editing of Hps5 phenocopies casper

We next tested whether other predicted loss-of-function mutations in stickleback Hps5 could
phenocopy casper mutants. The CRISPR/Cas9 system has been shown to be effective in
genome editing in a wide range of model organisms, including another teleost, zebrafish
(Hwang et al. 2013; Talbot and Amacher 2014). Two guide RNAs (gRNAs) were designed
to target the sixth exon of stickleback Hps5 (Figure 2.7A). Injection of either of the two
gRNAs alone as well as Cas9 mRNA at the one cell stage resulted in a wide range of
insertions/deletions (indels) within the Hps5 coding region of representative injected embryos
(Figure 2.7B). Co-injection of the two gRNAs with Cas9 mRNA resulted in local indels
around each gRNA target, but also larger deletions between the two, with an overall increase
in indel size over single guides (P <0.05, 1-tailed Mann-Whitney U, Figure 2.7B).

Hps5 gRNA injected embryos phenocopied casper mutants, with severely reduced melaniza-
tion in both the RPE and melanophores (Figure 2.7C). Coinjection of these two gRNAs
resulted in highly efficient induction of pigmentation phenotypes. Only 3/32 (9%) of the
surviving embryos had fully wild-type pigmentation at 6dpf, while 15/32 (46.9%) displayed
a severe loss of pigment, and 14/32 (44%) appeared mosaic (Figure 2.7C). Embryos injected
with only a single gRNA displayed a similar loss of pigmentation, though with decreased effi-
ciency (P <0.01, binomial test, Table 2.4). Overall, we observed severe or mosaic casper-like
pigmentation phenotypes in 29/32 (91%) of injected embryos, and 8/9 (90%) of sequenced
target regions contained indels near a protospacer adjacent motif (PAM) (Figure 2.7B).
Hps5 injected embryos were viable and displayed mosaic reduced RPE and melanophore
melanization into adulthood, as well as a mosaic loss of iridophore pigmentation (Figure
2.7D).
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Figure 2.7:
CRISPR/Cas9 in-
duced mutations in
Hps5 phenocopy the
casper mutation. (A)
Two guide RNA sequences
were targeted to the 6th
exon of stickleback Hps5
and were singly or co-
injected along with Cas9
mRNA at the 1 cell stage.
(B) Sanger sequencing
of clones derived from
single representative Hps5
injected fish reveals the
highly efficient and mosaic
nature of Cas9 mediated
indel formation. (C) Most
[29/32 (91%)] embryos
injected with Hps5 gRNAs
displayed pigmentation re-
ductions, with 14/32 (44%)
displaying a mosaic loss of
pigment in melanophores
and RPE, and 15/32 (47%
of F0 injected fish) dis-
played >75% loss of RPE
(severe loss). (D) Adult
Hps5 gRNA injected stick-
lebacks show a mosaic loss
of pigmented melanophores
and iridophores and are
partially translucent. scale
bars = 100 μm (C), 1mm
(D).
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Guide RNA Wild-Type Mosaic casper -like
Hps5 guide 1 2 (8%) 19 (73%) 5 (19%)
Hps5 guide 2 6 (15%) 25 (64%) 8 (21%)

Hps5 guide 1 + Hps5 guide 2 3 (9%) 14 (44%) 15 (47%)

Table 2.4: Highly efficient generation of mosaically albino embryos with
CRISPR/Cas9. Each row lists all viable embryos of a single injected clutch. Guide
RNA indicates whether a single guide or two guides was co-injected along with Cas9 mRNA.
Wild-type is the number of embryos displaying no visible albino clones. Mosaic indicates
the number of embryos with albino clones ( 1% to 75% albino). casper -like indicates the
number of embryos that were severely affected (>75% albino).

Visualizing fluorescent transgenic reporters in casper mutants

Fish embryos are highly transparent and develop externally, allowing for easy visualization
of early embryogenesis. Combined with efficient transgene incorporation using Tol2 trans-
genesis (Kawakami 2005; Erickson et al. 2016), sticklebacks represent a powerful system for
assaying the activity of developmental enhancers using fluorescent reporter constructs (Er-
ickson et al. 2015). However, as fish develop and become more pigmented, imaging becomes
extremely difficult, and investigations into late-acting enhancer elements require microdis-
section. We next sought to test whether the reduced pigmentation of casper embryos would
allow for easier imaging of enhancer patterns in juvenile fish.

We crossed a heterozygous casper female to a male carrying a single copy of a fluorescent
reporter of a previously described 190 base pair Bmp6 enhancer (Erickson et al. 2015),
previously described to be active in the fins and teeth. Two months post fertilization, wild-
type males showed reported green fluorescent protein (GFP) expression in the lens of the
eye, a known internal positive control domain of expression of the zebrafish heat-shock 70-like
(Hsp70l) promoter used (Erickson et al. 2015), with other expression domains obscured by
pigmented cells (Figure 2.8A). casper mutants carrying the transgene showed similar robust
lens expression, but also better revealed other visible juvenile expression domains in oral and
pharyngeal teeth, as well as revealed a previously unreported major expression pattern in
the liver (Figure 2.8B-D).
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Figure 2.8: casper mutants allow improved visualization of fluorescent reporter
genes (A) A fluorescent GFP reporter of a previously described tooth enhancer (Erickson
et al. 2015) is only clearly visible in the lenses (white arrow) of wild-type fish. (B) A casper
sibling with the same stable integration of the fluorescent reporter reveals more readily
apparent oral (white filled arrowhead) and pharyngeal teeth (asterisk) domains, and clearly
reveals a major previously unreported liver expression domain (black filled arrowhead). (C)
GFP reporter activity during oral tooth development and replacement. (D) The left side of
the liver expression domain in casper fish (right visible in B). Scale bars = 1 mm.
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2.5 Discussion

Here we present the first stickleback model of Hermansky-Pudlak syndrome, the spontaneous
X-linked recessive casper phenotype, resulting from a frame-shifting insertion in Hps5. Hps5
mutants display oculocutaneous albinism, with severely decreased pigment in melanophores,
iridophores, and erythrophores, though interestingly not xanthophores. These pigment phe-
notypes suggest that pterinosomes in xanthophores develop in a Hps5 independent manner,
while the melanins, carotenoids, or guanine crystal containing organelles in melanophores,
erythrophores, and iridophores develop in a Hps5 dependent manner. Pigment was also
drastically reduced in the retinal pigmented epithelium (RPE) of Hps5 mutants, suggesting
defects in LRO biogenesis are not restricted to chromatophores, as the RPE does not contain
chromatophores (Schraermeyer and Heimann 1999). Additionally, we observed a bleeding
phenotype in casper mutants, potentially similar to the bleeding diathesis phenotype seen
in human HPS5 mutants (Huizing et al., 2004). Overall, these phenotypes agree with the
reported phenotypes of mutations in BLOC-2 complex members in other species (Zhang et
al. 2003; Daly et al. 2013; Nakayama et al. 2016).

It is unclear why the stickleback casper mutation in exon 6 of Hps5 causes more severe
pigmentation phenotypes than the zebrafish snow white mutation (Daly et al. 2013), which
is lethal, unlike the stickleback Hps5 mutations reported here. Whether more N-terminal
mutations within or prior to the WD40 domains also cause lethality, as previously proposed
(Daly et al. 2013), in sticklebacks could be tested by inducing mutations more N-terminal
in Hps5.

Hps5 underlies the casper phenotype

Our mapping-by-sequencing approach using bulked segregant analysis of casper mutants
revealed a peak genetic signal near Hps5 on chromosome 19, the stickleback X chromo-
some. By Sanger sequencing we found the insertion of a single guanine to a heptaguanine
run in the coding frame of Hps5 in casper mutants. This spontaneous insertion might be
due to the presence of this homopolymer repeat, as the rate of indel formation is elevated
at long homopolymer runs (Montgomery et al. 2013), potentially due to polymerase slip-
page (Levinson and Gutman 1987). Lastly, we showed injection of Cas9 mRNA and Hps5
guide RNAs resulted in induced mutations in Hps5 and embryos displaying oculocutaneous
albinism phenotypes similar to casper mutants, demonstrating Hps5 disruption underlies
the casper phenotype. Although our approach using 47 pooled mutants identified a strong
candidate gene, future mapping-by-sequencing of other mutations could generate improved
genetic resolution by pooling even more mutant DNAs.

Live imaging of fluorescent reporters in casper embryos

casper and Hps5 mutant embryos are both semitransparent even as adults, unlike their
wild-type siblings. This transparency allows for better live imaging of fluorescent transgenic
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reporters in Hps5 mutant fish. Imaging a previously characterized enhancer of Bmp6 (Er-
ickson et al. 2015) in Hps5 mutants, we discovered a major unreported expression domain
in the liver. We also found that imaging the previously reported dynamic tooth expression
domains (Erickson et al. 2015) to be greatly facilitated by the depigmented phenotype of
Hps5 mutants. The viable nature of the casper mutation allows for the creation of stable
transgenic lines to more easily visualize reporter gene expression, especially at older postem-
bryonic stages. The X-linked nature of the casper mutation allows for the recovery of casper
males from outcrosses to different stable lines within a single generation.

Genome editing with CRISPR/Cas9

We report the first successful generation of loss-of-function mutations using the CRISPR/Cas9
system in sticklebacks. Coinjection of Cas9 mRNA along with either of two guide RNAs
(gRNAs) targeted to exon 6 of Hps5 resulted in a high frequency (>90%) of embryos with
severe or mosaic pigmentation phenotypes. Furthermore, strong pigment phenotypes were
seen in both XY males and XX females, implying that Cas9 is able to induce bi-allelic hits
in stickleback embryos. We also see evidence for high efficiency in our single clone Sanger
sequencing, as most (8/9) of our sequenced clones contained induced mutations. This high
rate suggests that Hps5 guide RNAs could be used as a marker for other guide RNAs in
a co-CRISPR approach (Kim et al. 2014; Kane et al. 2017), with more albino embryos
representing embryos with high levels of nuclear Cas9 activity. As stickleback testes are pig-
mented, screening for albino testes might further enrich for germline mutations from other
co-injected gRNAs.

Injection of even a single gRNA is sufficient to induce large (>25 bp) deletions around the
genomic target, similar in size to zebrafish reports but larger than in human cells (Hwang et
al. 2013; Paquet et al. 2016). Co-injection of two gRNAs resulted in an increase in efficiently
edited embryos, suggesting co-injection results in a high F0 mutation induction efficiency and
allows phenotypic analysis of F0 injected embryos, as we have done here. Furthermore, co-
injection of two gRNAs significantly increased the induction of deletions of the intervening
sequence between our two Hps5 guide RNAs, showing that Cas9 can efficiently induce ge-
nomic deletions in stickleback embryos. These deletions could have a stronger effect on gene
function, and allow for easy and inexpensive genotyping of stable mutants. Additionally,
these deletions could be targeted to non-coding DNA such as enhancers, which might not be
as sensitive to small deletions as a coding frame. Inducing deletions of regulatory elements
will allow functional genetic tests of candidate regulatory elements that underlie evolved
changes.
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3.1 Abstract

Threespine stickleback fish offer a powerful system to dissect the genetic basis of morpho-
logical evolution in nature. Marine sticklebacks have repeatedly invaded and adapted to
numerous freshwater environments throughout the Northern hemisphere. In response to new
diets in freshwater habitats, changes in craniofacial morphology, including heritable increases
in tooth number, have evolved in derived freshwater populations. Using a combination of
quantitative genetics and genome resequencing, here we fine-mapped a quantitative trait lo-
cus (QTL) regulating evolved tooth gain to a cluster of ten QTL-associated single nucleotide
variants, all within intron four of Bone Morphogenetic Protein 6 (Bmp6). Transgenic re-
porter assays revealed this intronic region contains a tooth enhancer. We induced mutations
in Bmp6, revealing required roles for survival, growth, and tooth patterning. Transcriptional
profiling of Bmp6 mutant dental tissues identified significant downregulation of a set of genes
whose orthologs were previously shown to be expressed in quiescent mouse hair stem cells.
Collectively these data support a model where mutations within a Bmp6 intronic tooth en-
hancer contribute to evolved tooth gain, and suggest that ancient shared genetic circuitry
regulates the regeneration of diverse vertebrate epithelial appendages including mammalian
hair and fish teeth.

3.2 Introduction

Finding the genes and ultimately the mutations that drive the evolution of animal form
remains an important goal in biology [1]. The cis-regulatory hypothesis proposes that cis-
regulatory changes are the preferred substrate for morphological evolution because these
mutations are more likely to bypass the negative pleiotropy typically generated by coding
mutations in developmental regulatory genes [2]. Although many studies in a variety of
organisms have found cis-regulatory alleles underlying morphological evolution, less is known
about why or how cis-regulatory alleles are used [3,4]. For example, for genes found to
have cis-regulatory alleles associated with evolved differences, whether coding mutations
generate negative pleiotropy and/or reduced fitness remains largely untested in many natural
populations.

Teeth are a classic model system for studying organ development and evolution in verte-
brates [5,6]. During tooth development, epithelial and mesenchymal cells reciprocally signal
to each other, integrating dynamic BMP, TGF-β, FGF, SHH, Notch, Activin, EDA, and Wnt
signals to orchestrate the formation of a mature tooth [7,8]. Bone Morphogenetic Protein
(BMP) signaling plays multiple critical roles during tooth development. During tooth initi-
ation, epithelial Bmp4 inhibits expression of Pax9 and Pitx2, developmental markers of the
forming tooth placode [9,10]. These results suggest an inhibitory role of BMP signaling on
tooth development. However, several lines of evidence support an activating role of BMPs on
tooth development. For example, exogenous BMP4 can rescue tooth development in Msx1
mutant mice and accelerate tooth development in cultured tooth mandibles, suggesting an
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activating role of BMP signaling [11,12]. Furthermore, mice with dental epithelial ablation of
the BMP receptor, Bmpr1a, or transgenic for a construct overexpressing a BMP antagonist,
Noggin, in dental epithelium have tooth arrest at the bud and placode stage, respectively
[13,14]. Together, these results suggest that there are both activating and inhibitory roles
of BMP signaling during tooth development. However, the roles of many BMP signaling
components are not fully understood. Furthermore, the genetic pathways of early tooth
pattern and initiation have been extensively studied and well characterized in mice. Because
mice are monophyodont rodents that do not replace their teeth, considerably less is known
about the developmental genetic basis of tooth replacement. Polyphyodont vertebrates (e.g.
sharks, teleosts, and reptiles) that continuously replace their teeth offer an opportunity to
study the genetic and developmental basis of tooth regeneration [6].

Threespine stickleback fish (Gasterosteus aculeatus) are an excellent model for under-
standing the molecular genetic basis of natural variation, including evolved differences in
tooth number [15,16]. Sticklebacks have undergone a dramatic adaptive radiation in which
ancestral marine sticklebacks have colonized freshwater lakes and streams throughout the
Northern hemisphere [17]. Recent genetic studies have implicated cis-regulatory changes of
developmental signaling molecules as underlying several aspects of stickleback morphological
evolution [18-23]. Genome-wide searches for regions under selection during freshwater adap-
tation have found an enrichment in non-coding elements of the genome, further implicating
cis-regulatory changes in underlying stickleback evolution [24].

Freshwater sticklebacks have evolved several morphological adaptations in their head
skeleton, some likely due to the shift to feeding on larger prey in freshwater niches [25].
While many freshwater adaptations in sticklebacks involve skeletal loss, a constructive gain
of pharyngeal tooth number is seen in freshwater benthic (adapted to lake bottom) and creek
populations [19,26]. Pharyngeal teeth lie in the pharynx of fish and are serial and phyloge-
netic homologs of mammalian oral teeth [27]. Pharyngeal jaw patterning is an adaptive trait
in fish that covaries with diet and ecological niche [28]. Many aspects of the developmen-
tal genetic circuitry regulating tooth development are conserved from mice to fish [29-31].
Thus, evolved tooth gain in sticklebacks provides a powerful opportunity to understand the
evolutionary genetics of tooth development and replacement.

Evolved tooth gain in benthic freshwater fish from Paxton Lake in British Columbia
is accompanied by an increase in the size of the tooth field, a decrease in tooth spacing,
and an increase in tooth replacement rate late in development [19,26] (Table 3.11, columns
1-3). Previously we showed that this derived tooth pattern is partially explained by a
large effect quantitative trait locus (QTL) on chromosome 21 that is associated with a
late-acting cis-regulatory downregulation of Bmp6 expression from benthic alleles in dental
tissue [19] (Table 3.11, column 4). These results make Bmp6 an excellent candidate gene for
underlying evolved tooth gain by regulating tooth patterning and replacement. As no coding
changes were found between marine and benthic freshwater alleles of Bmp6 [19], we sought
to map candidate regulatory regions of Bmp6 associated with evolved tooth gain. Here,
we use a combination of recombinant mapping, comparative genomics, genome editing, and
transcriptional profiling to further dissect the molecular genetic basis of evolved tooth gain



CHAPTER 3. AN INTRONIC ENHANCER OF BMP6 UNDERLIES EVOLVED TOOTH GAIN IN

STICKLEBACKS 42

and the role of Bmp6 during tooth development in threespine sticklebacks.

3.3 Results

Recombinant mapping of chromosome 21 tooth number QTL
identifies an 884 kb interval containing Bmp6

We previously identified and fine-mapped a large effect tooth number QTL to a 2.56 Mb 1.5-
LOD interval on stickleback chromosome 21 containing an excellent candidate gene, Bone
Morphogenetic Protein 6 (Bmp6 ), along with 58 other predicted genes [19,32]. To further
fine-map this QTL, we identified three chromosomes with marine-benthic recombination
events within the 2.56 Mb fine-mapped interval (Fig 3.1). Fish with each of these recombinant
chromosomes were crossed to fish heterozygous for marine and benthic alleles of chromosome
21 to generate large (>100 fish each) crosses to test these recombinant chromosomes for
effects on tooth number (Fig 3.1A, Table 3.1). Recombinant chromosomes that increase
tooth number compared to marine chromosomes suggest that the tooth controlling region of
chromosome 21 lies within the benthic portion of the recombinant chromosome. We used a
likelihood ratio test to determine whether each recombinant chromosome behaved more like
a marine or benthic chromosome. Recombinant chromosomes one and three increased tooth
number, each behaving like a benthic allele of chromosome 21 (P value from likelihood ratio
test = 3.0 x 10-4 for both) (Fig 3.1B). Recombinant chromosome two did not increase tooth
number, behaving like a marine allele of chromosome 21 (P = 1 x 10-3 from likelihood ratio
test) (Fig 3.1B). Together, these recombinant crosses support a new smaller genetic interval,
884 kb in the stickleback reference genome assembly [24], that contains 21 predicted genes
including Bmp6 (Fig 3.1C), reducing the physical size of the interval and number of genes
by 65% and 64%, respectively.
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Figure 3.1: Recombinant mapping of chromosome 21 tooth QTL supports an
884 kb interval containing Bmp6. A). Schematic of three recombinant crosses. In
each cross, fish heterozygous for recombinant and marine (Cross 1 and 3) or recombinant
and benthic (Cross 2) alleles of chromosome 21 were crossed to fish heterozygous for non-
recombinant marine and benthic alleles of chromosome 21. For each cross, cartoons of
Punnett squares are shown, with haploid genotypes to the left and top and four classes
of resulting diploid genotypes shown in the lower right. (B) Size-corrected total ventral
pharyngeal tooth number and standard error are listed for each genotypic class within each
of the recombinant crosses. For each cross, parental genotypes of the tooth QTL are listed
and coded: marine (M), benthic (B), or recombinant (R). Likelihood ratio tests were used
to test whether recombinant chromosome effects on tooth number behaved like a marine or
benthic chromosome (see Methods). P -values from each likelihood ratio test are listed with
the supported direction column in B. (C) The chromosome 21 tooth QTL was previously fine
mapped to a 2.56 Mb region containing Bmp6 along with 58 other Ensembl predicted genes
[19]. The three recombinant chromosome 21s tested are shown. Genotypes are colored red
for marine, blue for benthic, and grey for unresolved. Arrows denote position of tooth QTL
supported by each recombinant chromosome. The final recombinant mapped interval is 884
kb in the reference genome assembly and contains 21 predicted genes, including Bmp6.
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Cross N=
Correc-
tion

Primer sequences left
recombinant position

Primer sequences
right recombinant

position

Marker
Type

1 109 Sex

CACTGAAGCCGG
AGGAGAGG, ATC
AGAGAGGGTCCA

GAACG

AGTCCGCCACTTG
TCTTTCC, GTCAT
GCAGACCATGATT

CC

Size Poly-
morphism

2 147
SL
and
Sex

TGAACCAATTGTT
TGGAACATC, AAT
CGCCATGTCAAAT

TCCT

CCCGCAAGAAAG
CAATTTAT, TTTG
TTTCCTGCCTTCG

AGT

Size Poly-
morphism

3 102
SL
and
Sex

ATCCAGCCCAGAG
TGAAATG, GGCCT
ACCAACTTGACCG

TA

TGTGTGCAAACAC
ACAGCAT,TCTGC
TCTGCTTTGCTTC

TTC

RFLP
(AvaII

left, SalI
right)

Table 3.1: Summary of recombinant crosses. Sample sizes of the Paxton benthic x Little
Campbell marine recombinant crosses are shown along with the primer sequences for left
and right genotyping markers used as the boundaries for the recombination breakpoint. The
markers for recombinant 1 and 2 are size polymorphisms and the markers for recombinant 3
are restriction fragment length polymorphisms (RFLPs) using the restriction nuclease shown.
Standard fish length (SL) and sex were corrected for when appropriate and corrections
performed for each cross are listed. For each left and right marker, the left and right positions
in base pairs, respectively, on chromosome 21 in the stickleback genome assembly [24] are
listed.

Seven out of eight derived benthic chromosomes have a large
effect tooth QTL

To estimate the frequency of the chromosome 21 high tooth number allele within the wild
Paxton benthic population, we generated six marine by benthic F2 crosses testing eight wild-
derived benthic chromosomes (named B1-B8, Fig 3.2, Table 3.2). These chromosomes had
different genotypes at three microsatellite loci located 5′, within, and 3′ of the chromosome
21 tooth QTL, suggesting they are molecularly distinct wild chromosomes (Table 3.2, see
Methods). We found that seven of these eight benthic chromosomes had significant effects on
tooth number with the same direction and similar magnitude of effect (Fig 3.2, Table 3.2).
The benthic chromosome tested in cross 6 (B8) had no effects on tooth number (Fig 3.2,
Table 3.2). These results together suggest that the high tooth number allele on chromosome
21 is at high frequency in the Paxton benthic population, but at least one lower-frequency
benthic allele is not associated with an increase in tooth number.
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Figure 3.2: Seven of eight benthic chromosome 21s have a tooth QTL. (A-F) Re-
sults from six benthic by marine F2 crosses testing eight molecularly distinct (see Methods)
benthic chromosome 21s (B1-8) are shown. (A-E) Benthic chromosomes 1-7 had strong ef-
fects on tooth number; however (F) the benthic chromosome 8 had no detectable effects on
tooth number. Back-transformed total tooth numbers from marine homozygous (red), het-
erozygous (purple), and benthic homozygous (blue) fish for chromosome 21 are shown (see
Methods). P values from an ANOVA for cross 1-6 are 0.002, 0.024, 0.0005, 0.004, 2.11x10-5,
0.69, respectively (* = P <0.05, *** = P <0.01). F2 crosses 1, 3, and 4 are testing two
benthic chromosomes each and crosses 2, 5, and 6 each are testing one. Crosses 1 and 4
share a benthic chromosome. See Table 3.2 for more details.
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Cross

Populations
crossed
(male x
female)

n F2s Marker MM MB BB
Chrom-
osomes
tested

ANO-
VA
P -

values

LRT
P -

values

1
PAXB x
JAMA

92 CM1440
71

(1.2)
75

(1.6)
80

(1.3)

B1

and
B2

0.002
0.01,
0.03

2
PAXB x
JAMA

51 CM1440
61

(1.6)
63

(1.6)
68

(1.9)
B3 0.024 NA

3
PAXB x
RABS

62 Stn489
77

(3.1)
82

(2.1)
96

(2.4)

B4

and
B5

0.0005
0.0005
0.02

4
JAMA x
PAXB

77 Stn489
72

(1.7)
73 (2)

81
(2.9)

B1

and
B6

0.004
0.04,
0.04

5
PAXB x

LITC
138 Stn487

62
(1.4)

65
(0.9)

72
(1.5)

B7
2.1 *
10-5 NA

6
PAXB x

LITC
75 Stn487

72
(3.1)

74
(1.9)

74
(2.7)

B8 .69 NA

Table 3.2: Benthic x marine F2 cross summary. Results from marine by benthic F2

crosses testing eight benthic chromosomes. Populations, number of F2 fish, and chromosome
21 marker genotyped for each cross are listed. PAXB = Paxton benthic, JAMA = Japanese
marine, RABS = Rabbit Slough marine, LITC = Little Campbell river marine. Sex of each
grandparent is indicated in Populations crossed (male x female) column. For each cross, the
most informative and completely genotyped marker nearest to the previously reported QTL
peak [19] is listed. Standard length effects on total ventral pharyngeal tooth number were
corrected for when appropriate and residuals were back-transformed to the mean standard
fish length within each cross. Mean and standard error of corrected tooth number are shown
for marine homozygotes (MM), heterozygotes (MB), and benthic homozygotes (BB). All
PAXB grandparents were different fish, except the grandparent of crosses 5 and 6, which
was the same PAXB male fish. The eight different molecularly distinct benthic chromosomes
(see Figure 2) are listed in Benthic chromosomes tested column. Crosses 1, 3, and 4 tested
two distinct benthic chromosomes and crosses 2, 5, and 6 tested a single benthic chromo-
some. Crosses 1 and 4 share a benthic chromosome with the same microsatellite genotypes
(see Methods). P values from ANOVAs for testing whether genotype significantly effects
tooth number phenotype are listed (see Fig 3.2). The last column shows P values from two
likelihood ratio (LR) tests comparing the additive model to no effect benthic 1 model and
no effect benthic 2 model are shown. The four allele marker used for crosses 1, 3, and 4 were
CM1440, Stn223, and CM1440, respectively. The LR tests show that both benthic chromo-
somes have significant effects on tooth number in crosses 1,3, and 4. F2 crosses 2, 5, and 6
contain the same benthic chromosome and thus, in these crosses the benthic chromosomes
can not be tested individually (since they can not be molecularly distinguished).
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Whole genome resequencing reveals a cluster of QTL-associated
variants in intron 4 of Bmp6

We hypothesized that the Paxton benthic chromosome 21 alleles that increase tooth number
(B1-7, Fig 3.2) share sequence variants that underlie evolved tooth gain that are not present
on marine alleles or the benthic chromosome 21 allele without the tooth QTL (B8, Fig
3.2). To test for QTL-associated variants, we resequenced the genomes of the four benthic
grandparents from crosses 1-4, two F2 fish homozygous for chromosomes B7 and B8, and
the three marine grandparents from crosses 2, 5, and 6 tested in Fig 3.2 (Table 3.3). We
identified 372 sequence variants (consisting of 323 SNPs, and 49 indels) within the 884 kb
fine-mapped genetic interval that were present on all the benthic chromosomes with a large
effect QTL, but not present on marine chromosomes (Fig 3.3A). We gave variants a QTL
concordance score: the absolute value of the proportion of times a variant allele is found in
the benthic fish with a chromosome 21 tooth QTL minus the proportion of times the same
allele was found in fish without a tooth QTL. Only ten of these variants (all SNPs) were
perfectly associated with the presence of the tooth QTL (Fig 3.3). Strikingly, all of these
variants lie within a 4.4 kb region of Bmp6 intron 4 (Fig 3.3B, Table 3.4).



