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Abstract
MicroRNAs (miRNAs) are post-transcriptional regulators of gene expression with important
roles in the development of animals. The expansive and highly conserved repertoire of
vertebrate miRNAs has been proposed as a significant contributor to the clades
morphological evolution. Arctic charr is a highly polymorphic species showing great
divergence in a wide variety of traits such as adult body size and craniofacial morphology.
Here we attempt to further characterize candidate miRNAs in teleost development, involved
in processes such as skeletogenesis and developmental timing. We employ qPCR to study
the expression of candidate miRNAs in the early development of three Arctic charr morphs
and aquaculture charr. Our results suggest a differential expression of miR-199a, miR-17
and miR-19a between dwarf charr compared to other morphs (with lower miR-199a but
higher miR-17 and miR-19a expression). We find that Arctic charr has two complete miR17-92 clusters (containing six miRNAs including miR-17 and miR-19a) and multiple
paralogous sequences in our charr genome assemblies. Furthermore, a functional analysis of
miR-199a via miR-199a inhibition in zebrafish embryos, results in distinctive changes in
craniofacial morphology compared to control groups, mimicking features of the benthic
phenotype of Arctic charr. The transcription factor Ets2 was not validated as a target of miR199a with our current luciferase assay design. Lastly, we show that expression of let-7a in
Arctic charr is consistent with the conserved temporal expression of let-7 in bilaterian
development. Together, these findings describe the state of selected miRNAs in Arctic charr
development and implicate miR-199a in shaping teleost craniofacial morphogenesis.

Útdráttur
MicroRNA (miRNA) stýra próteintjáningu og gegna mikilvægu hlutverki í þroskun og
lífeðlisfræðilegum ferlum dýra sem og annarra heilkjörnunga. Margar vel varðveittar
miRNA sameindir í hryggdýrum eru taldar hafa gegnt mikilvægu hlutverki í formfræðilegri
(e. morhological) þróun þeirra. Bleikja er tegund beinfisks sem sýnir óvenumikinn
breytileika í mörgum eiginleikum, svo sem stærð og lögun höfuðs. Ýmsum ólíkum
afbrigðum bleikju hefur verið lýst byggt á stærð og byggingu höfuðbeina. Í Þingvallavatni
finnast fjögur afbrigði; annars vegar dvergbleikja (SB) og kuðungableikja (LB) sem hafa
ávalt höfuð og stuttan neðri kjálka, og hins vegar murta (PL) og sílableikja (PI) sem hafa
ílangt höfuð og lengri neðri kjálka. Í þessu verkefni var kannað hlutverk valdra miRNA gena
í þroskun beinfiska, í ferlum eins og beinmyndun eða tímasetningu þroskunarferla. qPCR
greiningu var beitt til að kanna tjáningu valdra miRNA gena snemma í þroskun þriggja
afbrigða Þingvallableikju og eldisbleikju. Niðurstöðurnar benda til þess að miR-199a, miR17 og miR-19a séu mistjáð milli dvergbleikju og annara bleikjuafbrigða (með lægri miR199a en hærri miR-17 og miR-19a tjáningu). Það finnast tveir heilir miR-17-92 klasar og
nokkur fjöldi samrænna (e. paralogous) klasa í erfðamengi bleikju. Tilraunir með
zebrafiskafóstur, sýndu að bæling á miR-199a veldur marktækum breytingum á lögun
höfuðs, sem líkja eftir vissum eiginleikum SB og LB. Vísbendingar um að Ets2
umritunarþátturinn sé eitt af markgenum miR-199a var ekki hægt að staðfesta. Loks var sýnt

að tjáning let-7a í bleikju er í samræmi við varðveitt tjáningarmunstur let-7 í þroskun tvíhliða
dýra (e. bilateria). Samantekið lýsa þessar niðurtöður áhrifum valdra miRNA gena á þroskun
bleikju og benda til mikilvægs hlutverks miR-199a í að móta formþroskun (e.
morphogenesis) höfuðs í beinfiskum.
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1 Introduction
1.1 MicroRNA
Before the 1980s, RNA was largely thought of as an inanimate macromolecule, with the
primary function of mediating protein synthesis and the idea of RNA regulating gene
expression was practically unheard of. In 1984, the first small regulatory non-coding RNA
(ncRNA) was discovered, micF, in Escherichia coli (E. coli) and determined to
downregulate the translation of the protein ompF1. Initially, this phenomenon was
considered an interesting exception. However, since that time, small regulatory ncRNAs
have been increasingly recognized for their involvement in a vast array of biological
mechanisms and have been found universally distributed across all domains of life2.
MicroRNAs (miRNAs) are a subset of small regulatory ncRNAs found in plants and
animals. The first miRNA, lin-4, was discovered in the nematode Caenorhabditis elegans
(C. elegans) in 19933. Along with let-7, later discovered in 20004, the two miRNAs were
found to play an important role in regulating developmental timing5. The conservation of
let-7 in humans and other bilaterian animals4 sparked interest in the idea that rather than
miRNAs being intriguing oddities exclusive to C. elegans, other developmental miRNAs
could be found in bilaterian animals. Since then, hundreds of miRNAs have been confidently
annotated in bilateral animals and have been implicated to target extensive portions of
protein coding genes (e.g. over 60% have confidently conserved target sites in humans)6.
This is suggestive of the involvement of miRNA in a wide range of regulatory pathways
with significant functional implications7. Indeed, reverse genetics and other approaches have
revealed highly important functions for most miRNAs in development and physiology7.
In this short introduction to miRNA important aspects of miRNA biology will be covered,
such as their biogenesis, genomics, evolution, as well as their role in the development and
physiology, with a focus on their role in vertebrates.
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1.1.1 Biogenesis and regulatory mechanisms of miRNAs
In the genome, miRNA genes can be found in both non-coding regions and introns of protein
coding genes8 and are primarily transcribed by RNA polymerase II (and in certain cases
RNA polymerase III)9,10. Due to partial sequence complementarity, newly formed miRNA
transcripts in the nucleus acquire hairpin structures and are called Pri-miRNAs (see Figure
1). The microprocessor complex in the nucleus (consisting of Drosha and two molecules of
DCGR8) can “recognize” and bind the hairpins and catalyze nucleic cleavage via two RNase
III domains11. Each domain cleaves one strand at the base of the hairpin forming a shorter
approximately 60-70 nucleotide stem-loop called a pre-miRNA12. The subsequent transport
from the nucleus to the cytoplasm is carried out by Exportin 5 and RAN-GTP13,14. An
endonuclease called Dicer (along with its associated protein called TRBP in mammals)
catalyzes cleavage near the loop of the hairpin structure generating a miRNA duplex15,16. To
enable functional mRNA downregulation, miRNAs tether to other proteins to form the socalled RISC complex (RNA-induced silencing complex). In the formation of RISC, the
Argonaute protein associates with the miRNA duplex with aid from
chaperones (HSC70/HSP90)17. Asymmetry can occur in the loading of the RISC complex
causing one strand of miRNA duplex to be preferably selected for loading18,19. Argonaute
protein binding pockets prefer adenosine or uridine 5’-terminal ends with the lowest
thermodynamic stability20. An inequality in these characteristics for the miRNA duplex 5’terminal ends causes a favored orientation and ultimately which strand is selectively loaded
as the guide strand of the RISC complex. Once RISC is formed it can bind to target regions
in mRNAs and downregulate target expression through two primary mechanisms, mRNA
degradation or translational silencing and deadenylation7.
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Figure 1 - microRNA biogenesis pathway and downstream regulation of expression.
miRNAs are transcribed by RNA polymerase II and the transcript is cleaved by the
microprocessor complex (Drosha-DGCR8) forming Pre-miRNAs. Pre-miRNAs are
exported to the cytoplasm where they can undergo further processing by Dicer to form
mature miRNAs. Mature miRNA strands can then associate with RISC and induce
degredation of transcript, translational repression and/or deadenylation. Translationally
repressed transcripts can accumilate in P bodies. Figure is adopted from Ivey et al21.