CHAPTER 3. AN INTRONIC ENHANCER OF BMP6 UNDERLIES EVOLVED TOOTH GAIN IN

STICKLEBACKS 48

Fish Library Prep Kit
Total
Reads

Final
Mapped
Reads

Est.
Coverage

Cross 1 - PAXB
Grandparent

NEXTERA XT DNA
sample preparation

kit
45084360 39022926 8

Cross 2 - PAXB
Grandparent

NEXTERA XT DNA
sample preparation

kit
39144478 33907774 7

Cross 2 - JAMA
Grandparent

NEXTERA DNA
sample preparation

kit
59900872 43098831 9

Cross 3 - PAXB
Grandparent

NEXTERA XT DNA
sample preparation

kit
42228302 26568000 6

Cross 4 - PAXB
Grandparent

NEXTERA XT DNA
sample preparation

kit
38992384 32095135 7

Cross 5 - PAXB F2 Epicenter NEXTERA 482809124 323700364 70

Cross 5 - LITC
Grandparent

NEXTERA DNA
sample preparation

kit
70365294 58516503 13

Cross 6 - LITC
Grandparent

NEXTERA DNA
sample preparation

kit
69017068 58385657 13

Cross 6 - PAXB F2 Epicenter NEXTERA 450163966 326212116 71

Table 3.3: Summary of genome resequencing. For each fish used for genome resequenc-
ing, library preparation kit, total reads, final mapped reads, and estimated coverage are
listed. LITC, JAMA, and PAXB refer to the Little Campbell Marine, Japanese Marine, and
Paxton Benthic populations, respectively. Estimated coverage was calculated by dividing the
final mapped reads by the stickleback genome size for each sample. The two high coverage
genomes (>70x) were each sequenced in a full lane and the lower coverage genomes were
barcoded and multiplexed with five other fish per sequencing lane. All sequencing was 100
bp paired-end on Illumina HiSeq2000.
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Figure 3.3: Comparative genomics reveal QTL-associated variants in intron 4
of Bmp6. (A) Comparing genomic sequences of the fine-mapped tooth QTL (from Fig
1C) between marine (n =3, from crosses 2, 5, and 6) and benthic chromosomes with the
tooth QTL (n = 7, from crosses 1-5) identified a set of variants with opposite homozygous
genotypes, colored red for marine (top) and blue for benthic (middle). Note that only
positions with opposite homozygous genotypes within this 884 kb are shown. The benthic
chromosome without the QTL (chromosome B8 from cross 6) had a cluster of variants sharing
the consensus marine genotype (bottom). (B) The ten variants with perfect QTL association
(red points) all lie within intron 4 of Bmp6. The y-axis shows QTL concordance score (see
Methods), a metric of concordance between genotype and presence or absence of tooth QTL.
Gene model of Bmp6 and surrounding genes are based on Ensembl predictions [24].
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Chr. 21 position Reference
QTL-associated

variant
3853687 G C
3855372 A C
3856007 T A
3856021 C T
3856164 G A
3856390 T A
3856434 G T
3856444 A G
3857276 C T
3858044 C T

Table 3.4: QTL-associated variants. Chr. 21 position indicates position on chromosome
21 in stickleback reference genome assembly. Reference lists genotype at that position in
reference genome assembly [24], while QTL-associated variant indicates genotype at that
position of variants concordant with presence or absence of tooth QTL (see Fig 3.3).

QTL-associated variants surround a tooth and fin enhancer in
intron 4 of Bmp6 that drives overlapping and distinct expression
patterns as the Bmp6 5′ enhancer

We previously showed that a cis-regulatory decrease in expression of Bmp6 is associated
with the chromosome 21 tooth QTL in Paxton benthic fish, suggesting that changes to
Bmp6 regulatory elements underlie the tooth QTL [19]. We hypothesized that the region of
intron 4 containing tooth QTL specific variants is a tooth enhancer of Bmp6 (Fig 3.3B). To
test for enhancer function, we cloned a 2 kb intron 4 genomic fragment from marine fish into
a reporter construct (Table 3.5). Transgenic fish for this construct expressed GFP in the
distal tips of developing pectoral and median fins at eight days post fertilization (dpf), and
pharyngeal and oral teeth at 10 dpf (Fig 3.4). These domains have been previously shown
to be endogenous sites of Bmp6 expression in developing sticklebacks [19,33]. These results
demonstrate that the fourth intron of Bmp6 contains an enhancer active in developing teeth
and fins.

To define the minimally sufficient enhancer, we subcloned the 2 kb fragment into two
smaller fragments of 1.3 kb and 511 bp based on patterns of sequence conservation (Fig
3.5A, Table 3.5), and tested for enhancer function in marine stickleback fish. The 511 bp
construct is highly conserved in fish and contains no QTL-specific variants. The 1.3 kb
construct includes the 511 bp region and a less conserved region that contains six of the
10 QTL-specific variants. The 800 bp included in the 1.3 kb construct but not the 511 bp
construct drove no consistent expression, and no convincing differences were observed either
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between the 1.3 kb construct and the 511 bp construct, or marine and benthic versions of
the 1.3 kb construct at early embryonic and larval stages [n >3 injection rounds each, n >20
GFP+ lenses (the internal control domain driven by the Hsp70l promoter) for both early
embryonic and early larval comparisons]. Both the larger 1.3 kb construct and the 511 bp
construct drove expression in the distal edges of the median and pectoral fins at eight dpf (Fig
3.5B). By 13 dpf, the 511 bp enhancer drove expression in mesenchymal cells in developing
pharyngeal teeth, as well as expression in the tooth epithelium (Fig 3.5C). In developing
teeth, the GFP-positive mesenchymal domain extended from each tooth germ deep into the
tooth plate (Fig 3.5C). This tooth expression continued into late juvenile stages when the
pharyngeal tooth number differences arise between marine and freshwater populations (Fig
3.5D) [19]. GFP expression was also detected in late juvenile oral teeth (Fig 3.5E). These
results demonstrate that the intron 4 tooth QTL-associated variants surround an enhancer
sufficient to drive expression in developing fins and teeth.

We previously identified a TGFβ-responsive 5′ enhancer of Bmp6 that also drives expres-
sion in developing teeth and fins in sticklebacks [33]. Because stickleback Bmp6 expression
is spatially and temporally complex in developing teeth [19], we hypothesized that the two
regulatory elements may control distinct aspects of Bmp6 expression in teeth. To test this
hypothesis, we compared GFP expression patterns in fish stably transgenic for reporter genes
for the 190 bp 5′ tooth enhancer or the 511 bp intron 4 tooth enhancer (Fig 3.5C,F-G). As
previously described [33], we found that the 5′ enhancer drives robust expression in develop-
ing tooth epithelium and adjacent tooth mesenchyme (Fig 3.5G). We found that the intron
4 enhancer drove expression that appeared distinct from the 5′ enhancer at some stages of
tooth development (Fig 3.5C,G). The intronic enhancer drove expression in the mesenchy-
mal cores of mature teeth similar to the expression driven by the 5′ enhancer. However, the
intronic enhancer drove deeper mesenchymal expression around the base of the developing
tooth compared to the 5′ enhancer (Fig 3.5C,G).

To directly compare the tooth expression domains driven by the two enhancers, we gen-
erated fish transgenic for both a 511 bp intron 4 enhancer mCherry reporter construct as
well as a 190 bp 5′ tooth enhancer [33] GFP reporter construct (Fig 3.5H). The tooth expres-
sion domains were partially overlapping between the two enhancers in developing teeth (Fig
3.5I-J). As was seen comparing the stable lines, both enhancers drive similar mesenchymal
expression at early stages of tooth development, but the 5′ enhancer and not the intron 4 en-
hancer drove strong epithelial expression at these stages (Fig 3.5I, I′). As tooth development
progresses, the intron 4 enhancer drove expression at the base of the mineralized tooth, in
mesenchymal cells that did not express the 5′ enhancer (Fig 3.5J, J′). These results suggest
that Bmp6 expression in tooth epithelial and mesenchymal cells is driven by at least two
enhancers that drive partially overlapping yet distinct expression patterns.
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Construct Fw primer Rv Primer Enzyme

2 kb enhancer GFP
GCCGGCTAGCAC

CGACACAGCTGTA
CTTGG

GCCGGCTAGCAG
AGTCCTGATGGC

CTCTCC
NheI

1.3 kb enhancer GFP
GCCGGCTAGCGA

GAGCATCCGTCTT
GTGGG

GCCGGCTAGCAG
AGTCCTGATGGC

CTCTCC
NheI

511 bp enhancer GFP
GCCGGCTAGCGT
GTGTGCGCGGTG

GAAAATG

GCCGGCTAGCAG
AGTCCTGATGGC

CTCTCC
NheI

511 bp enhancer mCh
GCCGGCTAGCGT
GTGTGCGCGGTG

GAAAATG

GCCGGGATCCAG
AGTCCTGATGGC

CTCTCC

NheI and
BamH I

Table 3.5: Reporter construct cloning primers. Sequences of forward and reverse
primers used to clone each construct are listed 5′ to 3′ along with the restriction enzyme
used to digest the PCR amplicon. The orientation of the inserts in the GFP constructs were
tested in the minus direction relative to the promoter since the endogenous enhancer is 3′ to
the Bmp6 promoter in the stickleback genome. The mCherry construct was cloned in the
plus orientation to mirror the orientation for the 5′ tooth enhancer transgenic line used in
the co-labeling experiment (see Fig 3.5).
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Figure 3.4: 2 kb intron 4 region is an enhancer active in developing fins and teeth.
(A) The marine 2 kb intronic enhancer drove expression at 8 dpf in the distal edges of the
developing median fin (arrow) and pectoral fin (arrowhead). (B-C) By 10 dpf, the enhancer
drove GFP expression in tooth mesenchyme (arrow) and diffusely in the tooth epithelium
(arrowheads) in pharyngeal (B) jaws. GFP expression was also detected in developing tooth
germs (arrow) in the oral (C) jaws. In B-C, bone is counterstained with red fluorescence by
Alizarin Red. B is a dorsal view of the dissected ventral pharyngeal jaw, while C is a lateral
view with anterior to the left of the upper jaw (premaxilla, top) and lower jaw (dentary,
bottom). (D) This 2 kb enhancer controlled dynamic expression throughout development,
becoming more restricted to the mesenchyme as the tooth matures. Scale bars are 100 μm
(A-C) and 50 μm (D).



CHAPTER 3. AN INTRONIC ENHANCER OF BMP6 UNDERLIES EVOLVED TOOTH GAIN IN

STICKLEBACKS 54

Figure 3.5: Intron 4 region with QTL-associated variants contains a tooth and fin
enhancer. Caption on following page
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Figure 3.5: Intron 4 region with QTL-associated variants contains a tooth and
fin enhancer. (A) Schematic of Bmp6 locus. All ten QTL-associated variants (red ticks)
are located within intron 4. Eight of these variants (red asterisks) are in conserved se-
quence, expanded below. Conservation in teleosts is shown from the UCSC genome browser
(http://genome.ucsc.edu/). Black bars show the 2 kb, 1.3 kb, and the 511 bp enhancer sub-
clones tested. (B-E) GFP reporter expression from the 511 bp enhancer in stable transgenic
fish. (B) At eight days post fertilization (dpf), expression was detected in the developing
distal edge of the pectoral (“p) and median fin (“m). (C) By 13 dpf, relatively faint GFP
expression was present in developing tooth epithelia (arrowhead) and stronger GFP expres-
sion was present in mesenchyme (arrows) of early stage and fully-formed teeth (see Figure
S4 in [19] for time course of tooth epithelia and mesenchyme morphology in whole mounts).
By late juvenile stages, mesenchymal expression was detected in developing pharyngeal (D)
and oral (E) teeth. (F) The 5 (star) and intron 4 (triangle) tooth enhancers of Bmp6 are
shown. (G) The previously described 190 bp 5′ Bmp6 tooth enhancer [33] drove overlapping
but distinct expression than the intronic enhancer. Compared to the intronic enhancer (C),
the 5 enhancer drove more persistent expression in tooth epithelial cells (arrowheads), and
expression in tooth mesenchyme (arrow). (H) Fish doubly transgenic for the 190 bp 5′ en-
hancer driving GFP (green) and the 511 bp intron 4 enhancer driving mCherry (magenta)
allow enhancer patterns to be directly compared. (I-I′) At early stages of tooth development,
both enhancers drove mesenchymal expression (arrows), while the 5′ enhancer, but not the
intron 4 enhancer, drove strong epithelial expression (arrowheads). (J, J′) As tooth develop-
ment progresses, the intron 4 mesenchymal expression (arrow) extended to the base of the
developing tooth, in cells not expressing the 5′ enhancer, while the 5′ enhancer continued
to drive expression in both epithelial and mesenchymal cells. I and J show both GFP and
mCherry channels overlaid, I′ and J′ show the GFP channels only. White asterisks in I, I′, J,
and J′ mark mineralized teeth. Bone is counterstained with Alizarin Red in (C-E, G). Scale
bars are 100 μm (B-G) and 10 μm (I-J).

Induced mutations in stickleback Bmp6

To test whether Bmp6 is required for tooth patterning in sticklebacks, we used transcription
activator-like effector nucleases (TALENs) to generate two predicted loss-of-function muta-
tions in stickleback Bmp6 (Fig 3.6A, Table 3.6). We designed a TALEN pair to target the
highly conserved second exon of Bmp6, which is 5′ to the exons encoding the predicted se-
creted ligand. Thus early stop codons would be predicted to generate strong loss-of-function
alleles. Injection of these TALEN RNAs into stickleback embryos efficiently induced muta-
tions in the Bmp6 target sequence. To identify mutations in F0 injected fish and mutations
transmitted through the germline in F1 fish, we PCR amplified the surrounding sequence
around the target site, digested this amplicon with EcoRI, then gel extracted and sequenced
the uncut band (Fig 3.7). We found that 24-57% of injected F0 stickleback embryos had
detectable deletions, with up to 12% of these embryos appearing to have biallelic mutations
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(Fig 3.7). Consistent with previous studies using TALENs in fish, we identified a spectrum
of insertions and deletions at the target site (Fig 3.6B) [34]. We generated two mutant alleles
that we bred to test for phenotypes: (1) a 13 bp deletion, and (2) a 3 bp deletion plus 4
bp insertion (Fig 3.6B bold). Both of these mutations are predicted to produce frameshifts
and an early stop codon 5′ to the secreted BMP ligand and thus are both likely strong
loss-of-function alleles (Fig 3.8).
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Figure 3.6: Bmp6 is required for viability, growth, and tooth patterning. (A)
Schematic of TALEN pair (green) targeting an EcoRI site (asterisk) in the second exon of
Bmp6. (B) Sanger sequencing of F0 or F1 fish revealed a spectrum of genomic deletions
(colons) and insertions (red) in Bmp6. The two mutations used in this study are in bold.
In the wild-type sequence, the EcoRI site is shown in blue and the edges of the TALEN
targeting sequences shown in green. (C) Confocal images of early juvenile (16-17 mm to-
tal length) wild-type (left) and homozygous mutant (right) ventral pharyngeal tooth plates
showing fewer teeth in mutant. Mutant shown is transheterozygote for 13 bp deletion and
3 bp deletion+4 bp insertion. Scale bar is 200 μm. (D-F) Developmental time course of
tooth number (D), tooth plate area (E), and tooth spacing (F) in wild-type (blue), heterozy-
gous (purple), and homozygous mutant (red) fish. (D-E) Homozygous fish have recessive
reduction of tooth number and tooth plate area at the early juvenile stage (Tukey post-hoc
P values comparing wild-type to homozygous mutant are 9.3 x10-6 and 0.004, respectively
and comparing heterozygous to homozygous mutant are 1.3x10-4 and 0.08, respectively).
Tooth number and area diverges late in development between wild-type and heterozygous
fish. (F) Tooth spacing is not significantly different in the mutant at any stage. The late
juvenile and adult crosses were heterozygous mutant backcrossed to wild-type fish. For D-F,
homozygous mutants include both fish homozygous for the 13 bp deletion mutation and fish
transheterozygous for the 13 bp deletion and the 3 bp deletion + 4 bp insertion (see Table
3.7).
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Target
TAL1 (left), TAL2

(right) RVDs
TAL1,TAL2

Lengths
Spacer

Target Stickleback
Sequence

Bmp6
exon 2

TAL1: HD HD HD
NI NN NI NN NN
NN HD NN NI NN
NN HD HD NN NG
HD TAL2: HD NI
HD NI HD NI HD

NG HD HD HG HG
NN NG NI NN NI

NN NN

19bp 17 bp

CCCAGAGGGCGA-
GGCCGTC

accgcagcagaattccg
CCTCTACAAGG-

AGTGTGTG

Table 3.6: Custom TALEN design and targets. Repeat Variable Diresidues (RVDs)
used to generate left (TAL1) and right (TAL2) nuclease pairs targeting the second exon of
Bmp6, and stickleback target sequence is listed. Underlined nucleotides correspond to the
19bp TAL1 and TAL2 targets flanked by the 17bp spacer containing an EcoRI restriction
site (bold).

Figure 3.7: Efficacy of Bmp6 TALENs in stickleback embryos. (A) Frequencies of
wild-type (+/+), heterozygous (+/-), and homozygous (-/-) mutant F0-injected three days
post fertilization (dpf) embryos are shown for three independent injection rounds. (B) An
EcoRI site was destroyed by induced mutations. Representative EcoRI digest assays on
PCR amplicon from genomic DNA from a homozygous wild-type (left, +/+), heterozygous
(middle, +/-), and homozygous mutant (right, -/-) injected embryo are shown.
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Figure 3.8: Predicted amino acid alignments of the wild-type, 13bp deletion, and
the 3 bp deletion/4 bp insertion alleles of BMP6. Predicted mutant BMP6 sequences,
3bp deletion/4bp insertion (middle) and 13bp deletion (bottom), aligned to wild-type (top)
BMP6 sequence. The 13bp deletion and the 3bp deletion + 4bp insertion generate frameshifts
that result in premature stop codons (marked by asterisk) in the 2nd and 3rd exons, re-
spectively, predicted to truncate the protein. Wild-type BMP6 sequences and intron/exon
boundaries (marked with arrowheads) were previously described [19]. The position of the
EcoRI site used as the genotyping assay is noted.

Bmp6 is required for viability, growth and tooth patterning

To test for tooth patterning phenotypes in Bmp6 mutants, we intercrossed fish that were
heterozygous for the 13 bp deletion or the 3 bp deletion plus 4 bp insertion and raised
developmental time courses. Homozygous mutants were underrepresented from expected
ratios at later developmental stages, suggesting early juvenile lethality (Table 3.7). The
surviving homozygous mutants tended to be slightly smaller (Table 3.7). Because of the late
stage lethality, we continued the Bmp6 mutant time course with heterozygous backcrosses
for late juvenile and adult stages. To test for required roles of Bmp6 in tooth patterning,
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we quantified ventral pharyngeal tooth number, tooth plate area (size of tooth field), and
inter-tooth spacing, three phenotypes controlled by the chromosome 21 tooth QTL [19]
in the Bmp6 mutant time course (Fig 3.6C-F). At the early juvenile stage, homozygous
mutants had a reduction of both tooth number and tooth plate area compared to wild-
type or heterozygous fish (Fig 3.6D-E; Table 3.11, column 5). Beginning in early juveniles,
heterozygous fish had fewer ventral teeth and smaller tooth plate area, which were both
significantly more reduced at later time points including adults (Fig 3.6D-E; Table 3.11,
column 6). There were no significant differences in inter-tooth spacing at any stage (Fig
5F). These results show that Bmp6 is required for specifying tooth number and the size of
the tooth field.

In addition to the bilateral ventral tooth plates, stickleback pharyngeal teeth are also
present on two bilateral dorsal tooth plates, dorsal tooth plate 1 (DTP1) and dorsal tooth
plate 2 (DTP2) [35]. We next asked whether Bmp6 also regulates dorsal pharyngeal tooth
number. We found no significant differences in tooth number of either dorsal tooth plate at
early developmental stages (Fig 3.9). In adults, DTP2 tooth number was significantly lower
in heterozygous mutants, but to a lesser degree than the ventral tooth number differences at
the same stage (Fig 3.9). For both dorsal tooth plates, tooth numbers trended in the same
direction as seen for the ventral tooth plates, with fewer teeth in mutants than wild types.
These results demonstrate that, like the chromosome 21 tooth QTL [32], Bmp6 dosage has
stronger effects on ventral pharyngeal tooth number than dorsal pharyngeal tooth number.
To test whether fish transheterozygous for both the 13 bp deletion and the 3 bp deletion/4
bp insertion have tooth patterning phenotypes, we generated a transheterozygote cross using
the two different Bmp6 mutant alleles. We found that fish transheterozygous for the two
different mutations had similar tooth patterning phenotypes as fish homozygous for the 13
bp deletion (Table 3.8).
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Cross Genotype
Sample
Size

Mortality
P value

Mean
SL

Stdev
Length

P
value

A +/+ 6 0.75 14.53 0.80 0.04
+/- 16 - 14.59 0.55 -
-/- 6 - 13.95 0.72 -

B +/+ 9 0.31 20.56 1.31 0.04
+/- 27 - 20.26 1.44 -
-/- 8 - 19.21 1.20 -

C +/+ 25 .005 25.47 4.63 0.03
+/- 55 - 25.85 4.71 -
-/- 9 - 22.15 2.60 -

D +/+ 32 0.35 37.61 3.07 0.52
+/- 25 - 38.21 3.77 -

E +/+ 18 0.87 41.34 2.25 0.05
+/- 17 - 39.38 3.15 -

Table 3.7: Bmp6 mutant class survival and fish length. Sample sizes, mean total
fish lengths, and standard deviations for crosses generating wild-type, heterozygous, and
homozygous mutant fish (intercrosses, top) or wild-type and heterozygotes (backcrosses,
bottom) are shown. Mortality P values from a Chi-square test expecting a 1:2:1 ratio for the
intercrosses and a 1:1 ratio for the backcrosses are shown. There was significant deviation
from expected 1:2:1 ratios (likely due to mortality) in intercross clutch C, where the fish
were the largest. Length P values from an ANOVA are shown for a recessive model (Wild-
type and heterozygous classes are merged and compared to the homozygous mutants). In
all three intercrosses, homozygous mutant fish were smaller than their heterozygous and
wild-type siblings. One of the backcross clutches had a significant size defect, which was not
seen in the other clutch. Crosses A, C, D, and E contain the 13 bp deletion allele. Cross B
is a transheterozygous cross between a fish heterozygous for the 13 bp deletion and a fish
heterozygous for the 3bp deletion+4bp insertion (see Table 3.8).
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Figure 3.9: Bmp6 mutation effects on dorsal pharyngeal teeth. (A) Size-corrected
pharyngeal tooth number on dorsal tooth plate 1 (DTP1) were not significantly different
between homozygous mutant (red), heterozygous (purple), and homozygous wild-type (blue)
fish at any stage. (B) The dorsal tooth plate 2 (DTP2) tooth numbers were only significant
at the adult stage (ANOVA P = 0.028) in contrast to the ventral pharyngeal teeth (VTP)
results (see Fig 3.6)
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Trait
Wild-type
(WW, n =

9)

Het (WM,
n = 27)

Mutant
(MM, n =

8)

WW-
WM

WM-
MM

WW-
MM

Ventral
Tooth

Number

54.83
(3.34)

54.46
(2.72)

49.73
(4.67)

0.954 0.002 0.007

Dorsal
Tooth
Plate 1
Number

24.35
(2.64)

25.4 (1.99) 24.14 (2.6) 0.451 0.355 0.980

Dorsal
Tooth
Plate 2
Number

66.57 (5.2) 67.5 (5.45)
64.47
(6.07)

0.902 0.378 0.714

Ventral
Tooth

Plate Area
0.08 (0.01) 0.08 (0.01) 0.07 (0.01) 0.680 0.026 0.016

Average
Tooth

Spacing
0.06 (0) 0.06 (0) 0.06 (0) 0.897 0.683 0.938

Table 3.8: Transheterozygous effects on tooth patterning. Analysis of a transheterozy-
gous cross, 13bp deletion by the 3bp deletion/4bp insertion, for tooth patterning phenotypes.
The effect of fish standard length was removed using a linear regression for each meristic
or continuous trait. There were significant recessive differences in the homozygous mutant
class for ventral tooth number and ventral tooth plate area, consistent with the results of the
mutant time course. Continuous trait means and standard deviations (shown in brackets)
for each genotypic class along with P values from a Tukey post-hoc test are shown.

Bmp6 regulates orthologs of BMP target genes, genes in the
TGF-β signaling pathway, and genes upregulated in mouse hair
follicle stem cells

To begin to identify the genetic networks downstream of Bmp6, we performed RNA-seq of
early juvenile wild-type and 13 bp deletion homozygous mutant bilateral pharyngeal tooth
plates (n = 3 of each genotype, Table 3.9). Following read mapping and gene expression
quantification, we performed principal component analysis of normalized read count of the
entire dataset (Fig 3.10A). PC1 explains a large fraction of the total variance (31.15%),
and discriminates between the Bmp6 homozygous wild-type and mutant samples (Fig 6A).
Furthermore, genes whose expression correlated with the first principal component were
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highly enriched for gene ontology terms related to development and cell signaling (Table
3.10).

To test whether stickleback Bmp6 regulates BMP target genes found in other systems,
we compared the genes that were differentially expressed between wild-types and mutants
to three different data sets, two from ToothCODE [8] and the third from a microarray study
[36]. By combining literature mining of published mouse tooth development studies as well
as their own functional analyses, the ToothCODE project collected a list of target genes
downstream of BMP signaling in developing tooth epithelium or mesenchyme [8]. We tested
whether stickleback orthologs of these epithelial and mesenchymal BMP target gene sets
were differentially affected in Bmp6 mutant tooth plate tissue. Orthologs of mesenchymal
BMP target genes as a whole displayed significantly reduced expression in Bmp6 mutants (P
= 1.25 x 10-2), while orthologs of epithelial BMP target genes were not significantly affected
(Fig 3.10B). A third set of BMP signaling target genes was identified in a meta-analysis of
published microarray studies [36]. We next asked whether stickleback orthologs of this gene
set were significantly downregulated in Bmp6 mutant tooth plate tissue. We found this set
of orthologs was significantly downregulated in Bmp6 mutants (P = 3.12 x 10-4), with 15/17
displaying a lower mean expression (Fig 3.10B). These results show that stickleback Bmp6
is required to regulate a conserved battery of BMP-responsive genes.

We hypothesized that the Bmp6 tooth number phenotype may result from changes in
major signaling pathways known to be involved in tooth development [6,7]. The ToothCODE
project manually curated a list of genes involved in tooth development in eight major sig-
naling pathways (BMP, FGF, SHH, Wnt, Activin, TGF-β, Notch, and EDA) important for
tooth development in mice [8]. We asked whether stickleback genes annotated as being in
each of these pathways were concertedly differentially expressed in Bmp6 mutants compared
to wild types. We found the TGF-β signaling pathway to be significantly downregulated (P
= 4.7 x 10-3) in Bmp6 mutant tooth plates (Fig 3.10C). Strikingly, all eight TGF-β com-
ponents tested had reduced mean expression in Bmp6 mutant tooth plates (Fig 3.10D). In
contrast, none of the other seven signaling pathways had significant expression differences
(Fig 3.10C), despite the differences in tooth number in Bmp6 mutants. Together these data
suggest that Bmp6 positively regulates TGF-β signaling in stickleback tooth plate tissue.

In polyphyodont sharks, fish, reptiles, and mammals, Sox2 has been implicated in puta-
tive epithelial stem cells during tooth replacement [3739]. We found no significant differences
in Sox2 expression between Bmp6 wild-type and mutant fish [mean FPKMs (Fragments Per
Kilobase of transcript per Million mapped reads) of 91 and 97, respectively]. In mice, Bmp6
inhibits the proliferation of hair follicle stem cells [40,41]. Teeth and hair are epithelial ap-
pendages with deep developmental and genetic homology [4245]. Thus, we hypothesized that
Bmp6 may play a conserved role of mediating stem cell quiescence during tooth replacement.
A previous study characterized a set of hair follicle stem cell signature genes that are upreg-
ulated in the stem cell niche in the mouse hair follicle relative to the proliferating hair germ
[46]. Bmp6 mutants showed a highly significant (P = 8.5 x 10-12) decrease in the expression
of stickleback orthologs of these genes (Fig 3.10E-F). The reduced expression of the orthologs
of these hair follicle stem cell signature genes supports the hypothesis that Bmp6 regulates
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stem cell quiescence during tooth replacement.

Fish Total Reads Final Mapped Reads SL (mm)
Bmp6 +/+ 1 49144984 30534676 24.70
Bmp6 +/+ 2 53590124 41559304 29.01
Bmp6 +/+ 3 51516122 42258366 26.32
Bmp6 -/- 4 47897146 22799870 25.05
Bmp6 -/- 5 48728442 34295004 22.63
Bmp6 -/- 6 69383016 52728234 22.22

Table 3.9: RNA sequencing summary statistics. Total reads, mapped reads and fish
standard length are listed for each wild-type (1-3) and mutant fish (4-6) used for sequenc-
ing. All libraries were made with the TruSeq Stranded mRNA Library Prep Kit, barcoded,
multiplexed and 100 bp paired-end sequenced in a single lane of an Illumina HiSeq2000.
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Figure 3.10: Transcriptional profiling reveals TGF-β signaling components, BMP
target genes, and hair follicle stem cell signature genes are downregulated in
Bmp6 mutant tooth plates. (A) Principal component analysis of genome-wide expression
levels in late juvenile ventral pharyngeal tooth plate tissue by RNA-seq separates wild-type
(Wt, blue) and Bmp6 mutants (Mut, red) along PC1. (B) BMP target genes during tooth
development [8] were significantly downregulated in the mutant mesenchyme (P = 1.25 x
10-2, middle bar), but not in the epithelium (left bar). A set of BMP target genes [36] was
significantly downregulated in mutants (P = 3.12 x 10-3, right bar). For B and C, gene sets
with significant expression differences between wild-type and mutant are listed in red and
with an asterisk. (C) Expression of ToothCODE signaling pathways. Homozygous mutant
fish (Mut) had significantly lower TGF-β pathway expression compared to wild-type fish
(WT) (P = 4.7 x 10-3). None of the other pathways showed significant differences. (D) Each
of the ToothCODE TGF-β genes was downregulated in the mutant. Error bars are SE of the
mean. (E) A previously described set of genes upregulated in the mouse hair follicle stem cell
niche [46] was downregulated in Bmp6 mutants (P = 8.5 x 10-12). hfSC = hair follicle stem
cells (F) Hair follicle stem cell signature genes showing significant downregulated expression
in Bmp6 mutants.
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GO Term Description FDR q-value
GO:0044421 extracellular region part 7.73E-12
GO:0005576 extracellular region 1.44E-11
GO:0005581 collagen trimer 8.85E-11
GO:0005615 extracellular space 1.03E-09
GO:0031012 extracellular matrix 2.58E-07
GO:0032502 developmental process 3.22E-07
GO:0044767 single-organism developmental process 6.04E-07
GO:0048646 anatomical structure formation involved in morphogenesis 6.57E-07
GO:0044707 single-multicellular organism process 8.78E-06
GO:0032501 multicellular organismal process 1.10E-05
GO:0098797 plasma membrane protein complex 1.90E-05
GO:0044459 plasma membrane part 2.25E-05
GO:0044724 single-organism carbohydrate catabolic process 2.48E-05
GO:0007155 cell adhesion 2.60E-05
GO:0016021 integral component of membrane 2.69E-05
GO:0044699 single-organism process 2.87E-05
GO:0022610 biological adhesion 2.97E-05
GO:0007166 cell surface receptor signaling pathway 3.75E-05
GO:0048856 anatomical structure development 4.04E-05
GO:0004872 receptor activity 4.57E-05
GO:0031224 intrinsic component of membrane 4.68E-05
GO:0016052 carbohydrate catabolic process 6.86E-05
GO:0001525 angiogenesis 7.27E-05

Table 3.10: GO term enrichment of the first principal component of gene expres-
sion. GO term enrichment for a list of genes ranked by expression correlation with the
first principal component of the Bmp6 wild-type and mutant tooth plate expression matrix.
Shown are significant GO terms with an FDR q-value less than 1E-04.
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Stage
Tooth

number in
wild fish

Tooth
number in
lab-reared

fish

Bmp6
allele-

specific
expression
in dental

tissue

Tooth
number in

fish ho-
mozygous

for
induced
Bmp6

mutations

Tooth
number in
fish het-

erozygous
for

induced
Bmp6

mutations

Intron 4
enhancer

spatiotem-
poral

and/or
quantita-

tive
differences

Larval/
early
juve-
nile

? not diff. not diff. - not diff. ?

Late
juve-
nile

? + -
no data
(lethal)

not diff. ?

Adult + + -
no data
(lethal)

- ?

Table 3.11: Summary of phenotypes seen at different stages in wild, lab-reared,
and Bmp6 mutant benthic fish. Each row shows a developmental stage from a previous
[19] or this study. Shown are the evolved benthic phenotypes relative to ancestral marine
phenotypes (columns 2-4) and the mutant phenotype relative to wild-type phenotype (col-
umn 5-6). + = benthic phenotype was significantly higher than marine phenotype, not diff.
= no significant differences were observed, - = benthic phenotype was significantly lower
than marine phenotype. ? = unknown.

3.4 Discussion

Mapping an evolved tooth gain QTL to a Bmp6 intronic enhancer

We previously identified a cis-regulatory downregulation of Bmp6 associated with the chro-
mosome 21 tooth QTL [19]. Because there are no reported coding changes between marine
and freshwater benthic alleles of Bmp6 in wild sticklebacks [19], regulatory changes that
change the spatiotemporal pattern and/or the quantitative levels of Bmp6 expression likely
modulate natural variation in tooth patterning. Here we combined recombinant mapping
and comparative genomics of multiple QTL crosses to fine-map this chromosome 21 tooth
QTL to a haplotype within the fourth intron of Bmp6. The association of ten variants in
intron 4 of Bmp6 with the chromosome 21 tooth QTL, together with our data showing in-
tron 4 contains a robust tooth enhancer, suggest a model in which these QTL-associated
variants at least partially underlie the tooth QTL. Although all of the tooth QTL-associated
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mutations are outside of the minimally sufficient 511 bp tooth enhancer, we propose that
some or all of these variants underlie the cis-regulatory changes in Bmp6. One of the most
outstanding questions for future research to address is whether these ten variants affect the
spatiotemporal patterns and/or quantitative levels of enhancer activity (Table 3.11, column
7). Although comparing the 1.3 kb marine and benthic constructs has revealed no obvious
differences at early embryonic and larval stages to date, several technical challenges includ-
ing mosaicism in F0s and position effects in stable lines make comparing two enhancers in
different fish difficult. Due to the dynamic and complex expression patterns of the intronic
enhancer, addressing potential marine/benthic enhancer differences would be facilitated by
better tools to precisely compare enhancer activity, either at the same integration site us-
ing transgene landing pads, or in the same fish using bicistronic constructs separated by an
insulator.

We note that the minimally sufficient 511 tooth enhancer contains a predicted FOXC1
binding site [47]. In mice, Foxc1 regulates mammalian hair regeneration in part through
regulating BMP signaling and appears to directly regulate Bmp6 [48], so potential FoxC
inputs into Bmp6 expression in replacement teeth are especially intriguing. Of the ma-
rine/freshwater differences in the enhancer, one SNP alters a predicted NFATc1 binding
site, a critical regulator of stem cell quiescence in the mouse hair follicle stem cell niche [49].
Another SNP affects a predicted GLI binding site, of interest because Gli expression is seen
in multiple epithelial appendage stem cell niches in mice [50]. Future experiments will dissect
what signals regulate this intronic enhancer, as well as what phenotypic consequences, if any,
result from mutations in this enhancer.

This intronic enhancer, like the 5′ tooth enhancer [33], also drives embryonic and larval
expression in developing pectoral and median fins. One interesting hypothesis these fin
domains raise is whether evolved differences in median or pectoral fin morphology are also
regulated by this derived intronic haplotype. Perhaps supporting this hypothesis, a QTL
regulating median fin morphology (dorsal spine 3 length) was previously mapped to a broad
region of chromosome 21 overlapping Bmp6 [32]. Future experiments will also test whether
the marine and freshwater versions of the enhancer have different activity.

Regulation of Bmp6 during tooth development and replacement

Our transgenic assays show that the intronic enhancer of Bmp6 drives both overlapping
and distinct domains of expression as the previously characterized 5′ Bmp6 enhancer [33].
Both enhancers drive overlapping expression in the mesenchymal cores of developing teeth.
However, relative to the 5′ enhancer, the intronic enhancer also appears to drive deeper and
broader mesenchymal expression and more restricted epithelial expression. These differences
in expression patterns from the two enhancers suggest different signaling inputs control
the mesenchymal and epithelial expression of Bmp6 in developing teeth. Our finding that
the 5′ and intronic Bmp6 enhancers drive partially non-overlapping expression patterns is
reminiscent of the mouse Bmp5 gene, which has two rib enhancers that drive expression
in largely complementary patterns [51]. A modular cis-regulatory architecture is likely a
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common feature of Bmp genes, and could predispose these genes to frequently be used in
morphological evolution [21,52-54].

Required roles for Bmp6 in survival, growth, and tooth patterning

This QTL confers late-acting (juvenile stage, >5mm in fish length) increases in tooth number
and tooth field size, and decreases in tooth spacing [19]. Here we generated fish with induced
mutations in Bmp6 to directly test whether Bmp6 played any required role in regulating
tooth patterning. Strikingly, fish heterozygous for induced mutations in Bmp6 also had
developmentally late differences in tooth number and tooth field size, similar to the tooth
QTL (Table 3.11). A second phenotypic similarity between the tooth QTL and induced
mutations in Bmp6 is a stronger effect on ventral tooth number than dorsal tooth number
[19,32]. However, the direction of the cis-regulatory allele, where the high-toothed allele
drives reduced Bmp6 expression in cis relative to a marine allele [19], would predict that
a mutation that lowers Bmp6 mRNA levels would increase tooth number, while the Bmp6
coding mutants have fewer teeth (Table 3.11). One explanation for this unexpected direction
of effect could be a threshold effect: the Bmp6 mutations were made in a freshwater benthic
genetic background with already reduced levels of Bmp6 expression, and further lowering of
Bmp6 activity could inhibit tooth development. One test of this model could be to analyze
the role of Bmp6 during tooth development in marine sticklebacks, or in other freshwater
populations lacking the benthic Bmp6 intronic haplotype reported here. Alternatively, the
induced mutant coding alleles of Bmp6 might not recapitulate the evolved cis-regulatory
differences between marine and freshwater fish. The dynamic expression of Bmp6 in dental
epithelium and mesenchyme at different stages of tooth development is controlled by at least
two different cis-regulatory elements ([33]; this study), which we show here drive expression
at some stages in non-overlapping patterns. The evolved cis-regulatory allele of Bmp6 may
change the spatiotemporal pattern and/or levels of Bmp6 mRNA in different tissues, leading
to different phenotypes than the coding mutations. Inducing loss-of-function mutations in the
two known stickleback Bmp6 enhancers and assessing potential changes in tooth patterning
could test this hypothesis.

The cis-regulatory hypothesis proposes that morphological evolution typically proceeds
through cis-regulatory mutations that avoid the negative pleiotropy typical of coding mu-
tations [1,2,55]. Recent studies have shown that cis-regulatory and coding mutations can
drive morphological evolution, and that the type of mutation may depend on the degree of
pleiotropy of the gene of interest [18,19,56,57]. The lethality and smaller size of fish homozy-
gous for Bmp6 coding mutations could explain why cis-regulatory changes of Bmp6 have
been used to evolve increases in tooth number.

There were no significant differences in tooth pattern at early developmental stages be-
tween wild-type and heterozygous Bmp6 mutant fish. However, as these heterozygous fish
continued to develop to adult stages, when newly forming teeth are likely replacement teeth,
the reduction of tooth number and tooth plate area became more dramatic, suggesting that
tooth development at late stages is more sensitive to the dosage of Bmp6. These differences
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could be due to different developmental or genetic constraints at the early juvenile and late
adult stages of tooth patterning. For example, there could be more functional redundancy
of Bmp6 with other BMP ligands in teeth at early developmental stages that compensate
in Bmp6 heterozygous mutants. Alternatively, these differences may signify differing roles
of Bmp6 in primary and replacement tooth formation: later developing replacement teeth
may be more sensitive to Bmp6 dosage than primary teeth. However, homozygous mutants
had significantly fewer teeth at early juvenile stages, suggesting Bmp6 is also required for
formation of primary teeth.

Downstream targets of Bmp6 signaling in dental tissue

To test which genes and pathways are downstream of Bmp6 signaling, we used RNA-seq to
compare genome-wide transcriptional profiles of wild-type and homozygous mutant Bmp6
tooth plates. Seven signaling pathways were not significantly different in this contrast,
perhaps surprising given the predicted difference in total tooth number in these samples.
However, we found that there is a concerted downregulation of the TGF-β signaling pathway
components in homozygous mutants. TGF-βsignaling is required for tooth development [58-
60]. Furthermore, TGF-β signaling regulates Bmp6 expression in stickleback teeth through
the previously described 5′ tooth enhancer [33]. These results suggest that TGF-β signaling
is involved both upstream and downstream of Bmp6 during tooth development.

During tooth development in mice, reciprocal signaling events involving Bmp4 and Msx1
occur between developing tooth epithelium and mesenchyme: Bmp4 expression is first de-
tected in dental epithelium, is required to induce Msx1 expression in underlying mesenchyme,
which in turn is required to induce Bmp4 expression in dental mesenchyme [11,61-63]. Thus,
Bmp4 is thought to play critical roles during tooth development in both dental epithelium
and mesenchyme. A large mouse gene expression study revealed sets of genes regulated by
Bmp2/4/7 in dental epithelium and mesenchyme [8]. We hypothesized that mouse BMPs
and stickleback Bmp6 regulate a conserved set of downstream genes in developing teeth. We
tested this hypothesis by asking whether orthologs of known mouse BMP signaling target
genes are differentially regulated in stickleback Bmp6 mutant tooth plate tissue. Surprisingly,
we found significantly reduced expression of the set of genes responsive to BMP signaling in
mouse dental mesenchymal cells, while the set of genes responsive to BMP signaling in mouse
dental epithelial cells was not significantly altered. Perhaps consistent with a relatively less
effect on dental epithelia than mesenchyme in the Bmp6 mutant, Sox2, implicated in epithe-
lial stem cells during tooth replacement in other polyphyodonts [3739], was not significantly
affected in Bmp6 mutants.

Potential parallels between tooth and hair regeneration

In other vertebrates that undergo tooth replacement, dental stem cells have been proposed to
mediate tooth replacement [37-39,64-66]. Teeth develop from placodes, transient epithelial
thickenings that grow outwards or inwards to form epithelial appendages [42,43]. Teeth are
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developmentally deeply homologous to other placode-derived organs, such as mammalian hair
[44,45,67]. Mammalian hairs, like fish teeth, are constantly replaced throughout adult life.
During mammalian hair regeneration, Bmp6 regulates stem cell quiescence in the hair follicle
stem cell niche [40,46]. Additionally, conditional knockout of the BMP receptor Bmpr1a in
mouse hair follicles resulted in a loss of both hair regeneration and stem cell signature
genes [46]. Thus, we hypothesized that stickleback Bmp6 might regulate similar genetic
pathways during tooth replacement as during hair regeneration. Supporting this hypothesis,
in Bmp6 mutant tooth plate tissue, we found a significant downregulation of mouse hair
follicle stem cell signature genes, a set of genes previously described to be upregulated in
mouse hair follicle stem cells compared to cells in the forming hair germ [46]. This result
supports a model where modulating Bmp6 expression in derived freshwater sticklebacks
alters dental stem cell dynamics to result in the elevated tooth replacement rate seen in
high-toothed freshwater sticklebacks [26]. Furthermore, this result suggests that the genetic
circuitry regulating stem cell quiescence in continuously regenerating mammalian hair may
be shared during constant tooth replacement in fish. This shared gene set might reflect an
ancient highly conserved pathway regulating vertebrate epithelial appendage regeneration.
If so, further identifying this core conserved gene regulatory network would provide profound
insights into vertebrate development, regeneration, and evolution.

3.5 Methods

Ethics statement

All animal experiments (including euthanasia by immersion in a buffered 250 mg/L tricaine
methane sulfonate solution) were done with the approval of the Institutional Animal Care
and Use Committee from University of California, Berkeley (protocol R330).

Stickleback husbandry

Stickleback fish were raised in 29-gallon tanks in 1/10th ocean water (3.5 g/l Instant Ocean
salt, 0.4 mL/l NaHCO3) and fed live brine shrimp as larvae, then frozen daphnia, blood-
worms, and Mysis shrimp as juveniles and adults. All fish crosses were conducted using
artificial fertilization.

Recombinant mapping

Further F3-F5 generations of a Paxton Benthic freshwater by Little Campbell marine F2

cross [68] were propagated by intercrossing fish heterozygous for marine and benthic alleles
of chromosome 21 (identified by heterozygosity at Stn487 and Stn489). Recombinant fish in
F4- F5 generation were identified using microsatellite markers Stn487 and Stn489 which flank
the genetic interval surrounding Bmp6. Caudal fin tissue was genotyped by first isolating
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DNA by incubating for 20′ at 94C, then digesting with 2.5 μL of 20mg/ml proteinase K in
lysis buffer (10mM Tris, pH 8.3 ; 50 mM KCL ; 1.5 mM MgCl2 ; 0.3% Tween-20 0.3% NP-
40) for an hour at 55C followed by 20′ at 94C. One μl of undiluted DNA was used directly
in the genotyping PCR. Once recombinant fish were identified, recombinant breakpoints
were further mapped using a combination of microsatellite markers and restriction fragment
length polymorphisms (RFLPs). Primer sequences for the left and right markers used to
refine each recombinant chromosome used in this study are shown in Table 3.1. Gene content
was determined by hand annotating the Ensembl predicted gene list.

Recombinant fish were crossed to F4-F5 fish heterozygous for marine and benthic chromo-
some 21 that were also derived from the same F2 grandparents. The recombination events in
crosses 1-3 were between markers Stn488 and Stn489 (cross 1), or between markers Stn487
and Stn488 (crosses 2 and 3). Genotypes of chromosome 21 in these three crosses were
scored as M (marine), B (benthic), or R (recombinant) based upon the two locus genotypes
of Stn488/Stn489 (cross 1) or Stn487/Stn488 (crosses 2 and 3).

Recombinant crosses were raised to 30 mm standard length. Fish were stained for bone
with Alizarin Red, cleared, and pharyngeal teeth were quantified as previously described
[19]. If tooth number was significantly correlated with standard fish length, sex, or family, we
corrected for each using a linear model and used residuals from that regression for statistical
analysis (Table 3.1). To test whether each recombinant chromosome contained the tooth
number QTL, we performed a likelihood-ratio test comparing two models, one with the
recombinant chromosome behaving as a benthic chromosome and one with the recombinant
chromosome behaving as a marine chromosome.

Benthic by marine F2 crosses

Lab-reared stocks of Paxton Benthic fish used for F2 crosses were generated by incrossing
wild-derived fish from Paxton Benthic lake, British Columbia. Five benthic fish were crossed
to marine fish and F1s subsequently incrossed to generate six F2 crosses. The specifics of
marine populations used in each cross are presented in Table 3.2. Three microsatellite mark-
ers spanning the chromosome 21 tooth QTL were genotyped: CM1440 (primer sequences 5
to 3: AAATGTGCTCCTGGATGTGC and CTTTCTCCTTCTGCCAAACG), Stn489, and
Stn488; this set of genotypes was used to define molecularly distinct chromosome 21s. F2

crosses 5 and 6 shared a benthic grandparent. This marker analysis suggests that there are
eight molecularly distinct chromosome 21s in the five benthic grandparents.

To determine the effect of chromosome 21 on tooth number, the F2 crosses were genotyped
using microsatellites markers on chromosome 21 near the tooth QTL (see Table 3.2 for
details). The effects of fish size on tooth number were removed by linear regression and the
residuals were back-transformed to the mean standard fish length in each cross. Statistical
association between chromosome 21 genotype and back-transformed phenotypes was tested
using an ANOVA in R. To determine if both benthic chromosomes had an effect on tooth
number in each cross, we performed a likelihood-ratio test for each wild benthic chromosome
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comparing a model where that chromosome does not have an effect on tooth number to a
model where both benthic chromosomes have an equal effect on tooth number.

Genome sequences of marine and benthic stickleback fish

We resequenced the genomes of the four benthic grandparents from crosses 1-4 and F2 fish
homozygous for chromosome B7 and B8. We also sequenced the marine Little Campbell
grandparents from crosses 5-6, and the Japanese marine grandparent from cross 3 (Fig 2).
Caudal fins were digested overnight at 55C in Tail Digestion Buffer (10 mM Tris, pH 8.0,
100 mM NaCl, 10 mM EDTA, pH 8.0, 0.5% SDS, 10 μl of 20mg/ml proteinase K). Genomic
DNA was purified with a phenol:choloroform extraction followed by ethanol precipitation.
Genomic libraries were generated using the Nextera DNA Sample Prep Kit (Epicentre Biote-
chologies), the Nextra DNA Sample Preparation Kit (Illumina), or the Nextera XT DNA
Library Preparation Kit (Illumina). Paired-end reads (100 bp) were sequenced using an Il-
lumina HiSeq2000. See Table 3.3 for details of library preparation and sequencing summary
for each library.

Variant calling and tooth specific variant identification

Resulting reads were aligned to the repeat masked verision of the reference stickleback
genome [24] using the bwa aln and bwa sampe modules of the burrows-wheeler aligner [69].
As the genome assemblies in the minimal 884 kb meiotic interval are identical in the Jones
et al. and Glazer et al. assemblies [24,70], the original Jones et al. assembly was used
[24]. Samtools (version 0.1.17) [71] was used to create a sorted and indexed BAM file, and
Picard tools (version 1.51) (http://broadinstitute.github.io/picard/) was used to fix mate
information, add read groups, and remove PCR duplicates. GATK’s Unified Genotyper (pa-
rameters: ’genotype likelihoods model INDEL’, ’stand call conf 25’, and ’stand emit conf 25’)
RealignerTargetCreator, IndelRealigner (parameter: ’LOD 0.4’) was used to call potential
target indels and perform realignment around indels. Base quality recalibration was accom-
plished using BaseRecalibrator. HaplotypeCaller (parameters: ’emitRefConfidence GVCF’,
’variant index type LINEAR’, and ’variant index parameter 128000’) was used to generat-
ing a genomic VCF (gVCF) file for each library. The resulting gVCFs were merged and
variants were called using the GenotypeGVCFs module [7274]. High quality variants were
selected using the following criteria: 1) Variants must have a variant quality score greater
than 400. 2) Variants must not be called ’missing’ or have a quality score of less than 10
in either high-coverage benthic genome. 3) Variants must not be called ’missing’ or have a
quality score of less than ten in no more than two genomes. To further remove stickleback
specific repeats, we removed variants with >99% of the 100bp flanking sequence matching
more than six places in the genome using blastn with an e-value of less than 1x10-30 [75].
QTL concordance score is the absolute value of the proportion of times a variant was present
in benthic fish with a chromosome 21 tooth QTL minus the proportion of times the same
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variant was found in fish without a tooth QTL. QTL Concordance scores were calculated
using a custom python script.

Generation of transgenic enhancer stickleback lines

To generate GFP reporter constructs, each of the intron 4 fragments from the Little Campbell
marine grandparent from cross 5 was cloned upstream of the Hsp70l promoter in a Tol2
expression construct using NheI [33]. For the mCherry construct, we cloned mCherry into
the Hsp70l reporter construct using SalI and ClaI and the inserts were cloned upstream using
NheI and BamH I. Primers for construct generation and sequencing are shown in Table 3.5.

To generate transgenic stickleback, transposase messenger RNA was synthesized from
pCS2-TP [76] plasmid linearized with NotI and transcribed using the mMessage SP6 in
vitro transcription kit (Ambion) and purified using the Qiagen RNeasy column. One-cell
marine stickleback embryos were injected with a mixture of 37.6 ng/μL plasmid DNA and
75 ng/μL RNA with 0.05% phenol red as previously described [33]. All transgene images
presented are from stable lines except for the mCherry expression in Fig. 3.5I-J and the 2kb
fragment in Fig. 3.4 (which were mosaic).