Depending on the taxa, lifeforms can have a more prevalent miRNA mechanism of action.
In plants, miRNA mediated mRNA degradation is quite common, producing a nonfunctional
sliced transcript22. However, in bilaterian animals this mechanism appears not as common7.
19

MiRNA mediated degradation usually takes place when complementarity between miRNA
and target transcript is extensive and therefore, the ancestral ability of Argonaute protein can
be harnessed to induce endonucleolytic cleavage of the target mRNA23,24. This ability of
Argonaute has also been taken advantage of by using exogenous small interfering RNA
(siRNA) for knocking out mRNAs which has proven to be an important tool for determining
gene function25. In mammals, only 20 instances of miRNA induced mRNA cleavage have
been discovered24,26,27, and none have yet been found for non-mammalian bilaterians. In
bilaterian animals the primary repression mechanism for miRNAs is translational silencing
and deadenylation. This mechanism is different in that Argonaute associates with an adopter
protein TNRC6. TNRC6 recruits poly(A) binding protein (PABP) which interacts with the
poly(A) tail and deadenylation complexes, most crucially the CCR4-NOT complex28.
Deadenylases shorten the poly(A) tail of the target mRNA and destabilize the transcript, and
the destabilization can in turn induce decapping and 5’→3’ exonucleatic activity29. TNRC6
is also thought to mediate translational repression, at least partially through CCR4-NOT and
its interaction with DDX6 helicase which inhibits translation28,30. DDX6 also associates with
eIF4E transporter (4E-T) which competes for binding to eIF4E with eIF4G and causes
increased repression and decay of miRNA targets31–34 (see Figure 2).

Figure 2 - Primary mechansim for miRNA mediated silencing in bilaterian animals.
MiRNA binds the seed region of a mRNA target and directs AGO protein to the site.
TNRC6 adopter protein associates CCR4-NOT protein copmlex and AGO. CCR4-NOT can
then induce deadenylation of the mRNA poly(A) and the accociated proteins DDX6 and
4E-T cause translaitonal repression. Figure adopted from Bartel7.

1.1.2 Genomics and evolution of microRNAs
The miRNA pathway is derived from the more ancient RNA interference (RNAi) pathway.
The RNAi pathway appears to have occurred in the common ancestor of eukaryotes as a
defense mechanism against viruses and mobile elements (i.e. transposons)35 and remains
present for that purpose in extant unicellular eukaryotes. However, in the evolution of
multicellular animals, the RNAi machinery has largely been adopted for the regulation of
endogenous gene expression with ncRNA such as miRNAs.
20

miRNAs are grouped into families based on the sequence identity of their extended seed
region (miRNA nucleotides 2-8). The seed region is crucial for target recognition of RISC
and miRNAs with an identical or similar seed sequence tend to have the same evolutionary
origin, although the classification into “families” does not strictly stand for common
ancestry7. The miRNA repertoire of mammals such as humans and mice consist of
approximately 500 confidently identified miRNA genes (see Table 1). Similarly, the teleost
Danio rerio has close to 400 confidently identified miRNA genes, while the nematode C.
elegans and arthropod Drosophila melanogaster have an estimated 14736 and 16437,
respectively (see Table 1). Among the approximately 500 miRNAs present in the human
genome, 200 genes within 89 seed families are conserved in the common ancestor of humans
and bony fish. Furthermore, among those, 75 genes within 27 seed families are traceable
back to a bilateral common ancestor of humans, flies and nematodes7. One seed family (miR99/miR-100) even predates bilateria, as it is found in the sea anemone. However, the origin
of miRNAs is likely to date back as early as the arrival of the first multicellular organisms
as is bolstered with the observation of miRNAs and a metazoan microprocessor in sponges7.

Table 1 - Number of annotated miRNAs from different species according to miRbase version
2238 and miRNA genes listed with high confidence by miRbase, miRgeneDB2.0 and
estimations from literature (est.).
miRNA genes

High confidence miRNA genes

Species
miRbase-v22

miRbase-v22

miRgeneDB2.0

Est.

Homo sapiens

1917

485

588

51937

Mus musculus

1234

455

449

47539

Danio rerio

355

246

385

-

Salmo salar

371

-

-

-

C. elegans

253

113

139

14736

Drosophila
melanogaster

258

147

152

16437

The gain and loss of miRNAs is a dynamic and on-going process and miRNA innovations
appear recently in the evolutionary history of clades (e.g. primate-specific miRNAs)40–43.
There are two principal ways in which new miRNA families emerge. Firstly, through de
novo formation, where transcribed sequences acquire the capacity to fold into hairpins that
can be processed by Drosha and Dicer to form new miRNAs. Secondly, the duplication of a
previous miRNA genes giving rise to new paralogs which can then undergo the processes of
subfunctionalization (when multiple functions of an ancestral gene are divided and gene
copies retain different aspects of the original function) or neofunctionalization
(accumulation of mutations confers a novel selectable function)44. Duplications can be local
(tandem), where the duplicate resides usually in the same transcription unit, or non-local,
21

producing a new miRNA gene in a separate location, frequently on another chromosome.
Most recognized vertebrate non-local duplications can be attributed to the first (1R), second
(2R) genome-wide duplication events (as well as the third 3R teleost-specific duplication).
Each genome-wide duplication results in an estimated 4 copies of each initial miRNA but
most newly formed duplicates are lost through evolution, in part due to redundancy41.
However, genome-wide duplication events can increase genome plasticity and increase
prospects for acquiring additional regulators from changes in redundant genes. Nonfunctional ncRNA such as miRNA is transcribed with lower energy cost and therefore able
to persist longer without rapid elimination from the genome45. In turn, this might allow
miRNA to be more disposed for the acquisition of regulatory functions in evolution than
protein genes. Notably, the great expanse of the miRNA repertoire in the evolution of
metazoans has been implicated as an important component of increased morphological
complexity of vertebrates46,47.