Generation of TALEN construct targeting stickleback Bmp6

To generate a TALEN pair to target the stickleback Bmp6 gene, we used the TAL effector
Nucleotide Targeter 2.0 (https://tale-nt.cac.cornell.edu/node/add/talen) to scan the second
exon sequence of Bmp6 for potential target sites [77,78]. We chose TALEN parameters as
described [34]. We chose a target site that is unique to Bmp6 in the stickleback genome and
contains a common restriction site, EcoRI, which can be used to detect molecular deletions.
We assembled the two TALEN constructs using Golden Gate cloning into the destination vec-
tors pCS2TALDD and pCS2TALRR and verified correct assembly using Sanger sequencing
as described [34]. See Table 3.6 for the specifics of the Bmp6 TALEN design.

Synthesis and injection of TALEN RNA into stickleback embryos

5-capped mRNA for each TALEN pair was transcribed using the SP6 mMessage Machine
(Ambion) after the TALEN plasmid templates had been linearized with NotI. Pooled TALEN
mRNA was injected into one-cell PAXB freshwater benthic stickleback embryos at a concen-
tration of 40 ng/μL for each mRNA with 0.05% phenol red.

Talen mutation identification

To genotype fish for TALEN induced mutations, DNA was extracted as described above from
adult fish caudal fin tissue or homogenized whole 1-3 dpf embryos. Genotyping PCR was
performed using forward primer 5- ACAAGCCGCTAAAAAGGACA-3 and reverse primer
5- GCACGTGTGCATGCTTTAGA -3. The reaction profile for the NEB Phusion reaction
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was 98C for 30 seconds, 39 cycles of 98C for 10 seconds, 58C for 15 seconds, 72C for 30
seconds, followed by 72C for 10 minutes. The PCR products were cut directly with EcoRI.
The products from the wild-type and mutant alleles are cut and not cut, respectively, by
this assay (See Fig 3.7).

Tooth patterning quantification

Dorsal and ventral pharyngeal tooth number was quantified on a DM2500 Leica microscope
using a TX2 filter as previously described [19]. For both ventral and dorsal tooth counts,
total tooth number equals the sum of the left and right sides (of ventral and dorsal pharyngeal
teeth, respectively). Tooth plate area and spacing of the ventral pharyngeal tooth plate were
quantified from a gray scale image taken with a DFC340 FX camera on a Leica M165FC as
previously described [19]. Area and spacing of the ventral pharyngeal tooth plates are the
averages of the left and right tooth plate. Skeletal traits were binned by total fish length for
three stages: early juvenile <27 mm, late juvenile 27-37 mm, and adults >37 mm.

RNA purification, sequencing, and alignment

Ventral tooth plates from three wild-type and homozygous mutant (for the 13 bp deletion
allele) Bmp6 female sticklebacks (standard length 25 mm) were dissected, placed into TRI
reagent (Sigma-Aldrich) on ice, ground with a disposable pestle, and frozen overnight at -
80C. The next day, RNA was extracted, isopropanol precipitated, and resuspended in DEPC-
treated water. 200 ng of purified RNA was used with Illumina’s Truseq Stranded mRNA
Library Prep Kit to create sequencing libraries. The resulting bar-coded libraries were pooled
and 100 bp paired end reads were generated using a single lane of an Illumina HiSeq2000.
Reads were mapped to the stickleback reference genome [24] using STAR (parameters: ’–
alignIntronMax 200000’ ’–alignMatesGapMax 200000’ ’–outFilterMultimapNmax 8’) [79] .
BAM files were created, sorted, and indexed using Samtools (version 0.1.17)[71]. Picard tools
(version 1.51) was used to fix mate information, add read groups, and remove PCR dupli-
cates (http://broadinstitute.github.io/picard/). Using the Ensembl reference transcriptome
[24], transcripts were quantified using cuffquant version 2.2.1 (parameters: ’-u’ ’–library-
type fr-firststrand’) and normalized using cuffnorm [80,81]. Principal component analysis
of the resulting transcript abundances was done using the PCA package of FactoMineR
(http://factominer.free.fr/index.html) in R, and was plotted in R. GO term enrichment for
genes ranked by expression correlation with the first principal component of the RNAseq ex-
pression matrix was performed using GOrilla [82,83]. Hierarchical clustering was done using
Cluster3.0 (parameters: ’-l’ ’-cg a’ ’-g 2’ ’-e 0’ ’-m c’) [84], and the results were visualized
using JavaTreeView (version 1.1.6r4)[85]. Additional figures and analyses were done using
custom python scripts and figures created using matplotlib.
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Gene Set Enrichment Analysis

ToothCODE gene sets were downloaded from the ToothCODE database (http://compbio.med.
harvard.edu/ToothCODE/). ToothCODE identified downstream targets of Bmp signaling
by literature mining manipulations of Bmp2, Bmp4, and Bmp7. Targets that were upregu-
lated when BMP signaling increased or downregulated when BMP signaling was decreased
were termed BMP target genes. Stickleback orthologs of mouse hair follicle stem cell sig-
nature genes, genes upregulated in the hair follicle bulge relative to the hair germ [46] were
identified using Ensembl predictions. Statistical enrichment was done similar to the meth-
ods as previously described [86]. Each gene in a set was subject to a t-test, obtaining a
list of z-scores. The null hypothesis, that the gene set displays no differential expression
enrichment, (i.e. t-test z-scores are drawn from a standard normal distribution) was tested
using a 1-sample t-test, with resulting P values subject to a Bonferroni correction. The
significance cutoff for the 1-sample t-test was confirmed by creating a simulated null distri-
bution, using 10,000 permutations of an equal number of genes as in each gene set, randomly
chosen without replacement. Cutoff test statistic values were chosen by taking the values
at the 100-(2.5/N) and 2.5/N percentile in the simulated null distribution, where N was the
number of hypotheses being tested. Analysis was done using a set of custom python scripts,
available upon request.
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4.1 Abstract

Changes in developmental gene regulatory networks enable evolved changes in morphol-
ogy. These changes can be in cis regulatory elements that act in an allele-specific manner,
or changes to the overall trans regulatory environment that interacts with cis regulatory
sequences. Here we address several questions about the evolution of gene expression accom-
panying a convergently evolved constructive morphological trait, increases in tooth number
in two independently derived freshwater populations of threespine stickleback fish (Gas-
terosteus aculeatus). Are convergently evolved cis and/or trans changes in gene expression
associated with convergently evolved morphological evolution? Do cis or trans regulatory
changes contribute more to gene expression changes accompanying an evolutionary gain
of a morphological trait? Transcriptome data from dental tissue of ancestral low-toothed
and two independently derived high-toothed stickleback populations revealed significantly
shared gene expression changes that have convergently evolved in the two high-toothed pop-
ulations. Comparing cis and trans regulatory changes using phased gene expression data
from F1 hybrids, we found that trans regulatory changes were predominant and more likely
to be shared among both high-toothed populations. In contrast, while cis regulatory changes
have evolved in both high-toothed populations, overall these changes were distinct and not
shared among high-toothed populations. Together these data suggest that a convergently
evolved trait can occur through genetically distinct regulatory changes that converge on
similar trans regulatory environments.

4.2 Introduction

Development is controlled by a complex series of interlocking gene regulatory networks. Much
of this regulation occurs at the level of transcription initiation, where trans acting factors bind
to cis regulatory elements to control their target genes expression [1,2]. Evolved changes in an
organism’s morphology are the result of changes in this developmental regulatory landscape.
It has been proposed that the genetic bases of many of these evolved changes are mutations
within the cis-regulatory elements of genes [35]. Indeed, recent work in evolutionary genetics
suggests the molecular bases of a diverse array of traits from Drosophila wing spots [6] to
mouse pigmentation [7] to stickleback armored plate number [8,9] and size [10] are changes
in the activity of cis-regulatory elements.

Evolved changes in gene expression can be divided into two broad regulatory classes.
Cis regulatory changes occur within the proximal promoter [11], distal enhancer [12], or the
gene body itself [13]. Trans regulatory changes modify the overall regulatory environment
[14,15], but are genetically unlinked to the expression change. The total evolved gene expres-
sion differences can be partitioned into changes in cis and trans by quantifying expression
differences between two populations and also testing for expression differences between al-
leles in F1 hybrids between the two populations [16]. As both alleles in F1 hybrids animals
are exposed to the same regulatory environment, any difference in their expression must be
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due to a cis-regulatory change. The remaining difference in gene expression between the two
populations not explained by this cis change is due to changes in the trans regulatory en-
vironment. Several studies have attempted to characterize evolved cis and trans-regulatory
changes at a transcriptome-wide level [17-21]. Though the relative contribution of cis and
trans regulatory changes varies extensively among studies, cis changes have been found to
dominate [17,18,21] or at least be approximately equivalent [19,20] to trans changes [22].
Additionally, compensatory changes (cis and trans changes in opposing directions) have
been found to be enriched over neutral models [17,18], showing evidence for selection for
stable gene expression levels. However, none of these studies examined contribution of cis
and trans gene expression changes during convergent morphological evolution.

Populations evolve new traits following a shift to a novel environment, due to a mixture
of drift and selection. Truly adaptive traits can often be repeatedly observed in multiple
populations following a similar ecological shift. Threespine sticklebacks are an excellent
system for the study of evolved changes in phenotypes, including gene expression [23-27].
Marine sticklebacks have repeatedly colonized freshwater lakes and streams along the coasts
of the Northern hemisphere [28]. Each of these freshwater populations has independently
adapted to its new environment; however, several morphological changes, including a loss
in armored plates and a gain in tooth number, are shared among multiple newly derived
populations [29,30]. The repeated evolution of lateral plate loss is due to repeated selection
of a standing variant regulatory allele of the Eda gene within marine populations [8,9] and
genome sequencing studies found over a hundred other shared standing variant alleles present
in geographically diverse freshwater populations [31]. These studies suggest the genetic basis
of freshwater adaptation might typically involve repeated reuse of the same standing variants
to evolve the same adaptive freshwater phenotype.

However, more recent evidence has shown that similar traits have also evolved through
different genetic means in freshwater stickleback populations. A recent study which mapped
the genetic basis of a gain in pharyngeal tooth number in two independently derived fresh-
water populations showed a largely non-overlapping genetic architecture [30]. Another study
using three different independently derived benthic (adapted to the bottom of a lake) popu-
lations showed that, even when adapting to geographically and ecologically similar environ-
ments, the genetic architecture of evolved traits is a mix of shared and unique changes [32].
Even in cases where the same gene is targeted by evolution in multiple populations (the loss
of Pitx1 expression resulting in a reduction in pelvic spines), the individual mutations are
often independently derived [33,34]. All of these genomic scale studies have looked at the
genetic control of morphological changes, while the extent and nature of genome-wide gene
expression changes has been less studied. It remains an open question as to whether similar
gene expression patterns evolve during the convergent evolution of morphology, and if so, to
what extent those potential shared gene expression changes are due to shared cis or trans
changes.

Teeth belong to a class of vertebrate epithelial appendages (including mammalian hair)
that develop from placodes, and have long served as a model system for studying organogen-
esis and epithelial-mesenchymal interactions in vertebrates [35]. Odontogenesis is initiated
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and controlled by complex interactions between epithelial and mesenchymal cell layers, and
involves several deeply conserved signaling pathways [36-38]. Sticklebacks retain the ances-
tral jawed vertebrate condition of polyphyodonty, or continuous tooth replacement, and offer
an emergent model system for studying tooth replacement. Previous work has supported the
hypothesis that two independently derived freshwater stickleback populations have evolved
an increase in tooth replacement rate, potentially mediated through differential odontogenic
stem cell dynamics [30] (Cleves et al, 2018, under review). Recent studies have found teeth
and taste bud development to be linked, with one study supporting a model where teeth
and taste buds are copatterned from a shared oral epithelial source [39], and another study
supporting a model where teeth and taste buds share a common progenitor stem cell pool
[40].

We sought to examine the evolution of the regulatory landscape controlling stickleback
tooth development and replacement. Using high-throughput RNA sequencing (RNA-seq),
we found that two independently derived high-toothed freshwater populations display highly
convergent gene expression changes, especially in orthologs of known tooth-expressed genes
in other vertebrates, likely reflecting the convergently evolved tooth gain phenotype and
the deep homology of teeth across all jawed vertebrates. We also quantitatively partitioned
these evolved gene expression changes into cis and trans regulatory changes [16,19] in both
populations at a transcriptome-wide level using RNA-seq on F1 marine-freshwater hybrids.
We found that trans regulatory changes predominate evolved changes in gene expression in
dental tissue. Additionally, we found that the trans regulatory changes are more likely to
be shared between the freshwater populations than cis regulatory changes. Thus, similar
downstream transcription networks controlling tooth development and replacement have
convergently evolved largely through different upstream genetic regulatory changes.

4.3 Results

Convergent evolution of tooth gain in two freshwater populations

To test whether multiple freshwater populations have evolved increases in tooth number
compared to multiple ancestral marine populations [30,41], we quantified total ventral pha-
ryngeal tooth number of lab reared sticklebacks from four distinct populations: (1) a marine
population from the Little Campbell river (LITCM) in British Columbia, Canada, (2) a sec-
ond marine population from Rabbit Slough (RABSM) in Alaska, (3) a benthic freshwater
population from Paxton Lake (PAXBFW) in British Columbia, Canada, USA, and (4) a sec-
ond freshwater population from Cerrito Creek (CERCFW) in California, USA (Fig 4.1A,B).
Freshwater fish from both populations had more pharyngeal teeth than marine fish at this
35-50mm standard length (SL) stage, consistent with previous findings [30,41] of increases
in tooth number in freshwater sticklebacks (Fig 4.1B,C).

To estimate the genomic relatedness of these populations, we resequenced the genomes
of three marine and six freshwater sticklebacks from the four different populations (Table
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4.1). We aligned the resulting reads to the stickleback reference genome [31] using Bowtie2
[42], and called variants using the Genome Analysis Toolkit (GATK) [43-45]. As it has been
previously shown that Pacific marine stickleback populations are an outgroup to freshwater
populations from Canada (PAXBFW) and California (CERCFW) [31], we hypothesized the
two high-toothed populations would be more related to each other genomically than either
marine population. A phylogeny constructed using genome-wide variant data cleanly sep-
arated freshwater populations from each other and from marine fish (Fig 4.2A). Principal
component analysis of the genome-wide variants revealed that the first principle compo-
nent explains nearly half (44%) of the overall variance and separates PAXBFW sticklebacks
from both CERCFW and marine fish (Fig 4.2B), representing the independent evolution
of PAXBFW genomes. The second principal component separated both freshwater popula-
tions from marine populations, showing partially shared freshwater genome evolution. These
results further support the model that populations of freshwater sticklebacks used a com-
bination of shared and independent genetic changes [31,32] when evolving a set of similar
morphological changes in response to a new environment.

Convergent evolution of tooth gain in two freshwater populations
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Figure 4.1: Evolved tooth gain in two freshwater populations. (A) Stickleback popu-
lation locations. (B) Representative Alizarin red stained adult lab-reared sticklebacks (top,
scale bars = 1 cm) and dissected ventral pharyngeal tooth plates (scale bars = 100μm). (C)
Total ventral pharyngeal tooth number of 35-50 millimeter standard length lab-reared adult
fish from each population. N = 44, 52, 12, 32 for RABSM, LITCM, CERCFW, and PAXBFW,
respectively.
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Fish Reads Final Mapped In Cleves et al, 2018?
PAXB1 54682734 41536045 NO
PAXB2 32925802 27561555 NO
PAXB3 39144478 33907774 YES
CERC1 43204268 36319583 NO
CERC2 51249116 37310922 NO
CERC3 61773485 34238217 NO
LITC1 70365294 58516503 YES
LITC2 69017068 58385657 YES
RABS 39016218 33380182 NO

Table 4.1: Genomic DNA sequencing reads. For each fish, population and biological
replicate number (Fish), the total number of barcoded reads from each fish (reads), and
number of reads that mapped and passed all filters (final mapped) is listed. Some genomes
are part of an additional study, indicated by (in Cleves et al, 2018?).
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Convergent evolution of gene expression

As morphological changes are often the result of changes in gene expression patterns and
levels, we sought to identify evolved changes in gene expression during tooth development
at stages soon after the evolved differences emerge [41]. We quantified gene expression in
ventral pharyngeal dental tissue for three females each from the two high-toothed freshwater
and Alaskan (RABSM) low-toothed marine populations using RNA-seq (Fig 4.3A, Table
4.2). Principal component (PC) analysis of the resulting gene expression matrix showed a
clustering of gene expression by population, with the first PC separating PAXBFW samples,
and the second PC separating both PAXBFW and CERCFW samples from marine, similar to
the PC analysis of the genome-wide variants (Fig 4.3B) [46].

Given the convergently evolved morphological change of increases in tooth number, we
hypothesized that convergent evolution has occurred at the gene expression level in fresh-
water dental tissue. To test this hypothesis, we performed a differential expression analysis,
comparing the evolved change in gene expression in PAXBFW dental tissue (PAXBFW ex-
pression vs marine) to the evolved change in CERCFW dental tissue (CERCFW expression vs
marine). We found 6,693 and 3,501 genes (out of a total of 22,442) with significant (as deter-
mined by cuffdiff2 [47], see methods) evolved expression changes in PAXBFW and CERCFW

respectively. Of these genes with evolved expression changes, 2,223 were called differentially
expressed in both populations, with 1,898 (85%) showing expression changes in the same
direction relative to marine.

At a genome-wide level, correlated changes in gene expression levels have evolved in the
two high-toothed freshwater populations (Fig 4.3C, Spearman’s r = 0.43). We next asked
if orthologs of genes implicated in tooth development in other vertebrates showed an in-
crease in correlated evolved expression changes. We compared the gene expression changes
of stickleback orthologs of genes in the BiteIt (http://bite-it.helsinki.fi/) [48] or ToothCODE
(http://compbio.med.harvard.edu/ToothCODE/) [36] databases (hereafter referred to as the
BiteCode gene set), two databases of genes implicated in mammalian tooth development.
Consistent with the conserved roles of gene regulatory networks regulating mammalian and
fish teeth [49-52] and the major evolved increases in tooth number in both freshwater popula-
tions (Fig 4.1C), these predicted dental genes showed an increase in their correlated evolved
gene expression change (Fig 4.3C red points, Spearman’s r = 0.68), and tended to have
an overall increase in gene expression (Fig 4.4, P = 7.36e-6, GSEA, see methods). This
correlation coefficient was higher than any we observed over 100,000 bootstrapped gene sets
of the same size from the same gene expression matrix. We also examined the expression
levels of genes whose orthologs are annotated as being expressed in zebrafish pharyngeal
teeth (www.zfin.org). Within this gene set, 27 of 40 genes were significantly more highly
expressed in at least one freshwater population, with no genes expressed significantly higher
(as determined by cuffdiff2 [47,53-55], see Materials and Methods) in marine samples than
either freshwater population (Fig 4.3D).
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Figure 4.3: Convergent evolution of gene expression in dental tissue. (A) Ventral
pharyngeal tooth plates from three different populations were dissected and gene expression
quantified by RNA-seq. (B) Principal component analysis of dental tissue gene expression
shows population specific expression profiles. (C) Freshwater dental tissue exhibited corre-
lated gene expression changes for all genes (blue), with increased correlation observed for
orthologs of genes known to be expressed during mammalian tooth development (red). (D)
Expression of genes annotated as expressed in zebrafish teeth (zfin.org) which were signifi-
cantly upregulated in one or both freshwater populations.
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Sample SL Total Reads Mapped Reads Final Reads Run1 Run2
CERC 1 44.58 84621832 84230042 60347896 43194152 41427680
CERC 2 45.51 82625088 77628572 58426762 42819976 39805112
CERC 3 46.36 78572698 77382826 59167308 38798290 39774408
RABS 1 44.7 87094088 88102796 68419470 46740088 40354000
RABS 2 46.19 82342214 80995352 60918592 43241272 39100942
RABS 3 47.44 86400410 82290040 62717370 43021352 43379058
PAXB 1 42.4 81773488 77302504 56014832 41827240 39946248
PAXB 2 43.73 82346498 81319300 64412654 41285630 41060868
PAXB 3 41.7 91013392 105993542 81377888 48187408 42825984

Table 4.2: RNA-seq reads. For each fish, population of parents and biological replicate
number (sample), standard length (SL), total reads (generated by HiSeq2000 over two dif-
ferent runs (run1 and run2)), mapped reads (reads that mapped to the genome), and final
reads (excludes reads filtered due to low quality or PCR duplication) is listed.
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Figure 4.4: Freshwater upregulation of putative dental genes. (A) PAXBFW upregu-
lation of BiteCode genes (P = 9.8e-3, GSEA). (B) CERCFW upregulation of BiteCode genes
(P = 2.1e-5, GSEA). (C) PAXBFW and CERCFW upregulation of BiteCode genes (P =
5.1e-6, GSEA). 282 BiteCode genes were expressed in stickleback ventral tooth plates.
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Increased freshwater expression of stem cell maintenance genes

Tooth development is controlled by several deeply conserved developmental signaling path-
ways [50,52]. To test whether expression changes in the components of specific developmen-
tal signaling pathways have evolved in the two high-toothed freshwater populations, we next
analyzed the expression levels of stickleback orthologs of genes implicated in mammalian
tooth development and annotated as components of different signaling pathways [36]. When
comparing gene expression levels in freshwater dental tissue to marine dental tissue, genes an-
notated as part of the TGF-β signaling pathway displayed significantly increased expression
in freshwater dental tissue (Fig 4.5A-F).

Since these two freshwater populations have a largely different developmental genetic ba-
sis for their evolved tooth gain [30], we next asked whether any pathways were upregulated
or downregulated specifically in one freshwater population. When comparing the expres-
sion of genes in PAXBFW dental tissue to expression in CERCFW or marine dental tissue,
genes not only in the TGF-β pathway, but also in the Wnt signaling pathway, displayed
significantly increased expression, consistent with the differing genetic basis of tooth gain in
these populations (Fig 4.5B). Genes upregulated in freshwater dental tissue were enriched
for Gene Ontology (GO) terms involved in anatomical structure development, signaling, and
regulation of cell proliferation (Fig 4.6A). Genes upregulated in PAXBFW dental tissue over
marine were enriched for GO terms involved in cell proliferation, division and cell cycle reg-
ulation, as well as DNA replication (Fig 4.6B), while genes upregulated in CERCFW over
marine were enriched for GO terms involved in cell locomotion, movement, and response to
lipids (Fig 4.6C).

As teeth are constantly being replaced in polyphyodont adult fish, potentially due to the
action of dental stem cells [40], we hypothesized that genes involved in stem cell mainte-
nance have evolved increased expression in freshwater tooth plates, given the higher rate of
newly forming teeth previously found in adults [30], and the possibly greater number of stem
cell niches in high-toothed fish (Cleves et al, 2018, under review). We further hypothesized
that since teeth are developmentally homologous to hair, perhaps an ancient genetic circuit
regulating vertebrate placode replacement controls both fish tooth and mammalian hair re-
placement. For example, the Bmp6 gene, previously described as expressed in all stickleback
teeth [41] was significantly upregulated in CERCFW fish, consistent with the evolved major
increases in tooth number in this population. In contrast, no such significant upregulation
was observed in the expression of PAXBFW Bmp6, consistent with the observed evolved
cis-regulatory decrease in PAXBFW Bmp6 expression [41]. Further supporting this hypoth-
esis, the expression of the stickleback orthologs of a previously published set of mouse hair
follicle stem cell (HFSC) signature genes [56] were significantly upregulated in freshwater
dental tissue (Fig 4.5A). CERCFW dental tissue displayed a small but significant increase in
expression of this set of HFSC orthologs relative to both PAXBFW and marine samples (Fig
4.5C).

In cichlid fish, pharmacology experiments revealed that reductions in tooth density can
be accompanied by concomitant increases or decreases in taste bud density [39]. To begin
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to test whether derived high-toothed stickleback populations have also evolved significantly
altered levels of known taste bud marker gene expression, we examined the expression levels
of known taste bud markers Calbindin2 and Phospholipase Beta 2 [57], as well as taste
receptors such as Taste 1 Receptor Member 1, Taste 1 Receptor Member 3, and Polycystin
2 Like 1 [58]. Although four of these five genes had detectable significant expression changes
between different populations, no consistent freshwater upregulation or downregulation of
taste bud marker genes was seen (Fig 4.7).
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Figure 4.5: Concerted changes in stem cell markers and signaling pathways. (A-
F) Changes in gene expression changes of genes annotated as components of the indicated
signaling pathways (BMP, FGF, SHH, Wnt, ACT, TGFβ, NOTCH, or EDA, containing 59,
60, 28, 75, 19, 11, 12, and 6 expressed orthologs, respectively) [36] or orthologs of a described
set of mouse hair follicle stem cell signature genes (HFSC, containing 254 expressed orthologs)
[56]. Violin plots show the mean expression change of genes in the pathway. (A) Change
in freshwater (PAXBFW + CERCFW) relative to marine. (B) PAXBFW specific changes
(PAXBFW relative to CERCFW + marine). (C) CERCFW specific changes (CERCFW relative
to PAXBFW + marine). (D) PAXBFW evolved changes (PAXBFW relative to marine) (E)
CERCFW evolved changes (CERCFW relative to marine) (F) PAXBFW vs CERCFW changes
(PAXBFW relative to CERCFW).
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Figure 4.7: Expression of taste bud marker genes. Expression levels of known taste
bud marker genes in marine, PAXBFW and CERCFW tooth plates as assayed by RNA-seq.
* indicates differentially expressed genes. Error bars are standard error of the mean.

Cis and trans regulatory changes in gene expression

Evolved changes in gene expression are due to a combination of cis acting changes that
are linked to the genes they act on, and trans acting changes which usually are genetically
unlinked to the gene or genes they regulate. Since the genetic basis of freshwater tooth
gain mapped to non-overlapping intervals in these two populations [30] (Cleves et al, 2018,
under review), we hypothesized that the observed shared freshwater gene expression changes
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were the result of a similar trans environment, but a largely different set of cis changes. To
test this hypothesis, we measured evolved cis expression changes in marine-freshwater F1

hybrids, which have marine and freshwater alleles present in the same trans environment.
We raised both CERCFW-marine and PAXBFW-marine F1 hybrids to the late juvenile stage,
dissected their ventral pharyngeal tooth plates, then generated and sequenced five barcoded
RNA-seq libraries per population (10 total). We then quantified the cis expression change
as the ratio of the number of reads mapping uniquely to the freshwater allele of a gene to the
number of uniquely mapping marine reads (Fig 4.8, Table 4.3). Trans expression changes
were calculated by factoring the cis change out from the overall parental expression change
[19].

We found 11,832 and 8,990 genes in PAXBFW and CERCFW F1 hybrids, respectively,
that had a fixed marine-freshwater sequence difference which had more than 20 total reads
mapping to it. We observed no significant bias towards either the marine or freshwater allele
in either set of F1 hybrids (Fig 4.8B). We next classified genes into one of four categories (cis
change only, trans change only, concordant cis and trans changes, discordant cis and trans
changes). We found 1640 and 1116 PAXBFW (Fig. 4.8C) and CERCFW (Fig. 4.8D) genes,
respectively, with only significant cis changes, and 1873 and 1048 genes, respectively, with
only significant trans changes. We also found 478 and 359 genes with significant cis and
trans changes in the same direction, which we term concordant changes in gene expression.
Conversely, we found 772 and 607 genes with significant cis and trans changes in opposing
directions, which we termed discordant changes. Discordant cis and trans changes were
more common in both populations, suggesting selection for stable levels of gene expression.
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Figure 4.8: Evolved changes in cis-regulation. (A) Ventral pharyngeal tooth plates
from marine- PAXBFW and marine- CERCFW F1 hybrids were dissected and cis regulatory
changes assayed using phased RNA-seq reads. (B) Density plot showing the measured cis-
regulatory changes. Neither population displayed a significant allelic bias, as measured by
a Wilcoxon signed-rank test. (C-D) Gene expression changes in both parental and hybrid
dental tissue genes are color-coded based on the role of cis and/or trans change in PAXBFW

(C) or CERCFW (D) dental tissue. Dashed line indicates the first principal component axis.
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Sample SL
Total
Reads

Mapped
Reads

Final
Reads

Unique
Reads

PAXB x RABS F1

VTP1
41.08 38355384 29212068 24905322 5782725

PAXB x RABS F1

VTP2
42.08 33832370 30173302 24512858 4455969

PAXB x RABS F1

VTP3
42.35 34599652 31312244 25269588 4361345

PAXB x RABS F1

VTP4
43.86 40963412 33975682 28630960 5260891

PAXB x RABS F1

VTP5
43.69 32711530 36708220 29882826 4112675

CERC x RABS F1

VTP1
43.4 32665968 32865322 27760198 3045175

CERC x RABS F1

VTP2
41.95 40213188 40903260 32618470 3870225

CERC x RABS F1

VTP3
40.5 34838262 35239962 25191170 3176683

CERC x RABS F1

VTP4
43.25 33460702 34050608 28898530 3156749

CERC x RABS F1

VTP5
42.25 33753920 34579258 29857006 3214069

Table 4.3: F1 hybrid RNA-seq reads. For each ventral pharyngeal tooth plate (VTP),
population of parents and biological replicate number (sample), standard length (SL), total
reads (generated by HiSeq2000), mapped reads (reads that mapped to the genome), final
reads (excludes reads filtered due to low quality or PCR duplication), and unique reads
(reads that mapped uniquely to one haplotype) is listed.

Trans regulatory changes dominate

We next wanted to determine the relative contribution of cis and trans gene expression
changes to evolved changes in gene expression. We restricted our analysis to differentially
expressed genes (as determined by cuffdiff2 [47]) to examine only genes with a significant
evolved difference in gene expression and quantifiable (i.e. genes with transcripts containing
a polymorphic variant covered by at least 20 reads) cis and trans expression changes. When
evolving a change in gene expression, the cis and trans regulatory basis for this change can
be concordant (cis and trans effects both increase or decrease expression) or discordant (cis
effects increase and trans decrease or vice versa). We hypothesized that genes would tend to
display more discordant expression changes, as stabilizing selection has been found to buffer



CHAPTER 4. CONVERGENT EVOLUTION OF GENE EXPRESSION IN TWO HIGH-TOOTHED

STICKLEBACK POPULATIONS 101

gene expression levels [17,22,59]. To test this hypothesis, we binned differentially expressed
genes into a 2x2 contingency table, with genes classified as cis or trans based on which effect
controlled the majority of the evolved expression change, and discordant or concordant based
on the direction of the cis and trans changes (Fig 4.9A, B). In the CERCFW population,
significantly more discordant changes than expected by a neutral model (P =1.35e-7, bino-
mial test) have evolved. In both populations, we found increased discordant changes when
the trans effect is larger than the cis effect (P =1.29e-7, 1.44e-13, PAXBFW and CERCFW

respectively, binomial test). In both populations, we observe the opposite (an enrichment
of concordant changes) when the cis effect is stronger, relative to the ratio when the trans
effect is dominant (P =1.34e-36, 8.2e-11 PAXBFW and CERCFW respectively, binomial test).
When considering all (not just differentially expressed) genes with quantifiable cis and trans
expression changes, discordant changes dominated regardless of the relative strength of the
cis effect (Fig 4.10).

If all gene expression changes were due to changes only in cis, we would expect to see the
measured cis ratios in the hybrids match the parental expression ratios. Instead, in both
cases of evolved change, we saw parental expression ratios of a greater magnitude than F1

hybrid ratios, indicating a stronger contribution of trans changes to overall gene expression
changes (Fig 4.8C-D). Indeed, when we examined the overall percentage of expression changes
of differentially expressed genes that were due to changes in cis, we observed median per
gene values of only 25.2% and 32.5% of PAXBFW and CERCFW gene expression changes,
respectively (Fig 4.9C). Comparing the expression levels of orthologs of known dentally
expressed genes from the BiteIt [48] and ToothCODE [36] databases revealed a similarly small
number of gene expression changes explained by changes in cis, relative to the genome-wide
average (Fig 4.9D). Evolved changes in CERCFW gene expression were more due to changes
in cis than PAXBFW genes (Fig 4.9D, P = 1.25e-22, Mann-Whitney U test). Thus, trans
effects on gene expression dominate the evolved freshwater gene expression changes.
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Figure 4.9: Trans changes predominate evolved dental gene expression changes.
(A-B) Proportion of differentially expressed genes displaying opposing and concordant cis
and trans changes in PAXBFW (A) or CERCFW (B) dental tissue. Genes whose expression
differences were mostly explained by cis changes tended to be more concordant (P =5.0e-
17, 0.002 for PAXBFW and CERCFW, respectively) than those mostly explained by trans
changes. (C) Density of the relative percentage of gene expression differences which are
explained by cis changes in PAXBFW and CERCFW dental tissue. (D) Cumulative percentage
of percentage of gene expression due to cis changes. Genes in CERCFW samples display a
higher percentage cis change than genes in PAXBFW samples (P = 1.25e-22, Mann-Whitney
U test).
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Figure 4.10: Compensatory changes dominate genes with no significant evolved
gene expression difference. (A-B) Proportion of genes with quantifiable (i.e. genes with
transcripts containing a polymorphic SNP covered by at least 20 reads) hybrid expression
displaying opposing and concordant cis and trans changes in PAXBFW (A) or CERCFW (B)
dental tissue. Similar to Fig 4.9, but here showing all genes, not just genes with significantly
different expression levels compared to marine. Trans regulatory changes predominate, as
do opposing over concordant changes. (C) Density plot of the percentage of gene expression
changes explained by cis-regulatory changes.
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Trans regulatory changes are more likely to be shared between
freshwater populations

We next wanted to test the hypothesis that the shared freshwater gene expression changes
were primarily due to shared trans changes, rather than shared cis changes. We first com-
pared the overall expression levels of genes called differentially expressed between PAXBFW

and marine as well as CERCFW and marine. We restricted our analysis to differentially
expressed genes whose cis-regulatory change we were able to measure in our F1 hybrids,
including genes without a significant cis change. Similar to the genome-wide compari-
son, we found a highly significant non-parametric correlation coefficient (Spearman’s r =
0.62, P =1.2e-132) for the expression change of these shared differentially expressed genes
(Fig 4.11A). When comparing the PAXBFW cis changes of these genes to the CERCFW cis
changes, however, we found a much lower (though still significant) correlation coefficient
(Spearman’s r = 0.13, P =5.1e-6) (Fig 4.11B). We calculated trans changes for each of these
differentially expressed genes, defined as the difference between the expression change in the
freshwater parent relative to marine and the freshwater allele relative to the marine in the
F1 hybrid [18,19,60]. When comparing the calculated trans changes for these shared differ-
entially expressed genes, we observed much higher correlation coefficient (Spearman’s r =
0.51, P =1.2e-80) (Fig 4.11C). When comparing all, not just differentially expressed, genes,
trans changes are still likely to be more shared than cis (Fig 4.12). Additionally, 35/38 of
the shared differentially expressed putative dental genes have shared regulatory increases or
decreases in both freshwater populations relative to marine in overall expression difference,
with 32/38 in trans, but only 25/38 in cis (Fig 4.11G-I). Thus, the trans effects on evolved
gene expression are more likely to be shared by both freshwater populations than the cis
changes.



CHAPTER 4. CONVERGENT EVOLUTION OF GENE EXPRESSION IN TWO HIGH-TOOTHED

STICKLEBACK POPULATIONS 105

−6 −4 −2 0 2 4 6
PAXB expression change, log2

r =  0.62

−6

−4

−2

0

2

4

6

C
E

R
C

 e
xp

re
ss

io
n 

ch
an

ge
, l

og
2

−6 −4 −2 0 2 4 6

PAXB cis change, log2r =  0.13

−6

−4

−2

0

2

4

6

C
E

R
C

 c
is

 c
ha

ng
e,

 lo
g 2

−6 −4 −2 0 2 4 6

PAXB trans change, log2r =  0.51

−6

−4

−2

0

2

4

6

C
E

R
C

 tr
an

s 
ch

an
ge

, l
og

2

A B C

0

50

100

150

200

250

300

350

400

Shared Up Up/Down Down/UpShared Down
0

100

200

300

400

500

Shared Up Up/Down Down/UpShared Down
0

100

200

300

400

500

600

N
um

be
r o

f G
en

es

Shared Up Up/Down Down/UpShared Down

III

III IV

III

III IV

III

III IV

I II III IV I II III IV I II III IV

−6 −4 −2 0 2 4 6
PAXB expression change, log2

−6

−4

−2

0

2

4

6

C
E

R
C

 e
xp

re
ss

io
n 

ch
an

ge
, l

og
2

−6 −4 −2 0 2 4 6

PAXB cis change, log2

−6

−4

−2

0

2

4

6

C
E

R
C

 c
is

 c
ha

ng
e,

 lo
g 2

−6 −4 −2 0 2 4 6

PAXB trans change, log2

−6

−4

−2

0

2

4

6

C
E

R
C

 tr
an

s 
ch

an
ge

, l
og

2

G H I
III

III IV

III

III IV

III

III IV

D E F

Figure 4.11: Trans changes are more likely to be shared across populations. (A)
Genes with significantly different evolved expression in both freshwater populations relative
to marine fish, showing significantly correlated changes in gene expression in PAXBFW and
CERCFW dental tissue. (B) Freshwater dental tissue had a significant but small number of
shared cis-regulatory changes. (C) Freshwater dental tissue showed significantly correlated
changes in trans expression changes. A-C show genes with significant expression changes
between populations and quantifiable (i.e. genes with transcripts containing a polymorphic
SNP covered by at least 20 reads) cis-regulatory changes in both populations. Density (color)
was estimated with a Gaussian kernal density estimator. BiteCode genes (see Methods)
are indicated with black stars. D-F Bar graphs show the number of genes with shared or
divergent expression patterns from the above panels. G-I are similar to A-C, but show only
genes in the BiteCode gene set.
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Figure 4.12: Genome-wide Trans changes, not restricted to differentially expressed
genes, are more likely to be shared across populations. (A) Expression changes of
genes with quantifiable (i.e. genes with transcripts containing a polymorphic SNP covered
by at least 20 reads) hybrid expression in both freshwater populations relative to marine fish,
showing significantly correlated changes in gene expression in PAXBFW and CERCFW tooth
plates. (B) cis regulatory changes of genes with quantifiable hybrid expression in freshwater
dental tissue overall do not display correlated evolved changes. (C) trans regulatory changes
of genes with quantifiable hybrid expression in freshwater dental tissue. Density (color) was
estimated with a Gaussian kernel density estimator. (D-F) Similar to A-C, but show only
genes in the BiteCode gene set, revealing that these orthologs have evolved highly convergent
changes in the two freshwater populations (D), despite non-convergent cis regulatory changes
(E).
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4.4 Discussion

We sought to test the relative contribution of cis and trans gene regulatory changes during
convergent evolution of tooth gain, as well as to ask whether the same or different regulatory
changes underlie evolved changes in gene expression during this case of convergent evolution.
We quantified the overall regulatory divergence, as well as the specific contribution of cis
and trans changes, between ancestral low-toothed marine and two different independently
derived populations of high-toothed freshwater sticklebacks. Similar overall changes in gene
expression have evolved in both freshwater populations, especially in orthologs of known
dental regulators in mammals. In this system, trans-regulatory changes play a larger role
than cis changes in both populations. Furthermore, trans acting changes were much more
likely to be shared between freshwater populations than cis changes, suggesting the two
high-toothed populations evolved their similar gene expression patterns through independent
genetic changes.

Convergent evolution of dental gene expression

Convergent evolution at the gene expression level occurs when similar gene expression levels
evolve in different populations. Both the PAXBFW and CERCFW stickleback populations
have adapted from an ancestral marine form to their current freshwater environments. The
genomic nature of their derived changes appears largely divergent, with major axis of vari-
ation separating PAXBFW genomes from the geographically proximal marine populations
(LITCM), as well as the more distant marine (RABSM) and CERCFW populations. How-
ever, when looking at the gene expression basis of their convergently evolved gain in tooth
number, orthologs of genes implicated in mammalian dental development showed strong
correlated freshwater gains in expression. This correlation suggests both that sticklebacks
deploy conserved genetic circuits regulating tooth formation during tooth replacement, but
also that both populations have convergently evolved changes to similar downstream tran-
scriptional circuits resulting in a gain of tooth number.

Though both freshwater populations showed strongly correlated changes in evolved gene
expression at the trans regulatory level, the cis changes were largely not shared across
populations. This was especially true for putative dentally expressed genes with evolved
expression changes the vast majority of the trans but not cis expression changes were
shared between both freshwater populations. This suggests that the similar freshwater gene
expression patterns evolved through independent genetic changes. It is possible that the
small number of shared cis changes are sufficient to drive the observed changes to the overall
trans regulatory environments. However previous work has shown that the genetic basis of
tooth gain in these two populations is distinct [30] (Cleves et al 2018 under review), and it
seems parsimonious that the genetic basis of a gain in dental gene expression is also mostly
independent. Thus, convergent freshwater gene expression changes appear to be largely due
to distinct, independent population-specific regulatory changes. This finding suggests that
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there are many regulatory alleles that are accessible during the evolution of an adaptive
trait.

Trans effects dominate

Other studies have used RNA-seq to compare the relative contribution of cis and trans-
regulatory changes in the evolution of gene expression. In mice, evolved gene expression
changes in the liver [18] and the retina [61] were driven primarily by cis-regulatory changes.
In Drosophila, work on organismal-wide evolved gene expression changes on the genome-
wide level has shown the opposite, with trans-regulatory effects playing a larger role in the
evolution of gene expression [19,22]. Other studies have found trans effects contribute more
to intraspecific comparisons, while cis effects contribute more to interspecific comparisons
[17,20,60]. Consistent with this, we observe trans effects dominating in both of our intraspe-
cific comparisons.

Another key distinction could be that cis-regulatory effects dominate when looking at
more cellularly homogenous tissues, while trans-regulatory effects dominate when looking at
more heterogeneous tissues. Stickleback tooth plates likely fall into an intermediate category,
less heterogenous in cell type composition than a full adult fly or fly head, but more hetero-
geneous than a specialized tissue such as the mouse retina. Overall, freshwater tooth plates
are more morphologically similar to each other than marine, with freshwater tooth plates
possessing a larger area, increased tooth number, and decreased intertooth spacing [30,41].
Freshwater tooth plates likely have more similar cell type abundances and compositions
(e.g. more developing tooth germs with inner and outer dental epithelia, and odontogenic
mesenchyme) compared to each other than to marine tooth plates. Similar cell types tend
to have similar gene expression patterns, even when compared across different species [62].
Much of the shared freshwater increase in dental gene expression could be due to an increase
in dental cell types in both freshwater populations. As other evolved changes to stickleback
morphology have been shown to be due to cis regulatory changes to key developmental reg-
ulatory genes [8,33,41,63], this trans regulatory increase in cell type abundance could be due
to a small number of cis regulatory changes. These initially evolved developmental regu-
latory changes could result in similar downstream changes in the developmental landscape,
resulting in the shared increase in dental cell types. Consistent with this interpretation,
stickleback orthologs of genes known to be expressed during mammalian tooth development
were found here to have a much greater incidence of convergently evolved increase in trans
regulatory gene expression.

Compensatory cis and trans regulatory changes

Previous studies [17,18] have shown compensatory cis and trans changes are essential for the
evolution of gene expression. These findings are consistent with the idea that the main driv-
ing force in the evolution of gene expression is stabilizing selection [59] where compensatory
changes to regulatory elements are selected for to maintain optimal gene expression levels.
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In both PAXBFW and CERCFW dental tissue, when considering all genes with a quantifiable
(i.e. polymorphic and covered by 20 reads, see Methods) cis effects, discordant compen-
satory cis and trans changes were far more common than concordant ones. This trend could
be driven by some initial selection on pleiotropic trans changes, followed by selection for
compensatory cis changes to restore optimal gene expression levels [17,18,22]. However, the
trans, but not the cis, evolved changes in gene expression were highly shared among the two
freshwater populations. Thus, collectively our data support a model where two indepen-
dently derived populations have convergently evolved both similar genome-wide expression
levels as well as ecologically relevant morphological changes through different genetic means.

Potential parallels between teeth and hair regeneration

PAXBFW and CERCFW sticklebacks have an increased rate of new tooth formation in adults
relative to their marine ancestors [30]. In constantly replacing polyphyodonts, it has been
proposed that teeth are replaced through a dental stem cell intermediate [37,38]. A strong
candidate gene underlying a large effect PAXBFW tooth quantitative trait locus (QTL) is the
secreted ligand Bone Morphogenetic Protein 6 (Bmp6 ) [41] (Cleves et al 2018 under review),
which is also a key regulator of stem cells in the mouse hair follicle [56]. Freshwater dental
tissue displayed significantly increased expression of known signature genes of mouse hair
follicle stem cells, perhaps reflecting more stem cell niches supporting the higher tooth num-
bers in freshwater fish. Genes upregulated in freshwater dental tissue also were significantly
enriched for GO terms involved in the cell cycle and cell proliferation. Together these findings
suggest that both freshwater populations have evolved an increased tooth replacement rate
through an increased activity or abundance of their dental stem cells. Additionally, these
findings suggest the genetic circuitry regulating mammalian hair and fish tooth replacement
might share an ancient, underlying core gene regulatory network.

4.5 Materials and Methods

Stickleback husbandry

Fish from all populations were raised in 110L aquaria in brackish water (3.5g/L Instant Ocean
salt, 0.217mL/L 10% sodium bicarbonate) at 18C in 8 hours of light per day. Young fry
[standard length (SL) <10 millimeters (mm)] were fed a diet of live Artemia, early juveniles
(SL 10 - 20 mm) a combination of live Artemia and frozen Daphnia, and older juveniles (SL
>20 mm) and adults a combination of frozen bloodworms and Mysis shrimp. Experiments
were approved by the Institutional Animal Care and Use Committee of the University of
California-Berkeley (protocol R330).
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Skeletal staining and imaging

Sticklebacks were fixed in 10% neutral buffered formalin overnight at 4C. Fish were washed
once with water and then stained in 1% KOH, 0.008% Alizarin Red for 24 hours. Following a
water rinse, fish were cleared in 0.25% KOH, 50% glycerol for 2-3 weeks. Branchial skeletons
were dissected as previously described [64]. Pharyngeal teeth were quantified with fluorescent
illumination using a TX2 filter on a Leica DM2500 microscope. Representative tooth plates
were created using montage z-stacks on a Leica M165 FC using the RhodB filter. Adult
fish were imaged using a Canon Powershot S95. Some tooth count data from the CERCFW,
RABSM, and PAXBFW populations; n = 11, 13, 29, respectively, have been previously
published [30].

DNA preparation and genome resequencing

Caudal fin tissue was placed into 600μL tail digestion buffer [10mM Tris pH 8.0, 100mM NaCl,
10mM EDTA, 0.05% SDS, 2.5μL ProK (Ambion AM2546)] for 12 hours at 55C. Following
addition of 600μL of 1:1 phenol:chloroform solution and an aqueous extraction, DNA was
precipitated with the addition of 1ml 100% ethanol, centrifuged, washed with 75% ethanol,
and resuspended in water. 50ng of purified genomic DNA was used as input for the Nextera
Library prep kit (Illumina FC-121-1031), and barcoded libraries were constructed following
the manufacturers instructions. Library quality was verified using an Agilent Bioanalyzer.
Libraries were pooled and sequenced on an Illumina HiSeq 2000 (see Table 4.1 for details),
resulting in a mean of 52.8 million reads per sample, with a max of 70.3 million reads and a
minimum of 39 million reads (Table 4.1).

RNA purification and creation of RNA-seq libraries

Late juvenile stage female sticklebacks (SL 40mm) were euthanized in 0.04% Tricaine. Dis-
sected [64] bilateral ventral pharyngeal tooth plates were placed into 500μL TRI reagent,
then incubated at room temperature for 5 minutes. Following addition of 100μL of chloro-
form, a further 10 minute incubation and centrifugation, the aqueous layer was extracted.
Following addition of 250μL isopropyl alcohol and 10 minute incubation, RNA was precip-
itated by centrifugation, washed with 75% EtOH, and dissolved in 30μL of DEPC-treated
water. RNA integrity was assayed by an Agilent Bioanalyzer. 500ng of RNA from each fish
was used as input to the Illumina stranded TruSeq polyA RNA kit (Illumina RS-122-2001),
and libraries were constructed following the manufacturers instructions. Library quality was
analyzed on an Agilent Bioanalyzer, and libraries were pooled and sequenced on an Illumina
HiSeq2000 (see Table 4.2). We obtained a mean of 84.1 million reads among the parental
samples, with a max of 91.0 million and a minimum of 78.6 million (Table 4.2).
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Gene expression quantification and analysis

RNA-seq reads were mapped to the stickleback reference genome [31] using the STAR
aligner [65] (version 2.3, parameters = –alignIntronMax 100000 –alignMatesGapMax 200000
–outFilterMultimapNmax 20 –outFilterMismatchNmax 999 –outFilterMismatchNoverLmax
0.04 –outFilterType BySJout), using ENSEMBL genes release 85 as a reference transcrip-
tome. The resulting SAM files were sorted and indexed using Samtools version 0.1.18 [66],
PCR duplicates were removed, read groups added and mate pair information fixed using
Picard tools (version 1.51) (http://broadinstitute.github.io/picard/) with default settings.
Gene expression was quantified with the Cufflinks suite (v 2.2.1) [47,5355] using ENSEMBL
genes as a reference transcriptome, with gene expression quantified with cuffquant (-u –
library-type fr-firststrand) and normalized with cuffnorm. Differentially expressed genes
were found using cuffdiff2, with parameters (-u –FDR .1 –library-type fr-firststrand, using
the reference genome for bias correction). Genes with a mean expression less than 0.1 FPKM
were filtered from further analysis.

Gene set and gene ontology enrichment

The BiteCode gene set was generated by combining all genes in the BiteIt (http://bite-
it.helsinki.fi/) or ToothCODE (http://compbio.med.harvard.edu/ToothCODE/) [36]
databases. Stickleback orthologs or co-orthologs were found using the annotated names of
ENSEMBL stickleback genes. Gene set expression change statistical enrichment was done as
previously described [67]. Briefly, a t-test was performed for each gene to test for a difference
in mean expression between the two treatments. The resulting t-values were subject to a 1-
sample t-test, with the null model that the mean of the t-values was 0. Cutoffs were validated
using 10,000 bootstrapped replicate gene sets drawn from the same gene expression matrix.
Stickleback orthologs of mouse or human genes were determined using annotated ENSEMBL
orthologs. Sorted lists of genes, ranked by log2 expression change in PAXBFW dental tissue
relative to marine, CERCFWrelative to marine, or the mean of CERCFW and PAXBFW

relative to marine, were generated using the measured gene expression data. Gene Ontology
enrichment was done using Gorilla [68,69], and results were visualized using REVIGO [70].

Detection of genomic and transcriptomic variants

Genomic resequencing reads were aligned to the stickleback reference genome [31] using the
bwa aln and bwa sampe modules of the Burrows-Wheeler Alignment tool (v 0.6.0-r85) [71].
Resulting SAM files were converted to BAM files, sorted and indexed by Samtools version
0.1.18 [66], with PCR duplicates removed by Picard tools. GATK’s (v3.2-2) IndelRealigner
(parameter: ’-LOD 0.4’), BaseRecalibrator, and PrintReads were used on the resulting BAM
files. BAM files from the above RNA-seq alignment were readied for genotype calling using
GATK’s SplitNCigarReads, BaseRecalibrator, and PrintReads. Finally, the UnifiedGeno-
typer was used to call variants from the RNA-seq and DNA-seq BAM files, with parameters
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(-stand call conf 30 -stand emit conf 30 -U ALLOW N CIGAR READS –genotype likelihoods
model BOTH) [43,45]. This analysis identified a set of 8,341,326 variants.

Principal components analysis of the genome-wide set of variants was performed by first
filtering all multiallelic variants or variants with a missing genotype, resulting in a set of
1,690,729 variants. PCA was performed using FactoMiner [46] and a set of custom R scripts.
Phylogenetic trees were constructed using the set of variants, downsampled to 67,507 SNPs
(no indels) for use with BEAST and SNAPP [72,73]. We constructed phylogenies using
SNAPP, estimating substitution rate and proportion invariant from the data, and ran 1
million generations of MCMC simulations. The best tree was picked with TreeAnnotator
and visualized with FigTree.

To accurately phase RNA-seq data from F1 hybrids, pseudo-transcriptomes were created
for each hybrid. The pseudo-transcriptomes consist of the predicted sequence for each allele
within an F1 hybrid, with all predicted splicing variants of a gene collapsed to a single
transcript. A variant was added to the pseudo-transcriptome if and only if it was homozygous
in the sequenced parents (or parents sibling in the case of the RABSM parent of the CERCFW

x RABSM F1 hybrids) and called heterozygous in the F1 hybrid.