1.1.3 Role of microRNAs in development, physiology and disease
Research on miRNAs has revealed decisive roles in embryogenesis, growth, adult tissue
homeostasis and cell turnover. The knock out of 20 miRNAs families in mice, conserved
back to a common bilaterian ancestor, have all been shown to produce abnormal
phenotypes7. Likewise, there are 90 miRNA families in mice conserved to fish and knocking
out 69 of them has been shown to produce aberrant phenotypes and most of the remaining
families have not been investigated yet. These experiments show the almost ubiquitous
involvement of miRNAs in the biology of the organism, affecting the development or
function of almost all main tissue and organ systems7.
There are multiple examples of how miRNAs can act as switches of developmental programs
in animals (see Figure 3A). In fact, the first discovered miRNAs, lin-4 and let-7 in C. elegans
are among them. The miRNA lin-4 enforces the transition from the L1 early larval stage to
later stages by targeting the proteins LIN-14 and LIN-2848. Subsequently, at larval stage L3
let-7 rises in expression and promotes transition to the adult stage, at least partly, through
downregulation of LIN-41. Another example is miR-430 in Zebrafish, which serves an
important role in the maternal to zygotic transition (MZT) of mRNA transcripts49. Over 200
targets were found for miR-430 as a result of investigating putative mRNA:miRNA
interactions and over 40% of those targets were shown to be maternal49. If Dicer null
embryos (without maternal end embryonic dicer) are injected with exogenous miR-430,
most of the resulting developmental defects can be rescued, which is a testament to the
importance of miR-430 in the development of zebrafish.
At the level of the cell, miRNAs regulate many important processes such as cell
proliferation, differentiation and migration. The dysregulation of miRNAs has been
associated with proliferative malignancies such as cancer50. However, controlling
proliferation and differentiation is also highly important for the process of development and
morphogenesis. For instance, the transition of embryonic stem cells (ESC) from a pluripotent
stage to lineage-specified cells. DGCR8 is an important component of the miRNA
biogenesis pathway (see text above) and DGCR8-null mice show limited expression of
lineage-specific gene markers51, demonstrating the general importance of miRNAs for cell
differentiation in development. In instances where miRNAs show a highly tissue- or organspecific expression they can serve to promote differentiation into proper cell-lineages and
22

enforce a tissue specific expression pattern (see Figure 3B). The conserved and highly
muscle-specific miR-1, miR-206 and miR-133 exemplify this well. These related miRNAs
have been shown to target multiple genes important for the development of the skeletal
muscle and the heart. In X. laevis miR-1 promotes myogenesis through downregulation of a
transcriptional repressor of muscle gene expression, Histone acetylate 4 (HDAC4), and miR133 stimulates proliferation through repression of serum response factor (SRF)52.
Furthermore, the three miRNAs have been shown to modulate the expression of multiple
genes involved in myoblast proliferation and differentiation, cardiomyocyte proliferation,
cardiac conduction and neuromuscular synapse function53. Similar findings have been
reported for miR-124 and miR-9 in neural tissue54,55.
The ability of miRNAs to down-regulate transcriptional output of the cell is important for
maintaining optimal protein levels and conferring robustness to gene networks56 (see Figure
3C). In Zebrafish, miR-430 serves as a compelling example of how a miRNA can balance
developmental signals (see Figure 3D-E). Nodal signaling is an important regulatory
pathway in germ layer formation and the Nodal signaling antagonist, Lefty, and agonist,
Squint are both targeted by miR-43057. Intriguingly, the resulting knockout (KO) phenotype
of miR-430 shows signs of disrupted Nodal-signaling suggesting an important role of miR430 in balancing Nodal signaling in the early development of Zebrafish. Another example
comes from the regulation of miR-430 of primordial germ cell (PGC) migration57. Sdf1a is
an important chemokine ligand that attracts PGC by binding the receptor Cxr4b. Sdf1a
narrow expression regulates PGC movement and guides them to their corresponding gonad
region. miR-430 has been shown to firmly regulate the expression of Sdf1a58. When miR430 is missing Spd1a expression increases and expands. This causes the aberrant migration
of PGC into surrounding tissues. In addition, miR-430 down-regulates Cxcr7b, a Spd1a
decoy receptor that binds and sequesters Spd1a. The simultaneous inhibition of Spd1a and
Cxcr7b has been shown to buffer variations in gene dosage chemokine signaling and thus
ensure precise PGC migration58.

.
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Figure 3 - Forms of miRNA regulation in development. During develeopment, miRNAs are
known to A) facilitate the transition between developmental programs, B) define or
reinforce a tissue specific expression pattern and C) buffer transcriptional imputs to
maintain more optimal protein levels. The regulation of D) nodal signaling and E) the
migration cue of PGC by miR-430 exeplifies how miRNAs can stabilize developmental
signals. Figure adopted from Mishima et al., 201257

1.1.4 Chondro- and myogenesis: miR-199 and miR-206
Currently, limited knowledge is present regarding specific roles of miRNA in
chondrogenesis. However, the dicer-dependent miRNA pathway has been demonstrated to
be important for chondrogenesis and normal skeletal development. Chondrocyte-specific
Dicer-null mice display severe skeletal defects and premature death caused by reduced
chondrocyte proliferation and accelerated differentiation into post mitotic hypertrophic
chondrocytes59. Likewise, several specific miRNA genes have been shown to be
indispensable for normal growth and skeletal development, such as the mouse gene Dnm3os,
containing miR-199a (5p), miR-199a* (3p) and miR-214. The introduction of a LacZ gene
into the locus of Dnm3os produced multiple skeletal abnormalities, such as craniofacial
hypoplasia, osteopenia and defects in dorsal neural arches and the spinous process of the
vertebrae60. On the other hand a single miR-214 KO mouse develops normally61, indicating
that resulting phenotypes from Dnm3os knock-down are attributable to miR-199a.
Furthermore, with in vitro experiments, miR-199a* has been shown to be responsive to bone
morphogenic protein 2 (BMP2) and regulate early chondrogenesis through repression of the
transcription factor (TF) Smad162. Smad 1 is a crucial downstream mediator for BMP
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signaling and key regulator of bone and cartilage development. The data also implicates
miR-199a* as a negative regulator of chondrogenesis, lowering expression of key markers
such as Sox9, type II collagen and cartilage oligomeric matrix protein (COMP)62,63. As
BMP/Smad signaling is also involved in the formation of osteoblasts, miR-199a* might also
affect osteogenesis 62.
The importance of miR-199 for normal skeletal development could extend to a wider range
of vertebrate species. miR-199 and miR-199* are highly and specifically expressed in the
developing cartilage of zebrafish64, medaka as well as chicken, with additional expression
in head, limbs and body mesoderm65. For perspective, the evolutionary separation between
zebrafish and medaka is an estimated 150-200 million years compared to 6 million between
humans and chimpanzees and 75 million between humans and mice65.
Equally, miRNAs are crucial for skeletal muscle development66. Among the most
extensively studied miRNAs related to myogenesis are miR-1, miR-206 and miR-133. All
are specifically expressed in skeletal and/or cardiac muscle and are implicated in myoblast
differentiation and proliferation52,67. Of the three, miR-1 is the most conserved among the
20 most ancient miRNAs found in the common ancestor of protostomes and
deuterostomes68,69. Later in the evolution of vertebrates miR-206 emerged as a derivative of
miR-1 and these miRNAs retain high sequence similarity and share the same seed sequence.
Both miR-1 and miR-206 reside in bicistronic clusters with miR-133a and miR-133b,
respectively. There are two miR-1/miR-133a clusters and one miR-206/miR-133b cluster
conserved in vertebrate genomes with one additional miR-206/miR-133b cluster present in
teleostei70. Interestingly, there is evidence to suggest miR-206 could play a part in the
formation of higher complexity musculature in vertebrates71. Additionally, the vertebrate
specific miR-206 has been routinely found to be highly and specifically expressed in skeletal
muscle and rarely in the heart72. Even though many studies have associated miR-206 with
muscle maintenance and disease (e.g. Duchenne muscular dystrophy (DMD)73,74), the
involvement of miR-206 in vertebrate muscular development remains somewhat limited. In
mice, the miR-206/miR-133b cluster appears to be redundant for normal skeletal muscle
development under laboratory conditions75. However, in Zebrafish, a KO of miR-206 results
in defects in gastrulation movements76 and somite borderline formation77. Similarly in
Xenopus laevis, a KO of miR-206 disrupts cell adhesion and intersomitic boundary
formation78.

1.1.5 Growth and skeletal development: miR-17-92 cluster
The miR-17-92 is a polycistronic miRNA cluster containing six miRNA genes and is highly
conserved in vertebrates79. The miR-17-92 cluster has two known paralogous clusters in
mammals, the miR-106a~363 and miR-106b~25 cluster, and individual miRNAs can be
arranged into three different ‘seed’ families (see Figure 4). The miR-17-92 cluster is a
potential oncogene, and the first described “oncomir” (known as Oncomir-1)80. This is
evident by frequent amplification and overexpression in different types of cancer, such as Bcell lymphoma and lung cancer. However, further research on mice has uncovered essential
roles of the miR-17-92 cluster in normal vertebrate development, including the development
of lungs and heart, as well as growth of skeletal elements and axial patterning81–84. The
cluster is expressed across a wide range of tissues and organs82. In both Medaka and
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zebrafish miR-17-92 expression is found to be ubiquitous early but becomes generally more
attenuated and restricted to proliferative tissues later in development65.
Interestingly, the miR-17-92 cluster is the first miRNA cluster that has been linked to a
syndrome in humans, the Feingold syndrome (FS)83. Feingold Syndrome is a rare autosomal
condition characterized by dwarfism, microcephaly (decreased size of the head) and digital
abnormalities. In about 70% of examined cases, Feingold syndrome is associated with a
germline loss-of-function mutation in the MYCN gene85,86, which is a transcriptional
activator of the miR-17-92 cluster87–91. Furthermore, Pontual et al. investigated FS patients
lacking a MYCN mutation and 2 (out of 10) were identified with a heterozygous deletion of
the miR-17-92 cluster83. While a deletion of the miR-106a~363 or of miR-106b~25 clusters
in mice does not result in any obvious developmental abnormality82, mice harboring the
same deletion as FS patients in the miR-17-92 cluster, showed similar features, including
posterior-anterior shortening of the skull, reduction in overall size and other skeletal
abnormalities. In a homozygous state, the effects of the deletion were more severe, and not
postnatally viable83. The miR-17-92 cluster deficiency causes an upregulation of
Transforming growth factor β (TGF-β) signaling92. Genetic and pharmacological
downregulation of TGF-β in a mouse model of FS saves most skeletal defects of the
condition. This strongly suggest that type 2 FS skeletal abnormalities are caused
upregulation of TGF-β signaling in mesenchymal progenitor cells92.
Gene ontology (GO) analysis of dysregulated genes in a miR-17-92 homozygous mouse
mutant revealed enrichment of genes involved in ossification, skeletal development and
patterning in the embryo tail bud84. Furthermore, miR-20 has been directly implicated as a
promoter of osteoblastic differentiation via targeting PPARγ, Bambi and crim1, and as a
consequence, upregulation of BMP/Runz2 signaling93.
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Figure 4 - Human miR-17-92 clusters. Colors represent different seed familes, miR-17
seed familiy (yellow), miR-18 seed family (green), miR-19 seed family (blue) and miR-92
seed family (red).

1.1.6 Developmental timing: Let-7
The miRNA let-7 was first discovered as a part of the heterogenic gene pathway, which is
integral to the timing of developmental events in the nematode C. elegans. The heterogenic
gene pathway regulates timing of stage-specific cell lineage development and this is evident
by knock-outs in members of the pathway which cause cell division and differentiation
patterns at certain developmental times that are normally specific to other stages5. In this
manner the heterogenic gene pathway can be said to regulate the schedule of specific
developmental events in C. elegans. The miRNA let-7, along with two other isoforms
belonging to the let-7 family, are part of one of the most ancient developmental systems
based on miRNA, dating back to the appearance of bilateria94. In vertebrates, in part due to
whole-genome duplication events, the let-7 family has expanded to form an increasingly
complex group of developmental regulators. Due to the teleost genome duplication, the
number of isoforms is greater than in most vertebrates94. In salmonids we might expect even
more isoforms because of a salmonid specific genome duplication95. Indeed, in the Arctic
charr miRNA transcriptome, multiple isoforms have been detected (17 including both 3p
and 5p miRNAs) and a subset of those show a highly significant and sharp increase in
expression as development progresses96.
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1.2 Development of the vertebrate head
skeleton
The vertebrate skull represents one of the most complex anatomical structures in vertebrate
evolution. The development of the vertebrate head skeleton is characterized by a complex
series of events involving the cranial neural crest (CNC) and all three germ layers
(endoderm, ectoderm and mesoderm)97. Sequentially, these events lead to the formation of
the three primary anatomical regions of the vertebrate skull, the dermatocranium,
neurocranium and splanchnocranium (with the latter including the pharyngeal skeletal
elements). In development, the CNC disassociate from the neural crest, via epithelial to
mesenchymal transition (EMT), and migrate along the neural folds to form the pharyngeal
skeletal elements, such as the hyoid, mandibular arch and the branchial arches. Each of these
structures is derived from three streams of CNC cells that dissociated from distinct segments
of the neural tube called rhombomeres. The expression of different homeotic genes (such as
hox genes) in rhombomeres define segmental differences97,98. Subtle changes in the pattering
of the CNC are thought to be integral to the large variation in shape and function of the
pharyngeal head skeleton observed in vertebrates97.

Figure 5 - Craniofacial head skeleton of Zebrafish. A) Lateral side view. B) ventral side
view C) Ventral view with a more dorsal focal plain displaying the neurocrainium.
Abbreviations: abc, anterior basicranial; bb, basibranchial; bh, basihyal; bp, basal plate;
cb1-5, ceratobrancials 1-5; ch, ceratohyal; ep, ethmoid plate; hpc, hypophyseal fenestre;
hs, hyosymplectic; ih, interhyal; lc, lateral commissure; mc, meckel’s cartilage; n,
notochord; pbc, posterior basicranial commissure; pq, palatoquadrate; pp, pterygoid
process; t, trabeculae. Figure adopted from Schilling, 199799.

A range of developmental pathways have been implicated in shaping craniofacial
morphogenesis100. The spatiotemporal expression of these gene expression networks is
controlled by several regulatory mechanisms. One of those mechanisms is posttranscriptional down-regulation by miRNAs. The overall importance of the miRNA pathway
for vertebrate craniofacial development has been demonstrated with neural crest specific KO
Dicer mice, which show severe malformations in craniofacial morphogenesis and
organogenesis101. Several specific miRNAs have also been associated with the formation of
the craniofacial head skeleton of vertebrates. Interestingly, miR-92a, a member of the
conserved miR-17-92 cluster (see text above), has been shown to maintain BMP signaling
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through targeting of noggin3 in pharyngeal cartilage formation in Zebrafish102. Inactivation
of miR-92a leads to low proliferation, impaired differentiation and abbreviated survival of
chondrogenic progenitors. Another miRNA, miR-140, is important for normal palatogenesis
in Zebrafish through targeting of Pdgfra protein103. miR-140 loss of function causes higher
levels of Pdgfra protein around the optic stalk, where neural crest cells accumulate, resulting
in the maldevelopment of the ethmoid plate103.