Cis and trans regulatory divergence quantification

RNA-seq reads from F1 hybrid sticklebacks were aligned to the individuals pseudo-transcriptome
using STAR (v 2.3) with the parameters: –outFilterMultimapNmax 1 and
–outFilterMultimapScoreRange 1. By only looking at uniquely aligning reads, we ensured we
only considered reads which overlapped a heterozygous variant site. Counting these unique
reads minimizes double counting a single read that supports two different variant positions.
Total cis divergence in each F1 hybrid was quantified by comparing the number of reads
mapping uniquely to each allele in the pseudo-transcriptome.

Following cis divergence quantification in all F1 hybrids, we considered the overall cis
change in the different freshwater populations. Genes which only had 20 or fewer uniquely
mapping reads across all replicates were filtered from further analysis. We excluded genes
with more than a 32-fold change, as a manual inspection revealed these to be either geno-
typing errors or mitochondrial genes. Reported cis ratios were calculated by comparing
the ratio of uniquely mapped freshwater reads to uniquely mapped marine reads. Evolved
trans changes were quantified as the difference between the log of the overall gene expression
change between the freshwater and marine parents and the log of measured cis freshwater
expression change. Percent cis change was calculated as the absolute value of the log of
the cis change divided by the sum of the absolute value of the log of the cis change and
the absolute value of the log of the trans change. Statistical significance of cis changes
was determined by a binomial test comparing overall reads mapping to the freshwater allele
to a null model of no cis divergence, with a false discovery rate of 1% applied using the
Benjamini-Hochberg method. Statistical significance of trans changes was determined by a
G-test, comparing the expected (based on the measured cis change) and observed ratios of
marine and freshwater, with a 1% false discovery rate.
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Data Availability

All sequencing reads are available on the Sequence Read Archive (SRP142616). All scripts
used for analysis are available on GitHub
(https://github.com/trahsemaj/Conv Evo Gene Exp).
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5.1 Abstract

Developmental regulatory networks are often reused and redeployed during the production
of similar organs in different anatomical contexts. Dental development shares similar gene
expression patterns conserved not only between teeth in diverse species, but also between
regionally distinct oral and pharyngeal teeth. Freshwater stickleback populations (Gasteros-
teus aculeatus) have evolved increased tooth number on both their oral and pharyngeal jaws.
Comparative QTL mapping of evolved changes in freshwater oral and pharyngeal dentitions
reveal a surprisingly region-specific genetic architecture of tooth gain. Evolved tooth gain
is associated with either regulatory alleles of Bmp6 or Plod2 and Pitx2 in multiple high-
toothed freshwater populations. Here we show all of these genes are required to regulate
tooth development in the oral and pharyngeal jaw. We find that the modular nature of
evolved increases in dentition is driven by regionally distinct regulatory changes of critical
regulators of tooth development.

5.2 Introduction

The genetic basis of evolved changes in morphology has been proposed to more often re-
sult from modifications to tissue-specific cis-regulatory elements rather than protein-coding
sequences [1-5]. For genes with multiple expression domains regulated by multiple cis-
regulatory elements, mutations affecting the activity of a cis-regulatory element typically
perturb expression only within the subset of a genes expression domains regulated by that
element. In contrast, mutations affecting coding sequences would affect all tissues the gene is
expressed in, barring differences in mRNA splicing. Recent work in evolutionary genetics has
supported the hypothesis that evolution favors cis-regulatory alleles to enact morphological
change [48]. The genetic bases of evolved differences in patterns of trichomes in Drosophila
embryos are a series of modular changes to distinct enhancers of svb [9]. Evolved differences
in Drosophila wing spot pattering are due in part to changes within a cis-regulatory element
of the yellow gene [10]. In stickleback fish, differences in the number and size of armored
plates [11,12], loss of pelvic spines [13,14], the size of pharyngeal jaw bones [15], and the
number of pharyngeal teeth [16] are linked to evolved changes in cis regulation.

Many similar yet distinct traits have a shared developmental genetic underpinning. Teeth
on the oral and pharyngeal jaw of fish share common developmental genetic bases, including
shared gene expression patterns [17-19]. Indeed, genetic mapping studies in cichlid fish found
a shared genetic basis of oral and pharyngeal tooth gain [20]. However, evolution is able
to act on each of these tooth domains in a modular fashion for instance, stickleback fish
show strong sexual dimorphism for tooth number on their oral, but not their pharyngeal,
jaw [21,22].

Ancestral marine populations of sticklebacks have colonized freshwater lakes and streams
throughout the Northern Hemisphere. These independently derived freshwater populations
adapted in isolation to a set of shared ecological conditions, resulting in a series of evolution-
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ary replicates. Many freshwater populations evolve similar morphological changes, including
a gain in pharyngeal tooth number [16,23]. Due to their presence in multiple independently
colonized populations [23], this trait appears to be adaptive in freshwater environments,
potentially due to shifts in diet.

In sticklebacks, freshwater adaptive traits appear to have evolved through a mix of shared
and independently derived genetic changes. The low-plated phenotype is due to repeated
reuse of an Eda allele in multiple freshwater populations [11,24]. The loss of pelvic spines
is due to repeated, but independently derived, deletions in an enhancer of Pitx1 [13]. It
remains an open question as to how frequently evolution reuses existing genetic variation
during convergent morphological adaptation.

Previously we reported that the convergently evolved increase in pharyngeal tooth num-
ber in two different freshwater populations appears to be due to distinct genetic changes
[23], including a cis-regulatory allele of Bmp6 [16]. Here we tested for evidence of a shared
genetic basis of pharyngeal tooth gain in eight freshwater stickleback populations though a
combination of genetic analysis and whole genome sequencing. We used genetic mapping
to elucidate the shared and modular genetic underpinnings of an evolved gain in both oral
and pharyngeal teeth. Additionally, we identified two new candidate genes for underlying
evolved gains in pharyngeal teeth, Pitx2 and Plod2, using gene expression data from diverse
populations and genetic backgrounds. We then used genome editing to functionally assay
these candidates roles during tooth development in both oral and pharyngeal tooth domains.

5.3 Results

Evolved tooth gain in multiple freshwater stickleback populations

We previously described an evolved gain of teeth in freshwater stickleback populations in the
pharyngeal jaw, which includes one ventral (VTP) and two dorsal (DTP1 and DTP2) tooth
plates [16,19,23]. Less is known about the evolution of teeth in these populations in the oral
jaw, which comprise teeth attached to the dentary and premaxilla bones [19]. We aimed to
test whether evolved tooth number increases in the pharyngeal jaw would be accompanied by
concomitant increases in the oral jaw. To test this, we quantified tooth number of fish derived
from many distinct localities raised in the lab, including freshwater populations from Paxton
Lake, British Columbia (PAXBFW), Fishtrap Creek, Washington (FTCFW), Cerrito Creek,
California (CERCFW), and marine populations from Japan (JAMAM), the Little Campbell
River, British Columbia (LITCM), and Rabbit Slough, Alaska (RABSM) (Fig 5.1A-F).

We observed significant changes in freshwater pharyngeal dentition, with all freshwater
populations displaying significant increases in teeth on their ventral tooth plates (VTP) (Fig
5.1E). PAXBFW and CERCFW exhibited evolved tooth gain on both dorsal tooth plates
(DTP1 and DTP2), while, surprisingly, FTCFW displayed an evolved decrease in tooth num-
ber on DTP1 and no detectable change on DTP2 (Fig 5.1B,C). In line with previously
reported results, we found strong sexual dimorphism for tooth number in the oral jaw, with
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males showing an increased tooth number on both their dentary and premaxilla relative to
females (Fig 5.2A,B) [21]. We found no increase in tooth number on freshwater premaxilla
relative to marine fish (Fig 5.1A), though both CERCFW and PAXBFW showed an increased
tooth number on their dentary (Fig 5.1D). In line with this modest gain of oral teeth in
some freshwater populations, we observed strong correlations for tooth fields within the oral
jaw and within the pharyngeal jaw, but lower correlations between tooth fields on the oral
jaw compared to the pharyngeal jaw (Fig 5.3). Together, this demonstrates that all tooth
fields are able to evolve tooth number modifications while tooth number in other fields can
remain static or even change in the other direction, i.e. tooth number changes can evolve in
a modular fashion across these five distinct tooth fields.
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Figure 5.1: Evolved tooth gain in multiple independently derived freshwater stick-
leback populations. (A-E) Dorsal (A-C) and ventral (D-E) oral (A, D) and pharyngeal
(B,C,E) tooth counts from lab raised adult sticklebacks, corrected for the effects of size and,
for oral teeth, sex. Marine populations (shown in red colors) are RABSM (Rabbit Slough,
Alaska), JAMAM (Japanese Marine), and LITCM (Little Campbell River, British Columbia,
Canada); freshwater populations (shown in blue colors) are FTCFW (Fishtrap Creek, Wash-
ington State), CERCFW (Cerrito Creek, California), and PAXBFW (Paxton Lake, Canada)
(subscripts denote marine (M) or freshwater (FW) populations. (F) Stickleback head show-
ing the locations of tooth fields, with lower case letters (a-e) corresponding to the tooth fields
presented in (A-E), and showing a histological section of teeth from that field. Evolved fresh-
water tooth gain or loss relative to marine populations was tested in a linear model, P <0.05
: *, P <0.01 : **, P <0.001 : ***.
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Figure 5.2: Sexual dimorphism of tooth number on the oral jaw of marine and
freshwater stickleback populations. Size-corrected tooth number of the premaxilla (A)
and dentary (B) of adult lab-raised sticklebacks from marine (red, RABSM and LITCM) and
freshwater (blue, CERCFWand PAXBFW) populations. Sticklebacks display strong sexual
dimorphism for oral tooth number, with males displaying greater tooth numbers on their
premaxilla (+10.9 teeth, P=1.55e-6, similar to result found in [21]) and dentary (+13.2
teeth, P=2.23e-9).
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Figure 5.3: Distinct evolved changes in dentition of the oral and pharyngeal jaw.
Correlations of size and sex corrected tooth counts from two marine and two freshwater
populations (same populations as in Fig 5.2). Tooth number is highly correlated for com-
parisons within the same jaw (Pearsons r > 0.62), and less so between oral and pharyngeal
tooth domains (r < 0.48).

Genomic evolution of freshwater sticklebacks

We sought to understand the genetic and genomic basis of stickleback freshwater adaptation.
We aimed to determine the degree of genomic diversity among pan-Pacific geographically di-
verse marine populations as compared to the freshwater populations, which were restricted
to the west coast of North America (Fig 5.4A). We resequenced the genomes of 24 fish
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from 3 marine and 8 freshwater populations, each of which was the grandparent of an F2

cross (Table 5.1). After genome-wide variant discovery, we built a phylogenetic tree using
a subsample of these identified variants. Surprisingly, we found that the vast majority of
genomic variation distinguished freshwater populations, with geographically diverse marine
populations comprising a small monophyletic clade (Fig 5.4B). Principal component analysis
of a genome-wide set of variants confirmed this result, with PC1 and PC2 separating geo-
graphically distinct freshwater populations and explaining nearly half the variance (29.07%
and 14.8%, respectively). Additional PC axes explain lower amounts of overall variance but
continue to separate freshwater populations from other freshwater and marine populations,
rather than marine populations from other marine (Fig 5.5). This wide diversity among
freshwater genomes could reflect adaptations to a diverse array of ecological environments,
whereas marine environments are generally similar across geographic distances [25].
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Cross Name
Test
Fish

Bmp6
Marker

Bmp6
Marker
Position

Dad seq? Mom seq?

BEPAxLITC 374 stn422 3386061 BEPA LITC6
CCDxLITC 93 JCH115 3856115 CCD -

CERCxLITC 155 16-6
2718243-
3202277

CERC1 -

CERCxRABS 83 JCH137 5187435 CERC2 RABS
FTCxLITC 173 cm1396 3849882 FTC1 LITC4

HUTUxLITC 88 stn490 4598372 HUTU -

LITCxENOS 172 16-6
2718243-
3202277

LITC3 ENOB

LITCxFTC 107 21Sc2-6
2718243-
3202277

FTC2 LITC5

LITCxPAXB 183 16-6
2718243-
3202277

LITC3 PAXB6

LITCxPRIB 169 16-6
2718243-
3202277

LITC3 PRIB

PAXBxJAMA-A 52 cm1288 3794581 PAXB3 -
PAXBxJAMA-L 95 cm1288 3794581 PAXB4 JAMA

PAXBxJAMA-WV 53 cm1288 3794581 PAXB5 -
PAXBxLITC-28 151 cm1430 4231433 PAXB1 LITC1
PAXBxLITC-29 75 cm1284 2565243 PAXB1 LITC2
PAXBxRABS 64 cm1430 4231433 PAXB2 -

Table 5.1: Multiple crosses show an association between Bmp6 and increased
tooth number. ‘Cross Name’ indicates the name of the cross, and ‘Tested Fish’ indicates
the number of fish tested in the cross. ‘Bmp6 marker’ indicates the name of the marker
proximal to Bmp6 in the cross, with ‘Bmp6 marker position’ indicating the position in bp
on chromosome 21 [68]. Marker sequences are given in Table 5.3. Markers 16-6 and 21Sc2-6
were determined by a genotyping by sequencing method [27], and represent 500kb bins on
the chromosome. ‘Dad Seq?’ and ‘Mom Seq?’ indicate the name of the parent of the cross
if the parent was sequenced.
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component axes sepa-
rate freshwater genomes
by population. Principal
components analysis of a
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Repeated reuse of a regulatory region of Bmp6 during evolved
tooth gain

We previously described a large effect quantitative trail locus (QTL) controlling an increase
in tooth number in freshwater PAXBFW fish. This tooth gain QTL was associated with
mutations within a tooth enhancer of Bmp6 and a cis-regulatory change in Bmp6 expression
(Cleves et al, 2018, under review) [16]. We hypothesized that this regulatory haplotype was
reused by multiple freshwater populations during the evolution of tooth gain, in a manner
similar to the low-plated allele of the Eda gene [24]. We generated three and reanalyzed 13
[16,23,26-28] marine x freshwater F2 crosses, totaling 2,246 animals in 16 F2 crosses (Table
5.1). We found that markers near Bmp6 were associated with an increased VTP tooth
number in nine out of 16 crosses at a false discovery rate (FDR) of 5%, and 11 out of 16 at
an FDR of 10%, suggesting a shared genetic basis for evolved tooth gain (Fig 5.6A).

We next asked whether the high-toothed freshwater alleles of Bmp6 shared any of the
10 previously described mutations within a tooth enhancer of Bmp6 associated with tooth
gain in PAXBFW (Cleves et al, 2018, under review). None of our sequenced marine parents,
nor freshwater parents lacking a high-toothed Bmp6 allele, shared any of these high-tooth
associated mutations (Fig 5.6B). In contrast, 10 out of the 11 freshwater parents with a high-
toothed allele of Bmp6 shared a substantial subset of these 10 enhancer mutations. A core
set of six mutations, spanning 438 base pairs, was found in common among all 10 of these
genomes, suggesting this haplotype as the new minimal set of high-toothed mutations. To
further confirm the role of these mutations in the evolution of tooth gain, we generated three
outcrosses between FTCFW fish heterozygous for these high-toothed associated mutations
and low-toothed marine fish. F1 fish heterozygous for the high-toothed freshwater allele
(HM) displayed more teeth on their VTPs than low-toothed freshwater allele heterozygotes
(LM, Fig 5.6C, P = 0.029 one-tailed t-test).

We previously reported that the evolution of an increase in tooth number in PAXBFW was
associated with a cis-regulatory decrease in Bmp6 expression [16]. As multiple freshwater
populations shared a tooth enhancer haplotype associated with an evolved gain in tooth num-
ber, we hypothesized that these populations would share a similar cis-regulatory decrease
in Bmp6 expression. We outcrossed high-toothed fish from multiple freshwater populations
(PAXBFW, FTCFW, and CERCFW) to marine fish to create F1 hybrids, dissected VTPs and
created cDNA libraries from these hybrids. We developed a Taqman based assay to mea-
sure Bmp6 allele specific expression [29](Fig 5.7). Bmp6 showed a cis-regulatory decrease
in activity in the high-toothed PAXBFW and FTCFW populations relative to marine (P =
1.2e-4, 4.3e-15, respectively, nested linear model). PAXBFW and FTCFW, both populations
with the high-tooth associated haplotype of Bmp6, additionally displayed a cis-regulatory
decrease in expression relative to CERCFW (P = 9.4e-4 and 3.0e-2, respectively), which
lacked the high-toothed Bmp6 haplotype. This decreased expression further supports the
hypothesis that one or more of these mutations decrease Bmp6 expression in cis to reduce
tooth number in diverse freshwater populations.
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Figure 5.6: A regulatory haplotype of Bmp6 is associated with the evolution of
tooth gain in multiple populations.(A) Boxplots showing the effect of genetic markers
near Bmp6 on corrected tooth counts of F2 animals of a marine x freshwater cross, with the
freshwater parent indicated below (see Table 5.1 for details). : FDR < 0.1 , * : FDR <
0.05, ** : FDR < 0.01, *** : FDR < 0.01. (B) The 10 high-toothed mutations associated
with PAXBFW evolved tooth gain (Cleves et al, 2018, under review) are found in other
populations with a tooth gain QTL near Bmp6. (C) In the FTCFW population, this haplotype
is segregating, and genetic cross between heterozygous FTCFW fish and marine fish shows
association of the high-toothed Bmp6 allele with increased tooth number, P < 0.05, one-
tailed t-test. (D) Allele specific expression assays from Bmp6 marine-freshwater F1 hybrids
show a cis-regulatory decrease of Bmp6 in both the PAXBFW and FTCFW populations
compared to CERCFW. * : P < 0.05, ** : P < 0.01, nested linear model.
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Figure 5.7: Taqman based assay to measure allele specific expression. (A) Taqman-
based quantification in triplicate of a standard curve constructed from differing ratios of
freshwater and marine genomic DNA. Regressing the observed ratios against the expected
yields highly precise (Pearsons r = .995) but biased (slope = 0.5) estimates. This bias
was corrected for in all future experiments. B-C) Boxplots showing corrected ratios from
marine/freshwater F1 hybrids, from VTP-derived cDNA and genomic DNA. PAXBFW (B)
and FTCFW (C) alleles of Bmp6 showed large significant decreases in cis-regulatory activity
(P = 1.2e-4, 4.3e-15, respectively, nested linear model). CERCFW alleles (D) showed a slight
but significant decrease in cis-regulatory activity (P = 0.014), but this effect was smaller
than PAXBFW or FTCFW (P = 9.4e-4 and 3.0e-2, respectively).

As Bmp6 is expressed in both oral and pharyngeal teeth [16,19], and is required for some
aspects of pharyngeal tooth development (Cleves et al, 2018, under review), we hypothesized
that Bmp6 would be required for oral tooth development as well. We dissected oral jaws
from a previously described PAXBFW F2 cross containing a 13bp deletion predicted loss of
function allele of Bmp6, and quantified oral tooth number. In line with our hypothesis,
we found that Bmp6 heterozygous mutants had fewer teeth on their premaxilla than their
wild-type siblings (P = 0.038, 1 tailed t-test), while the dentary tooth domain appeared
unaffected (Fig 5.8). Therefore, Bmp6 has a required role during normal development of
teeth on both the oral and pharyngeal jaws.
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Figure 5.8: Mutations in Bmp6 disrupt oral tooth development. A PAXBFW fish
heterozygous for a 13bp deletion in exon 2 of Bmp6 (Cleves et al, 2018, under review) was
outcrossed, and offspring grown to the late juvenile stage. (A) Bmp6 heterozygotes show
a reduced tooth count on their premaxilla relative to their wild-type siblings (P = 0.031,
1-tailed t-test). (B) Boxplot showing size-corrected premaxilla tooth number of Bmp6 wild-
types and heterozygotes. (C) Bmp6 heterozygotes show no detectable decrease in tooth
count on their dentary. (D) Boxplot showing size corrected dentary tooth number of Bmp6
wild-types and heterozygotes.

Modular evolution of tooth gain

Oral teeth and pharyngeal teeth show a modest evolutionary correlation, with PAXBFW and
CERCFW populations showing an increased tooth number on components of their oral and
pharyngeal jaws. We hypothesized that the genetic bases of these evolved gains in tooth
number would be similar when comparing tooth fields within the oral or pharyngeal jaw,
but less so when comparing oral to pharyngeal. To test this, we quantified tooth number
on both the dentary and premaxilla of a previously published CERCFW x LITCM cross [23].
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Similar to the evolved tooth gain correlations (Fig 5.3), sex and size corrected tooth number
was more highly correlated when comparing within the oral or pharyngeal jaw (Pearsons r
> 0.64), but less correlated when comparing across jaws (Pearsons r < 0.45, Fig 5.9A).

We next mapped QTL for both of these traits, and compared the genetic architecture
controlling evolved changes in oral dentition to evolved changes in pharyngeal dentition
(Fig 5.9B). We found a single QTL on chromosome 17 controlling an evolved freshwater
gain in dentary tooth number (Fig 5.10, Table 5.2). Additionally, we found two QTL, on
chromosomes 16 and 17, where the freshwater allele contributed to a gain in premaxilla
tooth number, though this trait had no significant differences between these populations
(Fig 5.1A). Genome-wide scans for epistasis revealed a significant interaction (LOD = 6.6)
between the premaxilla QTL on chromosomes 16 and 17 (Fig 5.11). Additionally, we found
an interaction between VTP QTL on chromosomes 4 and 21 (Fig 5.11), though not significant
at the genome-wide level (LOD = 3.1). Of the five QTL controlling VTP tooth number,
four did not overlap QTL controlling other tooth domains, and appeared to be specific for
this domain (Fig 5.9B). In contrast, tooth number on premaxilla, dentary, and VTP was
partially controlled by overlapping QTL on chromosome 17, and tooth number on premaxilla
and DTP2 was partially controlled by overlapping QTL on chromosome 16. Thus, though
we observe several cases of potentially shared genetic architecture underlying tooth gain in
different tooth domains, evolved changes in tooth number appear largely modular.
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Figure 5.9: Anatomically modular genetic basis of evolved tooth gain. (A) Heatmap
of correlation coefficients of corrected tooth number from anatomically distinct tooth do-
mains (see Fig 5.1F) in CERCFW x LITCM F2 fish, showing oral and pharyngeal teeth have
a partially shared genetic basis. (B) Regionally distinct and shared genetic basis of evolved
tooth gain in F2 fish. LOD profiles for individual tooth domains (colored as in key) are
shown. The genome-wide significance (P = 0.05) threshold for the VTP trait is indicated
by the dashed line.
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Figure 5.10: Effect plots of QTL freshwater tooth gain on dentary or premaxilla.
(A-C) Effect plots showing log transformed corrected tooth counts for QTL controlling oral
tooth number on premaxilla (A + B) and dentary (C). Bars show standard error and mean.

Trait Chromosome Peak Position (cM) 1.5 LOD interval LOD score PVE
DTP2
Tooth

Number
16 62 47.1-72.0 5.6 14.1

Premaxilla
Tooth

Number
16 46.6 39.9-49.5 8.6 18.3

Premaxilla
Tooth

Number
17 46 42.0-48.7 11.4 25.4

Dentary
Tooth

Number
17 49.6 36.6-71.7 6.3 15.8

VTP
Tooth

Number
17 51 32.8-71.7 4.5 7.3

Table 5.2: Overlapping oral and pharyngeal QTL controlling evolved tooth gain.
‘Trait’ gives the trait that was mapped, ‘chromosome’ the chromosome the QTL was found
on, with ‘Peak Position’ the position in cM, and a ‘1.5 LOD interval’ (also in cM) for the
QTL. ‘LOD score’ gives the LOD of the peak marker and ‘PVE’ gives the percentage of the
variance explained by the QTL.
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Figure 5.11: Epistatic interaction between QTL controlling evolved tooth gain.(A)
Effect plots of a LOD 6.6 epistatic interaction between QTL controlling premaxilla tooth
number. (B) Effect plots of LOD 3.1 epistatic interaction between QTL controlling VTP
tooth number. Dots show standard error.

Pitx2 and Plod2 are dentally expressed candidate genes
underlying evolved tooth gain

We sought to identify the genes underlying the VTP-specific QTL on chromosomes 4 and 21
controlling the convergent evolution of tooth gain in CERCFW. Each of the 1.5 LOD intervals
of these QTL contains a large number of genes. As genes controlling tooth number are likely
expressed in teeth, we first tried to identify all dentally expressed genes within the QTL-
containing intervals. We leveraged new and published RNA-seq data sets (33 in total) using
VTP-derived RNA from diverse stickleback populations and mutants. As the majority of
gene expression changes between tooth plates from different populations are changes in trans,
likely reflecting differences in cell-type composition within the VTPs (Hart et al, 2018, under
review), we reasoned that much of the variance in this combined RNA-seq data set would be
due to differences in cell-type composition between samples. Consistent with this prediction,
genes known to mark specific cell types (Bmp6 : teeth [16,19], Calb2a: taste buds [30,31],
Sncb: neurons [3234], Ttn: muscle [35,36]) show highly correlated expression with other
putative marker genes of the same tissue (Fig 5.12). To identify putative dentally expressed
genes, we first performed a genome-wide correlation analysis to set a baseline correlation
profile for each gene in the genome. We then correlated the expression profile of each gene to
a set of genes, BiteCode, known to be expressed in developing teeth in other systems [37,38]
(Hart et al, 2018, under review). We then performed a Mann-Whitney U test for each
gene asking if the set of correlation coefficients from the BiteCode genes showed enrichment
relative to the genome-wide set of correlation coefficients. As we observed an enrichment of
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low p-values (Fig 5.13), we determined a p-value threshold of 1.58e-11, corresponding to the
top 10% most enriched putative dental genes. Cross-validation with a hand-annotated set
of genes known to be expressed in developing teleost teeth (TeToG) confirmed the ability of
this method to find known tooth genes (Fig 5.13), including Bmp6 and Pitx2 (Fig 5.14A).
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Figure 5.12: Correlated expression of known tissue marker genes. Genes reported
to mark tissue types correlate highly with other known marker genes. (A-D) are violin
plots of genome-wide correlation coefficients for all genes in the genome, compared with
the given gene indicated below. A GO analysis [98] of the top 200 most correlated genes
with Calb2a and Ttn showed ‘sensory perception of taste (GO:0050909, P = 2.1e-10) and
‘muscle structure development (GO:0061061, P = 2.65e-9) as the most enriched GO terms,
respectively. A similar GO analysis of the top 200 genes most highly correlated with
Sncb revealed an enrichment of the GO term ‘nervous system process (GO:0050877, P =
1.0e-3). Genes within the top 200 most correlated genes genome-wide with Entrez Gene
(https://www.ncbi.nlm.nih.gov/gene) descriptions including the given cell type as indicated
by arrows.
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Figure 5.13: Genes expressed in teleost teeth show highly correlated expression
with rodent tooth genes. (A-B) Principal component analysis of a gene expression matrix
shows clustering of samples by population and genotype. Squares indicate a family of 13bp
exon2 Bmp6 mutants, and triangles a family of mutants in a 5’ tooth enhancer [80] of Bmp6,
with wild-types filled, heterozygotes crossed, and homozygous mutants unfilled. (C) A set
of known teleost tooth genes (TeToG) display highly increased correlation with a set of
mouse tooth genes (BiteCode). A rugplot shows log10 transformed p-value from a Mann-
Whitney U test, comparing the genome-wide correlation coefficients to correlation coefficients
of BiteCode genes for each gene in the TeToG set.
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Figure 5.14: Two new dentally-expressed candidate genes, Pitx2 and Plod2, for
underlying evolved increase in stickleback dentition. (A) Correlation analysis using
RNA-seq data derived from ventral pharyngeal tooth plates from diverse populations reveals
that Bmp6, Pitx2, and Plod2 display increased correlation with known dental genes, with
log10 transformed p-values from a Mann-Whitney U test reported above. (B) in Bmp6, Pitx2,
and Plod2 show similar patterns of gene expression in developing teeth in both the oral and
pharyngeal jaws as assayed by in situ hybridization (C) Plod2 displays a cis-regulatory
increase in expression in CERCFW fish, with DNA controls shown on the right (P < .001,
nested linear model).