1.3 Arctic charr in Thingvallavatn
Arctic charr (Salvelinus alpinus) is an important cold-water fish species of the family
Salmonidae, with a circumpolar distribution. It is the northernmost fresh-water fish found in
arctic lakes, streams and coastal waters104. Curiously, two or more morphs of Arctic charr
can often be found to coinhabit the same lake, having immense phenotypic variation in a
range of characteristics (e.g. size and shape)105. After the last ice age (approximately 12.000
years ago) anadromous Arctic charr is believed to have inhabited streams and lakes in the
northern hemisphere104,106. Subsequently Arctic charr became landlocked in many locations,
including Thingvallavatn, Iceland, which is an interesting and well-studied lake where
different morphotypes of Arctic charr co-exist. In Thingvallavatn there are four variants of
Arctic charr, differing greatly in size, morphology, diet, behavior and life-history traits107–
109
. The populations can be grouped into two morphotypes based on feeding structures (a
limnetic and a benthic), differing markedly in morphology of the skull and jaws. The
limnetic morphs (planctivorous, PL and piscivorous, PI) have pointed snouts and evenly
protruding jaws, while benthic morphs (Large, LB and small, SB benthivorous) possess blunt
snouts and shorter lower jaws (see Figure 6). The benthic morphs reside in the lake’s stony
littoral zone where they feed on zoobenthos, primarily the gastropod Lymnaea peregra. The
distinctive geology of Icelandic lakes establishes an ecological niche, where the SB morph
can leverage access to the interstitial spaces in the lava substratum110. The PL morph
preferably feed on zooplankton in the open water whereas the larger PI morph feeds largely
on sticklebacks (Gasterosteus aculeatus) in the littoral zone or small charr in pelagic
waters110. The Arctic charr morphs of Thingvallavatn are almost certainly a case of trophic
divergence. In development, Arctic charr displays the same sequence of events as found in
other teleosts (see Figure 7 and Table 2) and morphs have been shown to follow different
ontogenic trajectories in craniofacial development111. Studying Arctic charr presents a great
opportunity to better understand developmental plasticity, ecologically driven adaptive
radiation and speciation.
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Figure 6 - The four Arctic charr morphs of Thingvallavatn lake. SB: Small Benithivorous,
LB: Large Benthivorous, PL: Planktivorous and PI: Piscivorous (Photos: Karl Gunnarson
and A. Garðarson; drawings: Eggert Pétursson).

30

Figure 7 – Development of cartilage and/or bone structures in Arctic charr. Developmental
time is shown in tau somites (see definition in method section 2.1). Abbreviations can be
found in Table 2. Scale bar is 1mm. Figure is adopted from Kapralova et al., 2015111.

Table 2 – The arrival of crainofacial cartilage and/or bone structures in the developing
Arctic charr. Abbreviations: bb, basibranchial; bh, basihyal; br, branchiostegal rays
(hyoid arch); cb1-5, ceratobrancials 1-5; ch, ceratohyal; ep, ethmoid plate;
hyosymplectic; mc, meckel’s cartilage; mx, maxilae (mandibular arch); pq,
palatoquadrate; pm; t, trabeculae. Table information is derived from Kapralova et al.,
2015111.
Developmental time (τs)

Arriving structures

138

t

146

mc, pq

150

ch

155

hs

160

cb1, cb2

187

ep, cb3, cb4

200

hb, cb5, mx

223

bh

293

br
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1.3.1 Literature review of molecular work on Arctic charr
A major focus of the molecular work on the Arctic charr has been to decipher the underlying
genetic and epigenetic mechanisms causing trophic divergence. Common-garden
experiments, where fish are reared under identical conditions, have indicated that the
development of Thingvallavatn Arctic charr trophic morphologies are the result of genetic
differences107,112. More recent data also indicates that these differences in craniofacial
morphology can be detected early in development before external feeding starts111.
Presently, studies have obtained different estimates on the genetic divergence and phylogeny
of the morphs. Early evidence from polymorphic enzyme loci, mitochondrial DNA and
minisatellite analysis detected a modest allelic heterogeneity between sympatric morphs113–
115
. More recently, the analysis of 10 microsatellite loci from three Thingvallavatn morphs
(LB, SB and PL) gave an estimated fixation index (Fst) of 0.039 (95% Confidence interval:
0.012–0.059)116. Additionally, a substantial divergence of the Thingvallavatn morphs has
been detected in the immune system genes Cethelicidin 2 (Cath2) and Major
Histocompatibility Complex IIa (MHCIIa) and a number of other loci, many of which are
related to energy metabolism117,118.
Transcriptome studies have been conducted in different morphs at crucial time-points in the
development of Arctic charr trophic structures96,119. An RNA-sequencing de novo assembly
of three Thingvallavatn morphs SB, LB and PL at 100-200 τs (see definition of τs is in
section 2.1) reveal expression differences of numerous genes between morphs, with the
benthic morphs being more similar119. The detected differentially expressed genes imply
divergence of morphs in a wide range of cellular, physiological and developmental
mechanisms119. Some gene networks have been studied in more detail in relation to Arctic
charr development. The mTOR (mammalian target of Rapamycin) pathway mediates
environmental signals for the control of cell growth and a qPCR study of charr muscle tissue,
revealed three genes from the mTOR pathway differentiating the SB morph and limnetic
morph populations in Iceland120. Another qPCR study on the developing head of Arctic
charr, found a conserved network of co-expressed genes, mostly involved in extracellular
matrix organization and skeletogenesis, to have differential expression between benthic and
limnetic morphologies121. Furthermore, an in silico transcriptional binding site analysis
found 9 putative regulators of the network, including Ets2. The regulatory status of Ets2 is
particularly provocative for a few reasons. Firstly, Ets2 itself displays differential expression
between benthic and limnetic Arctic charr during craniofacial development. Secondly, Ets2
shows highly correlated expression with the conserved network of co-expressed genes found
in charr. Thirdly, Ets2 possesses the same spatiotemporal expression as many of the network
members121. Further investigation into the expression of conserved vertebrate genes in early
development of Arctic charr morphs suggests an important role of the Aryl hydrocarbon
receptor (AhR) pathway, with higher expression in limnetic charr100.
The reputation of miRNAs as developmental regulators motivated an investigation into their
potential involvement in the developmental divergence of Arctic charr. High- throughput
small-RNA sequencing was employed to assess miRNA expression between the SB morph
and an aquaculture charr (AC) (possessing a limnetic-like phenotype and greater size) at four
developmental time points before external feeding96. The study found 57 miRNA genes (51
conserved and 6 novel) that were differentially expressed over developmental time and
among those were 9 members of the let-7 family (including isoform let-7a), which showed
an increase in expression as development progresses96. Furthermore, 72 miRNA genes (56
conserved and 19 novel) had differential expression between SB and AC. Among those with
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higher expression in SB were miR-1, miR-206 and miR-430a. Notably, miR-1 and miR-206
were overall the most highly expressed miRNAs and together accounted for 36% of all
miRNAs in the transcriptome96. MiR-1 and miR-206 both belong to the miR-1 family of
miRNAs and are known for their muscle-specific expression and involvement in
myogenesis122. Among miRNAs with higher expression in AC charr were miR-17, miR-19b
and miR-199a96. Both miR-17 and miR-19b are a part of a conserved polycistronic miRNA
cluster miR-17-92 involved in a wide range of developmental processes including
skeletogenesis as well as pathologies such as cancer88,123. MiR-199a belongs to a bicistronic
cluster with miR-214, that when knocked out produces smaller body size and skeletal
abnormalities60. Interestingly, miR-199a is an mTOR activator in mice and KO of miR-199a
specifically results in smaller body and brain size with reduced size of hippocampal and
cortical neurons124. Together, these conserved miRNAs represent great candidates for further
research on the molecular underpinnings of Arctic charr trophic morphologies in
development with possible implications for a wider range of vertebrate species.