The CERCFW VTP chromosome 4 and chromosome 21 QTL 1.5 LOD intervals are fairly
broad, encompassing 3.14Mb and 5.32Mb of sequence and 99 and 228 ENSEMBL predicted
genes [39], respectively, of which nine and 19 are putative dentally expressed genes. As many
of the genes underlying morphological QTL in sticklebacks have been found to have cis-
regulatory changes [12-16], we leveraged our previous genome-wide scan for changes in cis-
regulatory activity in CERCFW VTP (Hart et al, 2018). We found five and 30 genes within
the chromosome 4 and 21 interval, respectively, with a significant evolved cis-regulatory
change, three and one of which were putative dental genes. As these regions were not pre-
viously found within a PAXBFW QTL interval, we looked for genes which had a CERCFW

specific regulatory change, resulting in a total of one and two QTL candidates. The chromo-
some 4 QTL interval contained only one gene (Rab28 ) which passed all filters, and it seemed
a poor candidate based on its described roles only in photoreceptors [40]. We instead suggest
Pitx2 as a candidate gene, due to its strong expression in teeth and its evolved expression in-
crease in CERCFW teeth relative to marine [fragments per kilobase per million reads (FPKM)
176 in CERCFW, 116 in RABSM, FDR = .038, Hart et al, 2018]. Unfortunately, the lack of
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consistent marine-freshwater polymorphisms prevented testing for an evolved cis-regulatory
change. The chromosome 21 QTL contains 2 genes which passed all our filters, Limd2 and
Plod2. We suggest Plod2 is a stronger candidate underlying the evolution of tooth gain, as
the only GO term in zfin (www.zfin.org) associated with Limd2 is ‘metal ion binding, while
Plod2 mutations disrupt skeletal development in animals from zebrafish to humans [41-44].

We found that Bmp6, Pitx2, and Plod2 expression domains overlap in tooth epithelium
during cap and early bell stages of tooth development (arrows in Fig 5.14B). Addition-
ally, Pitx2 and Bmp6 are coexpressed in tooth epithelium from the onset of differentiation,
though this expression domain is only occupied by Pitx2 from mid-bell until eruption. Plod2
and Bmp6 are coexpressed in tooth mesenchyme at mid-cap stages and throughout tooth
eruption. Importantly, these expression domains appeared identical between all oral and
pharyngeal teeth we observed, with no apparent unique or missing domains occurring in any
tooth field. This similar expression in all tooth fields suggests that modular changes to tooth
development in different tooth fields is unlikely to be driven by coding mutations in these
genes, which would presumably affect all teeth. Together with the QTL data, this dental
expression supports Bmp6, Pitx2, and Plod2 as plausible target loci for evolved changes
in tooth development, specifically via quantitative and/or subtle temporal changes in the
expression of these genes rather than large-scale gain or loss of expression domains.

CERCFW Plod2 has a single predicted coding (E409Q) change relative to marine fish, but
this change is found at a non-conserved residue with no predicted strong effect on protein
function (BLOSSUM80 [45] score of +2) . Additionally, we observe this coding change in
other low-toothed marine genomes. Therefore, we hypothesized the cis-regulatory change in
Plod2 was responsible for the evolved change in dentition and sought to replicate this result.
Using our Taqman allele specific expression assay, we replicated our previous finding that
the CERCFW allele of Plod2 displays a significantly increased cis-regulatory activity relative
to RABSM (P = 4.5e-7, nested linear model, Fig 5.14C). This cis-regulatory upregulation
of Plod2 could be specific to CERCFW, as Plod2 was not upregulated in PAXBFW (a non-
significant 2% decrease in PAXBFW cis-regulatory activity relative to marine) in a previous
study (Hart et al, 2018, under review).

Plod2 mutations disrupt normal oral and pharyngeal tooth
development

Plod2 is a strong candidate gene underlying the evolution of tooth gain in CERCFW, due
to its dental expression (Fig. 5.14B) and evolved increase in cis-regulatory activity (Fig
5.14C). However, no functional data exists on the role of Plod2 during tooth replacement.
To functionally characterize the role of Plod2 during tooth replacement in sticklebacks, we
induced a series of predicted strong loss-of-function frame-shifting mutations in the 5th exon
of Plod2 in both CERCFW and RABSM using the CRISPR/Cas9 system (Fig 5.15) [46-49].
We crossed stable CERCFW F1s heterozygous for a 4bp deletion to RABSM F1s heterozygous
for either a 5bp deletion (cross 1) or a 1bp deletion (cross 2), grew up the resulting F2s and
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quantified tooth number).
Plod2 mutants display a highly significant gain in VTP tooth number, with homozy-

gous mutants showing 4.2 more teeth than their heterozygous siblings (Fig 5.16A-C, P =
1.91e-3). This tooth gain effect was found at both early (clutch 1, SL 15-20mm) and later
juvenile (clutch 2, SL 25-35mm) stages (Fig 5.16A). In contrast, Plod2 mutants additionally
displayed a significant reduction of tooth number on their premaxilla, with mutants showing
3.3 fewer teeth than heterozygous siblings (Fig 5.16D-F, P = 1.75e-3). However, Plod2 mu-
tations did not appear to affect tooth number on the dentary, DTP1, or DTP2 (Fig 5.17).
Plod2 mutants did appear to have a modest growth defect (Fig 5.18, P = 1.04e-5), in line
with previously published roles of Plod2 during teleost development [50]. Thus, Plod2 has
required but opposing roles during tooth development in both the pharyngeal and oral jaw
and is an excellent candidate gene underlying evolved tooth gain in CERCFW.
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  1  MTSSGPGPRFL L L L PL L L P- - - PAASASDRPRGRDPVNPEKL L VI TVATAETEGYL RFL RSAEFFNYTVRTL GL GEEWRGGDVARTVGGGQKVRWL KKEMEKYADREDMI I MFVDSYDVI L AGSPTEL L KKFVQSGSRL L FSAESFCWPEWGL AEQYPEV
  1  MAAAGPEPRL L L L L L L L L PPL PPVTSASDRPRGANAVNPDKL L VI TVATAETEGYRRFL QSAEFFNYTVRTL GL GQEWRGGDVARTVGGGQKVRWL KKEMEKYADQKDMI I MFVDSYDVI L ASSPTEL L KKFVQSGSHL L FSAESFCWPEWGL AEQYPEV
  1  MGGCTVKP- QL L L L AL VL HPWNPCL GA- - DSEKPSSI PTDKL L VI TVATKESDGFHRFMQSAKYFNYTVKVL GQGEEWRGGDGI NSI GGGQKVRL MKEVMEHYADQDDL VVMFTECFDVI FAGGPEEVL KKFQKANHKVVFAADGI L WPDKRL ADKYPVV
  1  MGDRGARP- GRL MPML AL L SWAAGL GV- - AEETPGRI PADKL L VI TVATKENDGFHRFMNSAKYFNYTVKVL GQGQEWRGGDGMNSI GGGQKVRL L KEAMEHYASQEDL VI L FTECFDVVFAGGPEEVL KKFQKTNHKI VFAADGL L WPDKRL ADKYPVV
  1  MERR- - RG- FHAFVL ML VTCVHCTL GM- - - - ETNKDI PTEKL L VL TVATQETDGFL RFMQSANYFNFNVKVL GMGEEWKGGDVGHSI GGGQKVRL L KEAMESL DQQEDL VVL FVDSYDL I FAGGAEEI L RKFQQSNHKVVFAAEGI I WPDSQL AEKYPSV
  1  - - - - - - - - - L RETL TYSPTSWNVAI SF- - - - H- SSRKL AEKL L VL TVATEETDGFL RFMQSAGYFKYNVKVL GMGQTWKGGDVGRSI GGGQRVRL L KEAMEDL ADQEDL VVL SVDSYDL I FSGGPEEI L RKFQQANHKVL FAAEGL VWPDKKL ADKYPSV
  1  - - - - - - - - - L RETL TYSPTSWNVAI SF- - - - H- SSRKL AEKL L VL TVATEETDGFL RFMQSAGYFKYNVKVL GMGQTWKGGDVGRSI GGGQRVRL L KEAMEDL ADQEDL VVL SVDSYDL I FSGGPEEI L RSSSRPI TKCFL L QRDWCGRI RSWL TSTPRS
  1  - - - - - - - - - L RETL TYSPTSWNVAI SF- - - - H- SSRKL AEKL L VL TVATEETDGFL RFMQSAGYFKYNVKVL GMGQTWKGGDVGRSI GGGQRVRL L KEAMEDL ADQEDL VVL SVDSYDL I FSGGPEEI L RS- SRPI TKCFL L QRDWCGRI RSWL TSTPRS
  1  - - - - - - - - - L RETL TYSPTSWNVAI SF- - - - H- SSRKL AEKL L VL TVATEETDGFL RFMQSAGYFKYNVKVL GMGQTWKGGDVGRSI GGGQRVRL L KEAMEDL ADQEDL VVL SVDSYDL I FSGGPEEI L VPAGQSQSAFCCRGTGVAG- - - - - - - - - - - -

1 5 8  GTGKRFL NSGGFI GFATTI HQI VRQWKYKDDDDDQL FYTRL YL DPGL REKL SL NL DHKSRI FQNL NGAL DEVVL KFDRNRVRI RNVAYDTL PI VVHGNGPTKL QL NYL GNYVPNGWTPEGGCGFCNQDRRTL PGGQPPPRVFL AVFVEQPTPFL PRFL QR
1 6 1  GMGKRFL NSGGFI GFAPTI HQI VRQWNYKDDDDDQL FYTQL YL DPGL REKL KL SL DHKSRI FQNL NGAL DEVI L KFDQNRVRI RNVAYDTL PVVVHGNGPTKL QL NYL GNYVPNGWTPQGGCGFCNQTL RTL PGGQPPPRVL L AVFVEQPTPFL PRFL QR
1 5 8  HI GKRYL NSGGFI GYAPYVNRI VQQWNL QDNDDDQL FYTKVYI DPL KREAI NI TL DHKCKI FQTL NGAVDEVVL KFENGKARAKNTFYETL PVAI NGNGPTKI L L NYFGNYVPNSWTQDNGCTL CEFDTVDL SAVDVHPNVSI GVFI EQPTPFL PRFL DI
1 5 8  HI GKRYL NSGGFI GYAPYI SRL VQQWNL QDNDDDQL FYTKVYI DPL KREAFNI TL DHKCKI FQAL NGATDEVVL KFENGKSRVKNTFYETL PVAI NGNGPTKI L L NYFGNYVPNSWTQENGCAL CDVDTI DL STVDVPPKVTL GVFI EQPTPFL PRFL NL
1 5 4  RSGKRFL NSGGI I GYAPYI QKL VSQWDL HDNDDDQL FYTKI YVDPI QREKL NMTL DHKCEI FQNL NGAL DEVL L KFGTERVRVRNTI YNSL PAVI HGNVNTKVYFNYL ANYI PNAWNYERGCTI CDQDMVDL SQL KEFPQVTVGVYI EQPTPFL PEFL ER
1 4 7  RSGKRYL NSGGI I GYAPYVSRMVSQWNL HDNDDDQL FYTKI YVDPL QRQTL NMTL DHKCQI FQNL NGAVDEVL L KFGTGI VRVRNTVYDTL PVVVHGNGNTKMYL NYL SNYVPDTWNYEHGCTHCDDDVL DL SQL KEYPNVL VGVFI EQPTPFL PEFFER
1 4 7  AAASATSTP- - - - - - - EVL L AML HT- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 4 6  AAASATSTP- - - - - - - EVL L AML HT- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
    - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

3 1 8  L L L L DYPPDRVTL FL HNNEVFHEPHI ADSWPQL QDHFSAVKL VGPEEAL SPGEARDMAMDL CRQDPECEFYFSL DADAVL TNL QTL RI L I EENRKVI APML SRHGKL WSNFWGAL SPDEYYARSEDYVEL VQRKRVGVWNVPYI SQAYVI RGDTL RMEL P
3 2 1  L L L L DYPPDRI SL FL HNSEVYHEPHI ADAWPQL QDHFSAVKL VGPEEAL SAGEARDMAMDSCRQNPECEFYFSL DADAVL TNPETL RVL I EQNRKVI APML SRHGKL WSNFWGAL SPNEYYARSEDYVEL VQRKRVGVWNVPYI SQAYVI RGETL RTEL P
3 1 8  L L TL DYPKEAL KL FI HNKEVYHEKDI KVFFDKAKHEI KTI KI VGPEENL SQAEARNMGMDFCRQDEKCDYYFSVDADVVL TNPRTL KI L I EQNRKI I APL VTRHGKL WSNFWGAL SPDGYYARSEDYVDI VQGNRVGVWNVPYMANVYL I KGKTL RSEMN
3 1 8  L L TL DYPKEAL QL FI HNKEVYHEKDI KVFVDKAKHDI SSI KI VGPEENL SQAEARNMGMDFCRQDEKCDYYFSVDADVVL TNPRTL KFL I EQNRKI I APL VTRHGKL WSNFWGAL SPDGYYARSEDYVDI VQGNRVGI WNVPYMANVYL I QGKTL RSEMN
3 1 4  L L SL DYPKDKL NI FI HNSEVYHEKHI QKFWEENKDVFGSFKAVGPEENL TQGEARNMGMDVCRRDPSCDYFFNI DADVML TNRQTL KL L I EQNRKI I APL VTRHGKL WSNFWGAL SL DGYYARSEDYI DI VQGKRVGVWNI PFL AHVYL I KGQTL RNEL K
3 0 7  L L SL DYPKDKL KVFVHNNEVYHEKHI QKFWEENRNVFSTFKVVGPEENL SQGEARNMGMDL CRKDAACDYYFSL DSDVML TNRQTL KL L I EQNRKI I GPVVTRHGKL WSNFWGAL SL DGYYARSEDYVDI VQRKRVGMWNI PFMAHVYL VKGSAL RTEL K
    - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
    - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
    - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

4 7 8  QRDVFSGSDTDPDMAFCKSFRDK- - - - - - - - - - - - - - - - - - - - - GI FL HL SNQHEFGRL L ATSRYDTEHL HPDL WQI FDNPVDWKEQYI HENYSRAL EGEGI VEQPCPDVYWFPL L SEQMCDEL VAEMEHYGQWSGGRHEDSRL AGGYENVPTVDI HMKQ
4 8 1  QKEVFSSSDTDPDMAFCKSVRDK- - - - - - - - - - - - - - - - - - - - - GI FL HL SNQHEFGRL L ATSRYDTDHL HPDL WQI FDNPVDWREQYI HENYSRAL DGEGL VEQPCPDVYWFPL L TEQMCDEL VEEMEHYGQWSGGRHEDSRL AGGYENVPTVDI HMKQ
4 7 8  ERNYFVRDKL DPDMAL CRNAREMTL QREKDSPTPETFQML SPPKGVFMYI SNRHEFGRL L STANYNTSHYNNDL WQI FENPVDWKEKYI NRDYSKI F- TENI VEQPCPDVFWFPI FSEKACDEL VEEMEHYGKWSGGKHHDSRI SGGYENVPTDDI HMKQ
4 7 8  ERNYFVRDKL DPDMAL CRNARDMTL QREKDSPTPETFQML SPPKGVFMYI SNRHEFGRL I STANYNTSHL NNDFWQI FENPVDWKEKYI NRDYSKI F- TENI VEQPCPDVFWFPI FSERACDEL VEEMEHYGKWSGGKHHDSRI SGGYENVPTDDI HMKQ
4 7 4  ERNVFVL EKL DPDMAMCRNARDL TVHRERESPSPESFHML RSPKGL FMYL TNRHEFGRL I STANYNTSHYNNDL WQI FENPL DWREKYI HANYTRI F- TENL L EQPCPDVFWFPVL SEKACNEL VEEMENHGTWSGGKHEDKRI TGGYESVPTDDI HMKQ
4 6 7  EKNYFVL EKL DPDMAFCRNAREM- - - - - - - - - - - - - - - - - - - - - GVFMYI TNREDFGRL VSTANYNTSHYNNDL WQI FENPVDWKEKYI HQNYTKI F- TENYL EEPCPDVFWFPVFSEKACDEI VGEMEHYGSWSGGTHEDKRI AGGYETVPTDDI HMRQ
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Figure 5.15: Creation of Plod2 mutant alleles using CRIPSR/Cas9. (A) ENSEMBL
predicted intron/exon structure of the stickleback Plod2 gene, with the guide RNA target-
ing site shown in red. (B) Multiple alignment of human (Hs) and mouse (Mm) PLOD2 and
PLOD3 with zebrafish PLOD2 (Dr) and stickleback (Ga) wild-type and predicted mutant
PLOD2 alleles. Blue indicates a predicted Glycosyltransferase like family 2 domain, and
green indicates a predicted Prolyl 4-hydroxylase domain [99]. Interestingly, human PLOD2
only has a predicted Prolyl 4-hydroxylase domain, while human PLOD3 has both Glycosyl-
transferase and Prolyl 4-hydroxylase domains, at E-value cutoff of 0.1 [99].
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Figure 5.16: Mutations in Plod2 increase pharyngeal tooth number and reduce
oral tooth development.(A) Plod2 mutations increase ventral pharyngeal tooth number
at early and late developmental stages. (B) Boxplot showing ventral pharyngeal (VTP)
tooth counts for each Plod2 genotype, correcting for the length of the fish in each clutch
separately. Plod2 homozygous mutants have more teeth than heterozygotes (P = 1.91e-3).
(C) Representative images of ventral tooth plates from Plod2 wild-type and mutant fish
from clutch 1. (D) Plod2 mutants display a decreased premaxilla tooth count in clutch
1. (E) Boxplot showing premaxilla tooth counts, correcting for the effects of size and sex.
Plod2 homozygous mutants have fewer teeth than the heterozygotes (P = 1.75e-3). (F)
Representative images of the premaxilla tooth field of wild-type (left) and Plod2 homozygous
mutant (right) fish. Scale bars = 10μM.
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Figure 5.17: Mutations in Plod2 do not affect dorsal pharyngeal or ventral oral
tooth number.(A-C) Plod2 mutations in clutch 1 have no detectable effect on tooth number
in DTP1 (A), DTP2 (B), or the dentary (C). Boxplots below show tooth number after
correcting for size (DTP1), or size and sex (DTP2, dentary).
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Figure 5.18: Plod2 mutants show a recessive growth defect. Plod2 mutants display a
recessive growth defect in clutch 1 + 2 relative to their heterozygous siblings (P = 1.04e-5).
Boxplot shows clutch-corrected standard length.

Pitx2 mutations are lethal and inhibit tooth development in all
tooth domains

Mutations in Pitx2 are associated with oral tooth development defects in mice and humans
[5153]. In zebrafish, Pitx2 mutations lead to defects in the formation of teeth on the pha-
ryngeal jaw [54,55]. However, zebrafish lack teeth on their oral jaw, thus the role of Pitx2
during oral tooth development had not been tested [56]. To elucidate the role of Pitx2 dur-
ing stickleback tooth development, we generated a series of predicted loss-of-function alleles
of Pitx2 using the CRISPR/Cas9 system (Fig 5.19). We targeted the homeodomain with
CRISPR/Cas9 [4649] to ensure all potential DNA binding isoforms of Pitx2 had disrupted
function. We incrossed Pitx2 heterozygous F1 animals carrying either a one base-pair dele-
tion or a four base-pair deletion, then quantified tooth number in these F2 crosses.



CHAPTER 5. MODULAR AND CONVERGENT EVOLUTION OF A GAIN IN STICKLEBACK

TOOTH NUMBER THROUGH DISTINCT SETS OF LOCI 147

Pitx2 mutants displayed a severe recessive reduction in tooth number on VTP, with
homozygous mutants displaying less than half the teeth of their wild-type siblings (P =
1.62e-7, Fig 5.20A-C). Pitx2 mutants additionally displayed a recessive loss of tooth number
on their dentary (P = 1.28e-12, Fig 5.20D), and a complete loss of teeth on their premaxilla
(P = 6.80e-11, Fig 5.20E,F). Both deletion alleles of Pitx2 were homozygous lethal, with no
homozygous mutants detected past 19 dpf (Table 5.3). Pitx2 heterozygotes did not show
any tooth number or growth defect, even at later stages (Fig 5.21).
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Figure 5.19: Creation of Pitx2 mutant alleles using CRIPSR/Cas9. ENSEMBL
predicted Pitx2 transcript with intron/exon structure. gRNA target is shown in red. B)
Multiple alignment with human (Hs), mouse (Mm), zebrafish (Dr), and stickleback (Ga)
PITX2 sequences, with the predicted sequence of the PITX2 mutant alleles shown. Green
indicates a predicted homeodomain, and red indicates a predicted OAR domain [99].
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Figure 5.20: Mutations in Pitx2 disrupt oral and pharyngeal tooth develop-
ment.(A) Pitx2 homozygous mutants display a marked defect in ventral pharyngeal (VTP)
tooth development. Genotypes are color-coded as in key: wild-type (WT) in blue, Pitx2
heterozygous mutant (Het) in purple, and Pitx2 homozygous mutant (Mut) in orange (B)
Boxplot showing tooth number of wild-type (WT), Pitx2 heterozygous mutant (Het), and
Pitx2 homozygous mutant (Mut) siblings corrected for the effect of fish total length. Pitx2
mutants have reduced tooth number relative to heterozygotes (P = 9.03e-8). (C) Repre-
sentative images of unilateral 19dpf wild-type (top) and Pitx2 homozygous mutant (bot)
ventral pharyngeal tooth plates. Arrows show teeth present in wild-type, and asterisks show
corresponding missing tooth positions in Pitx2 mutants. (D-E) Pitx2 mutants display a
severe reduction in premaxilla (premax, D) and dentary (E) tooth number in the oral jaw.
Genotypes are color coded as in (A-B). (F) Oral jaws of 19dpf wild-type (left) and Pitx2
homozygous mutant (right) oral jaws, showing teeth in wild-type (arrows) that are missing
in the mutant (asterisks). max = maxilla, pm = premaxilla, den = dentary. Scale bars =
10μM.
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Figure 5.21: Pitx2 heterozygous mutations have no detectable effect on growth
or tooth number.(A) Boxplot showing size and clutch corrected tooth counts from Pitx2
heterozyogus incrosses and outcrosses. Pitx2 heterozygous mutations have no detectable
effect on VTP tooth number. (B) Boxplot showing clutch corrected standard length from
the same Pitx2 crosses. There was no detectable effect of heterozygous Pitx2 mutations on
growth, though Pitx2 homozygous mutants were never observed after 19dpf.
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Dpf Wild-type Het Mut Exp(Mut)
1 4 3 1 2
3 2 0 1 0.75
5 2 2 0 1
6 1 3 0 1
7 3 3 1 1.75
8 1 2 0 0.75
10 1 5 2 2
11 1 3 1 1.25
12 0 5 2 1.75
13 1 3 2 1.5
14 2 1 2 1.25
15 4 3 0 1.75
16 3 10 7 5
17 5 6 5 4
18 0 6 0 1.5
19 7 14 2 5.75

Table 5.3: Timecourse of viability of Pitx2 mutants. Two Pitx2 het incrosses were
raised, and embryos sacrificed and genotyped. ‘Dpf’ indicates the day post fertilization the
embryos were sacrificed on, with the observed counts of each genotype given in the ‘Wild-
type’, ‘Het’ and ‘Mut’ columns. ‘Exp(mut)’ gives the number of expected homozygous
mutants.

5.4 Discussion

We sought to identify the genetic bases of an evolved gain in tooth number in multiple
independently colonized freshwater stickleback populations, as well as to test the modular
nature of the evolution of tooth gain on both the oral and pharyngeal jaw. We found a
set of six core mutations within an intronic enhancer of Bmp6 were associated with pha-
ryngeal tooth gain in five geographically distinct freshwater populations. These mutations
were associated with a cis-regulatory decrease in expression of the critical dental regula-
tor Bmp6 (Cleves et al, 2018, under review) in multiple populations. We identify two new
candidate genes, Plod2 and Pitx2, to underlie convergently evolved tooth gain. Both genes
have evolved regulatory changes in a high-toothed freshwater population, and both we found
both genes play required roles during oral and pharyngeal tooth development. QTL mapping
revealed the largely modular nature of the evolution of increased tooth number. In contrast,
genome editing revealed that mutations in candidate genes contributing to evolved increases
in pharyngeal tooth number affected tooth development in both oral and pharyngeal do-
mains. Thus, modular changes to the regulation of key dental developmental genes appear
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to underlie evolved adaptive changes in morphology.

Modular morphological evolution

Tooth development is a highly conserved process, with similar developmental gene expression
patterns observed in phylogenetically diverse species [57,58]. The paired-like homeodomain
transcription factor Pitx2 is an early marker of the dental epithelium in many species [19,59-
64], and mutations in Pitx2 result in dental defects in diverse systems [51,54,55,65,66]. Tooth
development is also well conserved across different dental fields within the same organism -
gene expression patterns are largely shared across oral and pharyngeal tooth development
[17,19]. However, evolution has been able to act on specific tooth domains - zebrafish have
retained only their ventral pharyngeal dentition [56,67,68], and sticklebacks have evolved
strong sexual dimorphism in their oral but not pharyngeal jaws [21,22].

We found that multiple freshwater stickleback populations have evolved changes in tooth
number on both their oral and pharyngeal jaw (mostly increases), though the pharyngeal
tooth number changes were more pronounced. However, within an F2 cross we found strong
correlations between tooth domains within the oral or pharyngeal jaw, but weaker correla-
tions when comparing tooth domains on different jaws. In line with evolved tooth number
changes being modular, of the five previously described QTL controlling pharyngeal tooth
gain in CERCFW, only one overlapped with a QTL controlling oral tooth gain. However,
the evolved tooth number changes are quantitative and relatively subtle compared to more
severe tooth number changes seen in mutants with coding changes, so its possible that larger
cross sizes would reveal more pharyngeal tooth QTL also regulate oral tooth number. Mu-
tations in all candidate genes we tested (Bmp6, Plod2, and Pitx2 ) affected both oral and
pharyngeal tooth development. Strikingly, mutations in Plod2 resulted in increased tooth
number in the pharyngeal jaw but reduced tooth number on the oral jaw, providing evi-
dence for differing regulatory environments between the two jaws. Additionally, we observe
stronger effects for tooth number on the premaxilla than the dentary for all three mutants
analyzed here, indicating distinct regulatory environments even within the oral jaw. Given
the overall more severe phenotypes in mutants with coding changes than the natural QTL
alleles, we hypothesize that changes to the cis regulation of key developmental regulators
underlies the modular evolution of tooth number change in sticklebacks.

Evolutionary reuse of a cis-regulatory haplotype of Bmp6

We have previously described a large effect QTL on chromosome 21, associated with a cis-
regulatory decrease in Bmp6 expression, controlling an evolved increase of pharyngeal tooth
number in PAXBFW [16]. Repeated QTL mapping and genome sequencing revealed a shared
set of 10 high-tooth associated mutations within a Bmp6 intronic haplotype that contains
a robust tooth enhancer of Bmp6 (Cleves et al, 2018, under review). Here we showed that
a core set of six of these variants spanning 438 base pairs is associated with tooth gain in
four additional freshwater stickleback populations, though not in the high-toothed CERCFW
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population. The cis-regulatory decrease in Bmp6 expression tracks with these mutations in
FTCFW fish, but not in high-toothed CERCFW fish lacking these variants. This correlation
further supports the role of these mutations, and their associated cis-regulatory allele of
Bmp6, in the evolution of tooth gain. Additionally, this supports the convergent nature of
evolved tooth gain in CERCFW, as the partially overlapping chromosome 21 QTL appear to
have distinct underlying genetic bases.

These high-toothed mutations are not found in the genomes of nearby marine fish, nor in
any marine genomes we have sequenced, though they appear to be present at high frequency
in many freshwater populations. This phylogenetic pattern is reminiscent of the low-plated
allele of the Eda gene, which is present at high frequencies in diverse freshwater populations
but at very low (0.2%) allele frequency in marine fish [24]. Though we were unable to
detect these mutations in our eight sampled marine genomes, we lacked sampling power
to detect low-frequency variants within these populations. Therefore, it seems probable
these high-toothed variants were present at low frequency in the founders of new freshwater
environments or arrived through migration. In these new freshwater environments, these
alleles seem to be adaptive, as they are associated with an increased tooth number, and
gradually increased in allele frequency to the levels observed today. Future population genetic
tests for natural selection could test whether this intronic haplotype displays molecular
signals of selection such as reduced heterozygosity as was found for the Pitx1 pelvic reduction
allele [13].

Genome-wide scans to identify candidate genes controlling dental
evolution

QTL mapping is a powerful method to identify the regions of the genome controlling evolved
changes in morphology. However, the QTL-containing intervals are often broad (> 1Mb),
and contain potentially hundreds of genes [22]. Narrowing these hundreds of genes down to
a single causative locus requires either laborious recombination mapping [15](Cleves et al,
2018, under review), and/or a candidate gene approach, selecting genes with known roles in
development. While this approach has proven successful in the identification of the genetic
bases of a number of traits [11-13,69], it is highly biased against the discovery of genes with
undescribed functions.

Here, we used an unbiased approach to identify dentally expressed candidate genes with
evolved changes in cis-regulatory activity. We first leveraged our existing genome-wide
phased RNA-seq data from marine-freshwater F1 hybrids (Hart et al, 2018, under review),
allowing us to identify genes with evolved changes in cis-regulation. We then used a novel
approach to identify genes expressed in teeth, looking for increased correlations in 33 RNA-
seq datasets among known dentally expressed genes compared to a genome-wide baseline.
This allowed us to identify Bmp6 and Pitx2, two known dentally expressed genes, but also
Plod2, a gene with no previously described role in tooth development. We believe that fur-
ther unbiased scans using similar gene expression datasets can reveal more genes with novel
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roles or confirm that genes with known roles are indeed more likely to be substrates for
morphological evolution. However, further fine-mapping of these QTL intervals is required
to confirm the role of these candidate genes during evolved changes in tooth number.

Derived directed deletions differentially disrupt distinct dental
developmental domains

Plod2 mutations in humans result in Bruck syndrome [41,42,70,71], and Plod2 mutations
result in skeletal defects in zebrafish [50]. Human PLOD2 mutants have no reported dental
phenotype [72,73]. However, human PLOD3 mutants are reported to have a hair phenotype
[74], and mouse Plod3 mutants fail to make proper basement membranes [75]. It seems
possible that stickleback Plod2 is more multifunctional than its direct human ortholog, with
stickleback Plod2 mutations affecting teeth, an integumental organ with deep homology to
hair (Cleves et al, 2018, under review)[76,77].

Plod2 mutants display an increased pharyngeal tooth number than their wild-type sib-
lings, suggesting that Plod2 mutants may have an accelerated tooth regeneration rate. To
our knowledge, this represents the first induced mutation in a polyphyodont (continuous
tooth replacement) system that accelerates rather than inhibits tooth development. It re-
mains to be seen if this is truly due to an increased replacement rate, rather than a slower
tooth shedding rate or increased size of the tooth field. Plod2 mutants also show a reduction
of tooth number on their premaxilla, in their oral jaw. This gain of teeth in one dental
domain, with an accompanying loss in another, suggests that different tooth development
and replacement dynamics are active in each domain.

Surprisingly, a cis-regulatory gain in Plod2 expression is associated with an increase
in pharyngeal tooth number, while Plod2 loss-of-function mutants drive increases in tooth
number. We suggest that, as Plod2 has pleiotropic affects in other systems [41,50,70], that
Plod2 has activating and inhibiting roles during tooth development. The cis-regulatory
change could affect a subset of those domains, while a coding mutation affects all, resulting
in the observed similar phenotype.

Conserved role of Pitx2 during tooth development

Pitx2 has been previously shown to be critical for the development of oral teeth in mice
[66] and humans [53,65], as well as pharyngeal teeth in zebrafish [54,55]. To our knowledge,
this study represents the first test of the role of Pitx2 during tooth development in the
oral and pharyngeal jaws simultaneously. Consistent with other loss-of-function studies,
predicted loss-of-function mutations in Pitx2 had strong effects on tooth number in both
jaws, with a near ablation of teeth in the oral jaw. Unlike the zebrafish Pitx2 loss-of-
function mutations [55], stickleback alleles were homozygous lethal, and homozygotes were
never observed past 19dpf. These phenotypes confirm the known role of Pitx2 as a critical
regulator of dental development and suggest Pitx2 likely plays additional critical roles during
stickleback development.
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It has previously been reported that Pitx2 directly binds to and regulates Plod2 in mice
[78,79]. We found that Pitx2 and Plod2 were partially overlapping in their gene expression
patterns as assayed by in situ hybridization, suggesting they are present in similar cell
types at similar times. Possibly supporting this regulatory interaction between Plod2 and
Pitx2 in sticklebacks is the epistatic interaction between QTL on chromosome 4 and 21. If
this direct interaction is conserved from sticklebacks to mice, it could imply that certain
developmental pathways may prove to be hotspots of evolutionary change. Future work
further identifying the genetic bases of evolved changes in multiple independently derived
populations will allow tests for concerted changes in similar pathways, potentially uncovering
critical pathways regulating tooth replacement.

5.5 Methods

Animal husbandry

Fish of all populations and genotypes were raised in 110L aquaria with eight hours of light
per day, at 18C in brackish water (3.5g/L Instant Ocean salt, 0.217mL/L 10% sodium
bicarbonate). Fry were fed live Artemia brine shrimp until reaching a standard length (SL)
of 10 mm, when frozen Daphnia was added to the diet. Upon reaching 20 mm SL, fish were
fed a combination of frozen Mysis shrimp and bloodworms. Experiments were approved by
the Institutional Animal Care and Use Committees of the University of California-Berkeley
(protocol AUP-2015-01-7117).

Marine-freshwater F2 crosses were generated by crossing a marine and freshwater grand-
parent to create F1 hybrids. F1s were then blindly incrossed, generating F2 families (Table
5.1). Bmp6 mutant crosses were previously described (Cleves et al, 2018. under review).
Bmp6 5‘ tooth enhancer mutants were generated as described [80] in a PAXBFW background,
outcrossed to make stable F1s, and incrossed to make homozygous mutant and wild-type
sibling F2s. Three different FTCFW high-tooth haplotype heterozygotes were outcrossed to
three different marine animals. FTCFW cross 1 and cross 2 were FTCFW males crossed to
RABSM females, and cross 3 was a LITCM male crossed to a FTCFW female. Plod2 crosses
were generated by crossing stable F1 CERCFW four bp deletion to a stable F1 RABSM five
bp deletion heterozygote (cross 1) or to a one bp deletion heterozygote (cross 2). Pitx2 cross
1 and cross 4 were outcrosses between a one base pair deletion and a wild-type sibling. Pitx2
cross 2 was an incross between one and four base pair deletion heterozygotes, and Pitx2 cross
3 and 5 were incrosses between one base pair deletion heterozygotes. All Pitx2 alleles were
in a CERCFW background.

Skeletal staining and imaging

Stickleback corpses were fixed overnight in 10% neutral buffered formalin, washed and stained
with 0.008% alizarin red in 1% KOH for 24 hours. Fish were cleared in 2% KOH for 1 week,
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and transferred to 0.25 % KOH 50% glycerol for storage. Branchial skeletons were dissected
and mounted following [81]. Pharyngeal tooth number was quantified under fluorescent
microscopy using a TX2 filter on a Leica DM2500 microscope. Tooth plate images were
created using the z-stage module of the Leica Application Suite (LAS). Some tooth count
data in Fig 5.1 and some of the data QTL data and genome sequences in Fig 5.4 have been
previously published.

Genomic DNA purification and resequencing

Genomic DNA was purified from caudal fins following (Hart et al, 2018, under review).
Briefly, caudal fin tissue was digested in tail digestion buffer (10mM Tris pH 8.0, 100mM
NaCl, 10mM EDTA, 0.05% SDS, 2.5μL ProK (Ambion AM2546)) overnight at 55C. Fol-
lowing a phenol:chloroform purification and resuspension in water, 50ng of genomic DNA
was used as input to the Nextera Library prep kit (Illumina FC-121-1031). Resulting bar-
coded libraries were sequenced on an Illumina HiSeq 2000 or 4000 at the Vincent J. Coates
Genomics Sequencing Laboratory.

Genomic and phylogenetic analysis

Resequencing reads were mapped to the stickleback reference genome [39] using bowtie2 [82].
Resulting SAM files were turned into BAM files, sorted and indexed using Samtools [83],
and PCR duplicates removed using Picard Tools (version 1.51)
(http://broadinstitute.github.io/picard/). The Genome Analysis Toolkit (GATK)s BaseRe-
calibrator, AnalyzeCovariates, and PrintReads were used on the resulting BAM files to
recalibrate base quality scores [8486]. Variants were called by first creating gVCF files
using GATKs HaplotypeCaller (–emitRefConfidence GVCF) and combined using Genotype-
GVCFs. The resulting VCF file was used to create a Nexus file using a set of custom
python scripts. MrBayes [87] was used to create genome-wide phylogenies, using a General
Time Reversible nucleotide substitution model with a gamma distributed rate variation. We
compared two separate Markov chain Monte Carlo (MCMC) runs over 200,000 generations,
with the average standard deviation of split frequencies equal to .007, below the generally
accepted cutoff of .01. The VCF was further filtered to remove rows with any sites either
missing or with a GQ quality score less than five, and used for principal components analysis
using the FactoMineR R package [88].

Quantitative genetic analysis of tooth patterning

As tooth number can be correlated with standard length, growth conditions, and genetic
background, we built and tested several models to correct for these confounding variables.
We tested a combination of variables in linear models when tooth number was modeled
as a function of genotype, as well as standard length, the tank the fish were raised in, an
interaction between tank and length, and, when available, the sex of the fish. All possible
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combinations were tested, and the model with the lowest AIC was used for further analysis. If
AIC differences between potential best models were less than 2, we defaulted to the one that
included an interaction between length and tank as well as an additive term for genotype, as
this was usually the best model in other cases. Tooth number was corrected for the effects of
confounding variables by taking the residual error values of the best fit model but excluding
the genotype term from the model. Statistical effect of the genotype in the repeated QTL
crosses was determined by performing an ANOVA in all crosses and correcting the resulting
p-value for multiple hypothesis testing using the method of Holm-Bonferroni [89].

Genome-Wide QTL Mapping

Genome-wide genetic markers from a set of F2s from a CERCFW x LITCM cross [23] were
combined with previously published pharyngeal tooth counts (VTP, DTP1, DTP2), as well
as new oral tooth data (premaxilla, dentary). Phenotypes were log transformed if they were
not normally distributed (as determined by a Shapiro test p-value ¡ 0.05) and corrected using
a linear model for the effects of sex and standard length if such terms were significant in the
model. QTL mapping of all phenotypes was preformed using R/qtl [90], following a similar
approach as [23]. We calculated marginal genotype probabilities using calc.genoprob (step
= 2, err.prob=.001), and set phenotype-specific cutoffs using scan2s permutation testing,
calculating an alpha of .05 using CalcErrorProb [90]. Multiple QTL scans were performed
using stepwise [90], and LOD profiles were visualized using PlotLodProfile.

PCR and Cloning

PCR primers (Table 5.4) were designed using Primer3 [91] and synthesized by IDT. PCR
was performed using Phusion (NEB M0530L) following the manufacturers instructions. To
digest the PCR products, restriction enzyme was added directly to the PCR buffer (for
EcoN I, NEB 0521L), or added to a mix of PCR product and 0.5X of the recommended NEB
buffer (NEB3.1 for BspE I, NEB R0540L). Resulting genotyping products were run on a 2%
Lithium Acetate Boric acid (LAB) agarose gel [92] and visualized using SYBR safe.

For cloning, the PCR product was purified using the QIAquick PCR purification kit
(Qiagen 28104) and digested with XhoI and XbaI (NEB R0146L and R0145L, respectively)
in cutsmart buffer. Following an additional PCR purification, digested products were ligated
in pBluescript II SK+, transformed into competent cells, and grown on ampicillin plates.
Plasmid was cut with XbaI and transcribed using T7 polymerase (Promega P2075) with a
DIG RNA labeling mix (Roche 11175025910) mix to create probes for in situ hybridization.

Primer
Pair Name

Forward Primer
Sequence

Reverse Primer
Sequence

Purpose

CERC 21
marker

(JCH137)

CCGGTTTTTAATC
CCATTTG

GTCGGTTTCTTG
GAGCATTC

chr21 marker
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Bmp6
RFLP
marker

(JCH115)

GCCGGCAGCCAA
GCGTGAGTTACT

GTGTGC

GGAGCAGCCAAA
TGTAGGAA

Bmp6 AvaII RFLP

Plod2
BspE I

CCGGAGGGGAAA
TAGATGAT

GACCGAGGGGTA
CTTGTCAG

Plod2
genotyping/BspE I

Pitx2
EcoN I

CGGGACTCTTAAC
CCAATCA

GGCCCAAATTACC
CACATTT

Pitx2
genotyping/EcoN I

gRNA
Template
Amplifica-

tion

GCGTAATACGACT
CACTATAG

AAAGCACCGACTC
GGTGCCAC

gRNA template
amplification

Guide-
Constant

AAAGCACCGACTC
GGTGCCACTTTTT
CAAGTTGATAAC

GGACTAGCCTTAT
TTTAACTTGCTAT
TTCTAGCTCTAAA

AC

NA gRNA constant

Pitx2
guide

template

GCGTAATACGACT
CACTATAGGTGG

ACCAACCTCACGG
GTTTTAGAGCTA

GAAATAGC

NA Pitx2 gRNA

Plod2
guide

template

GCGTAATACGACT
CACTATAGGCCTG
CTGGAACTTCCG
GGTTTTAGAGCT

AGAAATAGC

NA Plod2 gRNA

Plod2
UTR

CGGCtctagaCAGTC
TTTGGACTCCGCT

CT

CGGCctcgagCAATT
TCCATTAAAGAAG

GCAGA

Plod2 probe cloning

Plod2
cDNA

TGGGACCAGAAG
AAAACCTG

CGATTTGCCTCAT
GTGAATG

Plod2 cDNA cloning

Sex
Marker

CATATTGCTGCTT
GTGTGGAAG

GATCCTCCTCGTT
CCTACAG

Sex Marker

cm1396
CTGTACCATGCTT

GTCTCTCC
CGTACTCCACTGT

GGCATGG
chr21 marker

cm1284
CACGGCAAACAG

GTGAGAC
TCGATGGGCTGT

AAATCCTC
chr21 marker

cm1288
AATTACACTGCCT

GCACTTGG
GTCAGATGGACG

GACAGACG
chr21 marker

cm1430
AGTGACGAATCCC

TCTTCTGC
CACACCTTGTTGT

GTTTGTAGC
chr21 marker

stn422
CTGCCTCATATGG

CATGAAG
CCCAGTTGTTGA

GTTGGTTG
chr21 marker
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stn490
ATGAGGTCACCCT

GCCTAAC
CGCCTGTCATATA

CACATTGC
chr21 marker

Table 5.4: Primer sequences. ‘Primer pair name’ gives
the name of the primer pair, with the forward sequence
given in ‘Forward Primer Sequence’ and reverse in ‘Re-
verse Primer Sequence’, and the purpose of the primers
given in ‘Purpose’

RNA isolation and sequencing

Late juvenile stage (SL 40mm) females were euthanized in 0.04% tricaine. Ventral pha-
ryngeal tooth plates were dissected on ice, placed into TRIzol (Invitrogen 15596026), and
ground with a plastic pestle. RNA was purified following the manufacturers instructions.
RNA quantity, quality, and integrity were verified on a Bioanalyzer, and samples with RIN
¿8.0 used to create sequencing libraries. 500ng of total RNA from each sample was used as
input to the Illumina stranded TruSeq polyA RNA kit. Following an additional quality check
on the bioanalyzer, libraries were sequenced on either the Illumina HiSeq2000 or HiSeq4000.

Allele specific expression assay

RNA was isolated from ventral pharyngeal tooth plates and DNA from caudal fins of
each fish as described above. Purified RNA was subjected to DNaseI digestion for 15
min at room temperature, with the reaction halted addition of EDTA to a concentra-
tion of 2.5mM and heat inactivated at 65C for 10 min. cDNA libraries were created
using the Superscipt III kit (Invitrogen 18080093) and reverse transcribing with random
hexamers. Taqman probe and primers were designed using ThermoFishers custom Cus-
tom TaqMan Assay Design Tool (https://www.thermofisher.com/order/custom-genomic-
products/tools/genotyping/), creating a custom Bmp6 and Plod2 primer and probe set (ID:
ANAACGU and ANEPVXN, respectively). Reactions were run using Taqman genotyping
master mix (ThermoFisher 4371355) kit on a Bio-Rad CFX96 qPCR machine. First, a stan-
dard curve was generated by mixing differing amounts of equivalently concentrated genomic
DNA from marine and freshwater fish. For Plod2, as our assay spanned an exon-intron
junction, we created cDNA clones for each allele, and used plasmid DNA instead of genomic
DNA. We found a tight-fitting curve (Pearsons r = 0.995 for both genes) and calculated a
correction factor (the slope, 0.5 for Bmp6, 0.54 for Plod2 ) to go from observed differences
to true differences. cDNA Taqman reactions were run in triplicate, with one genomic DNA
replicate per sample on the same plate for Bmp6. For Plod2, two replicates each of four in-
dependently created 1:1 mixtures of plasmid clones of the two alleles were used as controls.
Statistical analysis was performed in a custom jupyter notebook, creating a linear model
nesting each replicate within its sample, and each sample within a given sample type (gDNA
or cDNA).



CHAPTER 5. MODULAR AND CONVERGENT EVOLUTION OF A GAIN IN STICKLEBACK

TOOTH NUMBER THROUGH DISTINCT SETS OF LOCI 159

Gene expression correlation analysis

The predicted stickleback transcriptome was created using bedtools getfasta [93], with all
isoforms collapsed into a single reference transcript. Transcript abundance was calculated
using Kallisto [94]. As we noticed biases in quantification based on read length or paired
vs single end, we trimmed all reads to the shortest length, 50bp, and kept only the first
read of each mate-pair. High (> 2000 transcripts per million, tmp) and low abundance (< 3
tpm) transcripts were excluded from further analysis, and data was normalized to the mean
expression among replicates using a custom jupyter notebook. Correlation analysis of the
resulting gene expression matrix was performed in R.

In situ hybridizations on sections

Euthanized 20 mm CERCFW juveniles were decapitated and fixed overnight in 4% formalde-
hyde in Phosphate-buffered saline (PBS) at 4C with heavy agitation, washed 3x 20 min with
phosphate-buffered saline with tween (PBST) on a nutator, then decalcified for 5-7 days
in 20% Ethylenediaminetetraacetic acid (EDTA) at room temperature on a nutator. Once
decalcified, specimens were again washed 3x 20 min in PBST, then stepped into 100% EtOH
via 15-60 min washes in 30, 50, 70, and 95% EtOH in H2O. Samples were sometimes stored
at this stage for up to 3 weeks. Samples were then washed for 1 hr+ in 50/50 EtOH/Hemo
DE at room temperature, then 1 hr+ in 100% Hemo De at room temperature, then 1 hr+ in
50/50 Hemo De/paraffin (Paraplast x-tra, Fisher) at 65C, then rinsed and washed overnight
at 65 C in 100% paraffin. Stickleback heads were embedded in plastic molds with 100%
paraffin (heated to 65C), mounted, then sectioned sagittally with a Microm HM 340 E mi-
crotome. Sections were captured on Superfrost Plus slides, sometimes stored for up to 3
weeks prior to ISH. To prepare slides for ISH, slides were de-parafinnized (5 min incubation
at 65C, let cool, submerge for 5 then 10 min in 100% Hemo De, 5 min 100% etoh, 10 min
80% EtOH/H2O, 10 min 100% H2O). Slides were sometimes stored at this stage for up
to 3 weeks. From this point, all steps are performed in LockMailer microscope slide jars
(Sigma-Aldrich) in a volume of 9-11 mLs. To begin the in situ process, slides were washed
for 5 min in PBST, 10 min in proteinase K solution (15 μg/mL), rinsed quickly with PBST,
then re-fixed for 30 min at room temperature in 4% formaldehyde in PBS. Fixative was then
washed out with one rinse and 2x 20 min PBST washes before pre-hybridization. Slides were
washed for 5 min at room temperature followed by a long incubation in hybridization buffer
(no probe, pre-hyb step) for 1-4 hours at 67C in a rotating hybridization oven (hybridization
buffer is 50% formamide, 5x SSC, 0.1% Tween, 5 mg/mL CHAPS, 1 mg/mL yeast RNA,
0.1 mg/mL heparin, pH 6.0 with citric acid). Riboprobes for Bmp6, Pitx2, and Plod2 were
generated as previously described [16]. Riboprobes were added at a concentration of 100
ng/mL in 10 mL of hybridization buffer and agitated overnight in a rotating hybridization
oven at 67C. The following day, six pre-heated hybridization washes at 67C in a rotating
hybridization oven were performed for 20-90 min each, totaling 5-6 hours of total hyb wash
time (generally, shorter washes in the beginning, longer washes towards the end; hyb wash is
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the same recipe as hyb buffer, but excluding CHAPS, RNA, and heparin). Slides were then
rinsed and washed in pre-heated maleic acid buffer with Tween (MABT) at 67C for 20 min,
then washed in pre-heated MABT for 20 minutes at room temperature (to allow for slow
cooling). Slides were then removed from the slide jars, placed in a humidor and blocked with
50-100 μL of 2% Boheringer blocking reagent (BBR), covered with parafilm, for one to three
hours at room temperature. Following the block step, block was poured off each slide, and
anti-Digoxygenin Alkaline Phosphatase conjugated antibody was added at a concentration
of 1:2000 in 2% BBR (50-100 μL) and incubated at 4C overnight. The following day, one
MABT rinse and 5x 20-50 min MABT washes over the course of 3-4 hours, agitated at room
temperature were done to wash out residual antibody. To begin the coloration process, slides
were changed into NTMT (0.1M Tris pH 9.5, 0.05M MgCl2, 0.1M NaCl, 0.1% Tween) via
3x 5-10 min washes before removing the final NTMT wash and replacing it with 10 mL of
coloration solution (NTMT with 25 μg/mL Nitro blue tetrazolium chloride [NBT] and 175
μg/mL 5-bromo 4-chloro 3-indolyl phosphate [BCIP]). Signal development was carried out
for 12-30 hours to visualize mRNA localization. Once adequately developed, slides were
rinsed then washed for 10 min in PBST, fixed in 4 formaldehyde in PBS for 1-5 days at 4C,
then washed into deionized water for imaging. Slides were coverslipped with H20 and imaged
on a Leica DM2500 microscope. Hematoxylin and eosin staining was performed following
[95].

CRISPR/Cas9 Genome Editing

Genome editing was performed as described in [48,49]. Briefly, linearized pCS2-nCas9n
(Addgene 7929) was used as input for the mMessage (Ambion AM1340) SP6 transcription
kit, with mRNA integrity verified on a Tris-EDTA (TAE) agarose gel. gRNA targets were
identified using ZiFiT [96], and DNA oligos designed to create T7 gRNA templates were
designed following [97] and ordered from IDT. gRNAs were transcribed using the MAXIscript
T7 kit (Ambion AM1312), with integrity validated on a TAE gel and purified. A mixture
of 150 ng/l cas9 mRNA, 50 ng/l gRNA, 0.025% phenol red in 0.2M KCl was injected into
stickleback embryos at the one cell stage. F0 injected mosaics were used to create stable
F1 mutants, which were then incrossed to produce F2s. Mutants were identified using a
restriction protection assay following PCR, with mutations disrupting a restriction site and
protecting the fragment from digestion (Table 5.4).

Data Availability

All sequencing reads are available on the Sequence Read Archive (SRP142636). All scripts
used for analysis are available on GitHub (https://github.com/trahsemaj/Modular Tooth).
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