1.4 Aims
With this project we attempt to further understand the role of candidate miRNAs in teleost
development and craniofacial morphogenesis. Specifically, we investigate these candidate
miRNAs in the development of highly polymorphic Icelandic Arctic charr and their plausible
role in morph divergence.
We utilized a list of miRNAs, obtained from small-RNA sequencing and qPCR data from
Arctic charr, that showed differential expression between benthic and limnetic morphs or
developmental stages96. From this list, the following candidate miRNAs were chosen for
study based on involvement in important developmental processes, emphasizing on the
development of head elements:
•
•
•

miR-199a and miR-206, known regulators of chondrogenesis and myogenesis
(respectively) in vertebrate head development60,62,72.
miR-17-92 cluster (containing miR-17, miR-18, miR-19a, miR-20, miR-19b and
miR-92a), involved in growth and skeletogenesis in vertebrate development83.
let-7a, known for its role in developmental timing in C.elegans and is conserved in
bilaterian animals with a putative role in temporal transitioning in development4.
(See introduction for more information on candidates).

To verify previous expression results and characterize the expression of candidate miRNAs
in development of Arctic charr, we employed qPCR expression analysis to answer the
following general questions:
(1) Are candidate miRNAs expressed during early craniofacial development of Arctic
charr and how does their expression change over time?
(2) Do the Arctic charr morphs differ in expression of candidate miRNAs in early
craniofacial development?
Subsequently, we aspired to further characterize how a subset of the above candidate
miRNAs shape craniofacial morphogenesis of teleosts as well as their genomic context in
Arctic charr. These more specific aims can be summarized with the following questions:
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(1) Does candidate miRNA miR-199a shape craniofacial morphogenesis in teleost early
development? And if so, what morphological influences does it have?
(2) Does miR-199a downregulate expression of Ets2 in Arctic charr through a previously
discovered putative binding site?
(3) What is the sequence and location of the miR-17-92 cluster in our Arctic charr
genome assemblies and does its sequence differ between morphs?
(4) What are the expression dynamics of heterochronic miRNA let-7a in selected preand post-larval stages of Arctic charr? And do the trajectories differ between
morphs?
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2 Materials and methods
2.1 Sampling, storage and RNA isolation
For Real-time quantitative PCR (qPCR) experiments total RNA was extracted from a
homogenate of single embryos of Arctic charr at relevant developmental time points using
TRIzol reagent (Invitrogen). For investigating the expression of miR-199a, miR-17-92 and
miR-206, two developmental time points (155 τs and 226 τs) were chosen at stages where
important cartilage and/or bone structures are arriving in Arctic charr (see Figure 7 and Table
2). For the expression analysis of let-7a a wider range of developmental stages was chosen
to capture predicted rise in expression found in previous miRNA transcriptome data96. Three
time points were selected, both pre- (150 τs, 200 τs, 250 τs) and post-hatching (300 τs, 350
τs, 400 τs).
Prior to homogenization of embryos, the chorion and the yolk sac were dissected and
removed in RNA-later solution under a Leica S6E stereoscope. For quantifying the amount
of RNA and the presence of contaminants, samples were measured using NanoDrop ND1000 UV/vis-Spectrophotometer (see supplementary material). A subset of samples was
treated with DNase I according to protocol (New England Biolabs). Embryos used for this
study were sampled in 2011 (for miR-199, miR-17-92 and miR-206 expression analysis) and
2017 (for let-7a expression analysis) and stored in RNAlater at -20°C. Developmental time
is measured in tau somites (τs) where one τs is defined as the time it takes to form one somite
pair125. For the initial expression analysis of let-7a, RNA samples from small benthic charr
(SB) and aquaculture stock (AC) (at 150 τs and 315 τs) were extracted by Kalina H.
Kapralova using the same extraction protocol. Before testing the expression of the miR-1792 cluster, miR-199a and miR-206, RNA samples were pooled based on RNA amount. Each
three individual extractions were pooled and used as one biological replicate (making a total
of 3 biological replicates for each morph from 9 RNA samples) (see Figure 8). However, for
analyzing the expression of let-7a, the pooling step was omitted, and each extraction was
used an individual biological replicate (using 3 RNA samples from each morph).
Specifically, for the mRNA expression analysis in zebrafish embryos, each biological
replicate was derived from the RNA extraction of 28 individuals at 5 days post fertilization
(dpf) (for a total of 3 biological replicates) using TRIzol reagent (Invitrogen). Zebrafish
RNA samples were DNase digested with DNase I (New England Biolabs).
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Figure 8 - Workflow for qPCR sample preperation. Total RNA was extracted from single
embryos. RNA was either used directly for cDNA synthesis (single extraction was treated as
one biological replicate) or pooled (3 extractions pooled for a total of 9 individuals,
providing 3 biologial replicates). RNA extracted from large benthic (LB), Planctivorous
(PL), aquaculture stock (AC) and small bentich (SB) morph was reverse transcribed to
cDNA prior to quantification with qPCR.

2.2 Real-time quantitative PCR and analysis of
expression data
A Taq-man miRNA assay (Applied Biosystems) provided miRNA-specific stem-loop
primers for reverse transcription and Taq-man probes for Taq-man assay-based qPCR. After
synthesizing cDNA from the total RNA samples using the Taq-man reverse transcription kit
(Applied biosystems) and Applied biosystems 2720 Thermal cycler, the qPCRs were run on
Applied biosystems QuantStudio 3 Real-time PCR system. RNA integrity was assessed by
running RNA samples on a 2100 Agilent bioanalyzer with RNA samples from every
extraction batch. To test for contamination from genomic DNA or unwanted PCR products,
selected samples were prepared without reverse transcriptase (-RT) and without cDNA
template (Non-template control).
For analyzing qPCR data, the ddCt-method was employed (fold=2-ddCt) giving relative
expression values (fold-change)126. miR-24 and miR-203 were chosen as internal
normalizers, having shown previously a uniform expression among morphs and
developmental stages96. An analysis of variance (ANOVA) followed by a post hoc Tukey’s
honest significant difference (HSD) test was performed in R statistical software using foldchange relative expression values.
For the study of mRNA expression in zebrafish, real-time qPCR was similarly performed
and analyzed as in Arctic charr. RNA samples were reversed transcribed to cDNA using
Superscript II Reverse transcriptase (Invitrogen) and random primers (Invitrogen). Real-time
qPCR was run with SYBR green PCR master mix (Applied Biosystems) on an ABI 7500
real-time PCR system (Applied Biosystems). Primers were acquired from lab reserves
previously used for assessing expression in zebrafish127. We chose ppia2 and tbp as reference
genes previously shown to be suitable for gene expression analysis in zebrafish127.
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2.3 Zebrafish husbandry, injections, sampling
and staining
Zebrafish eggs were produced in the zebrafish research facilities of University of Reykjavík.
A nanoinjector (Custom made) and a modified capillary was used to introduce 2.3 nanoliters
of a miRCURY locked nucleic acid (LNA) miR-199a inhibitor (Exiqon) at 0.5 ng/injection
into the egg yolk before first division occurred. Untreated control sample organisms were
either injected with the dye phenol red (Sigma Aldrich) (control injection) or not injected
(wild-type). A fluorescent label that accompanies miR-199a inhibitor is used to screen for
successful injections. Embryos were incubated at 28.5°C and sampled shortly before first
feeding starts at 5 dpf and submerged in paraformaldehyde (PFA) overnight. In order to
visualize the craniofacial elements in zebrafish, a modified double-color acid-free staining
protocol was employed for staining cartilage and bone, using alcian blue and alizarin red,
respectively128. For good clearing of background staining embryos were left in clearing
solution for approximately 4 weeks.

2.4 Photographing and geometric
morphometrics
A total of 146 Zebrafish embryos were stained and photographed ventrally and laterally
while fixed in 85% glycerol solution using a Leica MC190 HD camera attached to the
stereomicroscope Leica M125. A cover-slip (elevated by additional microscope slides) was
used to position the specimens. From the photographs, 16 were omitted from further analysis
either due to severe malformations of the specimen or damages of tissues deemed to interrupt
subsequent phenotypic analysis (see Table 3).
To assess the size and the shape of craniofacial bone and cartilage structures, a total of 12
and 22 landmarks were chosen for the lateral and ventral view, respectively (see Figure 9).
Landmarks were digitized using the software tpsDig2 version 2.25129, and focused around
anatomical features of the lower jaw, the pharyngeal arches and the neurocranium (See
Figure 5). Laterally, landmarks were also chosen along soft tissue where skeletal features
are not readily discernable. To adjust differences in resolution that occurred between images
of treatment groups, a scale was measured in pixels and the resulting pixel ratio between
images was used as a scaling factor.

37

Table 3 – Number of stained zebrafish used for geometric morphometrics. A few samples
were omitted either due to severe malformation or tissue damage.
Omitted from analysis
Sample group
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Photographed

Severe
malformation

Damaged

miR-199 inhibitor
injected

40

4

1

Control injection
(buffer)

56

6

5

Wild-type

50

0

0

Total

146

16

For
further
analysis
35
45
50
130

Figure 9 - Assigned landmarks for geometric morphometrics. Landmarks were chosen to
describe size and shape of zebrafish head and craniofacial elements. A) For the ventral
view a total of 12 landmarks were used (9 symmetric and 3 non symmetric): (1) The
symphysis of the left and right Meckel’s cartilage. (2) Anterior end of ethmoid plate. (3
and 11) Meckel’s cartilage and palatopuadrate joint. (4 and 10) Posterior end of hyoid
arches. (5 and 9) Posterior end of hyosymplectic. (6 and 7) Posterior end of the P7
branchial arches. (8) Joining of anterior P7 branchial arches. (12) Joining of anterior
hyoid arches. B) For the lateral view, 22 landmarks were chosen as follows: (1) Anterior
and (2) Posterior end of Merckel’s cartiladge. (3) Posterior end of ceratohyal. (4)
Posterior end of the P7 branchial arch. (5) Junction of Posterior auditory capsule and
neural tube. (6) joining of the hyosymplectic and parachordal . (7-9, 15) tabeculae
cranii and the ethmoid plate. (7-11) Center and boundary of eye. (12-14, 16-22) Outer
surface of the head.
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For analyzing size and shape variation of acquired data we used the geomorph package
(v3.0.7) in R statistical software. To remove information not related to shape (translation,
rotation and scaling) and extract shape variables (Procrustes co-ordinates) from acquired
landmarked data, we employed generalized Procrustes analysis (GPA). GPA translates,
scales and orientates shapes until all corresponding landmarks are aligned as closely as
possible, yielding Procrustes co-ordinates for each specimen in two-dimensional (2D) space
(see Figure 10). Using the resulting Procrustes shape variables, we employed principal
component analysis (PCA) to assess the shape changes explaining the greatest amount of
variation. Log transformed centroid size (LCS) was used as a measure of individual size.
Centroid size of a specimen is defined as the square root of the summed squared distances
of each landmark to the centroid (a geometric center) of its 2D shape.
To analyze the presence of covariation for Procrustes shape variables with either LCS or
treatment group (miR-199a inhibition, injection control or wild-type) we applied a
Procrustes ANOVA with 10.000 permutations. Allometry is defined as the differences in
proportions (shape) correlated with the changes absolute dimensions of the overall organism
or a specific structure of interest (in this case the craniofacial structure)130. For modeling the
allometric trajectories of zebrafish larvae, a pooled within-group regression of Procrustes
shape variables over LCS was performed. The resulting regression residuals for each
individual are then added to the consensus (mean) configuration of landmarks to produce
allometry-free shapes. Therefore, the resulting within-group shape variation of the new coordinates is uncorrelated with size. A new PCA was performed using the adjusted Procrustes
co-ordinates to identify the effect of allometry-related shape changes on the overall shape
variation. To test for differences in morphology between treatment groups we carried out a
Procrustes ANOVA and post hoc pair-wise comparison test using complex linear models.
The amount of shape variation supplied by covariates is quantified with a full linear model
with covariates LCS and treatment group while accounting for a reduced model with
covariate LCS. The pair-wise comparison test is performed on group least square (LS)
means. Lastly, to determine if treatment groups (miR-199a inhibitor injection, control
injection, wild-type) differed in their morphological disparity (variance in morphospace), a
pairwise comparison of overall Procrustes variance was performed.
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Figure 10 - Procursters fit of landmarks. The x- and y- axis define the position of
landmarks in 2D space. Black dots specify the average position of designated landmarks
and grey dots show distributions of individual landmarks for A) the ventral and B)
lateral view.
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2.5 Basic local alignment: finding the miR-17-92
cluster and paralogs in Arctic charr
To find the sequences of miR-17-92 and paralogs (one or more genes derived from the same
ancestral gene) in salmon, we used a basic local alignment search tool for nucleotide
sequences (BLASTN-short query sequence) on SalmoBase.org131 with the miR-17-92
cluster from zebrafish as an input sequence (genome assembly: May 2017
(GRCz11/danRer11), sequence location: chr1:3297277-3298309). To find orthologs
(homologous gene sequences found in different species related by linear decent) in Arctic
charr, the resulting hits were extracted from the Salmon genome browser (Ssal ICSASG_v2)
and used for sequence alignment (BLASTN 2.5.0+) against our charr genome assemblies,
derived from 8 individuals from lake Thingvallavatn, Iceland (Benjamín Sigurgeirsson et
al., unpublished data). Similarly, hits are aligned to the salmon genome to find paralogous
cluster(s). To find possible single nucleotide polymorphisms, clusters sequences from Artic
charr individuals were compared using pair-wise sequence comparison with the Needle
program132 or multiple sequence alignment using the program T-Coffee133.

2.6 PCR of Ets2 3’UTR from Arctic charr and
Gibson assembly
To validate a previously found putative target site of miR-199a in the 3’UTR of Ets2 we
apply a dual-reporter luciferase assay. When designing a luciferase assay, a proper reporter
plasmid must be assembled with an insert containing the miRNA putative binding region of
interest. To acquire a segment of the 3’UTR region of Ets2 (containing the miR-199a-3p
putative binding site), it was amplified using Arctic charr DNA customized primers designed
using NEBuilder (the same primers are subsequently used for Gibson assembly).
For the luciferase assays the plasmid pIS0 was chosen, containing a number of regions and
restriction sites appropriate for our application24 (see Figure 11). The pIS0 was a gift from
David Bartel (Addgene plasmid #12178). Before performing Gibson assembly (NEB) pIS0
was linearized using NheI endonuclease. Gibson assembly was carried out using the
linearized pIS0 and PCR amplified 3’UTR region.
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Figure 11 – The plasmid pIS0 used for luciferase assays. The plasmid contains: a region
providing amplicillin resistance (Amp), firefly luciferase (Luc+), SV40 promoter, SV40
Enhancher, SV40 late poly(A) providing efficient mRNA transcription termination and
multiple restriction sites. The NheI restriction site is used for inserting 3’UTR fragments
with putitive miRNA binding sites. The figure was obtained from addgene, plasmid
repository (plasmid #12178).

2.7 Q5 site-directed mutagenesis
To demonstrate the function of the miR-199a putative binding site, an additional plasmid
was generated containing a mutation to the binding site. The Q5 Site directed mutagenesis
kit (NEB) was used to alter the miR-199a putative binding site in the amplified Ets2 3’UTR
region and therefore negating the supposed translational repression of the miRNA-199a.
Specifically, a six base pair sequence to which the miR-199a seed region binds, was
substituted by a BamHI restriction site (see Figure 12). Primers were designed using the tool
NEBaseChanger version 1.2.8.
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Figure 12 – Putative binding site of miR-199a in the Ets2 3'UTR region of an assembled
pIS0 plasmid. The figure displayes the alignment of Q5 primers that were used to generate
a substitution where the miR-199a seed supposedly binds (yellow box) with a BamHI
restriction site (green bar).

2.8 Cell culture and transfection
For expressing our assembled and mutated reporter plasmids, we used HEK293T cells (see
section 4.1.2 for a discussion on cell line choice). HEK293T cells were incubated at 37°C
with 5% CO2 concentration (Thermo steri-cycle CO2 incubator) in DMEM media with 10%
fetal bovine serum (FBS). After 1X Trypsin treatment and resuspension in culture media,
5000 cells were placed in each well in 96-well Nunc culture plates (ThermoFisher). Cells
were transfected with Lipofectamine 3000 according to the manufacturer’s protocol (without
the use of P3000) and incubated in 100 μL of media for 48 hours before performing the
luciferase assay. DNA amount used for transfection is listed in Table 4. The pIS0 plasmid
contains the firefly gene that provided the measured luminescence signal. Every transfection
also included a fixed amount of normalizer plasmid (pRL-CMV) containing Renilla. The
normalizer reporter such as Renilla is used to control for multiple external factors such as
transfection efficiency, cell number and number of viable cells.

Table 4 – DNA input per well for transfection of HEK 293T cells.
DNA/RNA/LNA probe

Reporter

Amount per well

pISO/pISO+UTR/pISO+UTR*

Firefly

33.3 ng

pRL-CMV

Renilla

3.33 ng

miR-199-3p /scramble miRNA

-

.333 pmol

miR-199a-3p inhibitor / inhibitor control

-

1.00 pmol
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2.9 Luciferase assay
For measuring luminescence signal the Dual-Glo reporter assay system (Promega, USA)
was utilized as described by the manufacturer. Luminescence signal was measured 15 min
after the addition of either Firefly or Renilla substrate in white opaque 92-well plates
(ThermoFisher) on the GloMax Discover system (Promega); the signal integration time was
one second. An ANOVA followed by a post hoc Tukey’s HSD test was performed for Firefly
luminance values normalized using Renilla activity (Firefly/Renilla luminance ratio).
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3 Results
3.1 The role of miR-199a in fish development
3.1.1 Verification of differential expression
Differential expression of miR-199a between limnetic and benthic morphotypes (more
specifically, between AC and SB) in the development of Arctic charr96 prompted further
investigation of expressional patterns in different morphs. The expression of miR-199a was
measured in three Arctic charr morphs from Thingvallavatn (LB, PL and SB) and an
aquaculture stock (AC) by employing Real-time qPCR for whole embryos at two
developmental time points (155 dd and 226 dd). After excluding outliers (lowest and highest
value of AC and SB at 226 dd, respectively), a Significantly lower expression was detected
in SB compared to LB or AC (p<0.005) (see Figure 13). No significant differences were
found in the variables of time or morph-by-time.

Figure 13 - Stripchart showing relative expression of miR-199a in four Arctic Charr
morphs at two developmental time points (155 dd and 226 dd). Y-axis shows fold-change
and x-axis the morph and developmental time. Each data point represents one of three
biological replicates and each morph is represented with the following color codes:
Aquaculture stock (AC, black), Large benthic (LB, blue), Planctivorous (PL, green) and
Small benthic (SB, red).
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3.1.2 Functional analysis in zebrafish: miR-199a inhibition
introduces craniofacial shape changes comparable to
benthic-limnetic phenotypes in Arctic charr
To examine the role of miR-199a in craniofacial morphogenesis during development, singlecell stage zebrafish embryos were injected with a miR-199a LNA inhibitor and the resulting
larval craniofacial morphology was then quantified and compared to wild-type embryos and
injection controls. Principal component analysis (PCA) was performed to assess the major
components of morphological variation in the data. The first two principal components (PC1
and PC2) explain cumulatively around 60% of the variation for both the ventral and lateral
datasets (see Table 5). When data points were plotted for PC1 and PC2, treatment groups
can be compared in the PCA space (see Figure 14). For the ventral view, an increasing PC1
was associated with a more terminal mouth as well as a narrower and more elongated jaw
structure (Meckel’s cartilage, palatoquadrate and hyoid arch). Conversely, a decrease in PC1
translates to a more sub-terminal lower jaw and wider positioning of the palatoquadrate and
hyosymplectic (see Figure 14A). All treatment groups intersect in the PCA space showed a
notable separation of the larvae injected with the miR-199a inhibitor and to a lesser extent
injection controls along PC1. This corresponds to a wider jaw and more subterminal mouth
comparable to a more benthic and/or juvenile phenotype (see Figure 15). From the lateral
view, an even stronger separation was detected along PC1 for a subset of miR-199a inhibitor
injected embryos that was not observed for either wild-type or injection control embryos
(Figure 18Figure 14B). In this case, a higher PC1 was associated with a rounder head,
bulging of the cranial vault (neurocranium enclosing the brain) and shortening and
downwards curving of the lower jaw and trabeculae (see Figure 15). Notably, an increased
variation in the distribution of individuals in PCA space is observed both ventrally and
laterally for miR-199a inhibitor injected larvae compared to control inhibitor injection and
wild-type larvae (see Table 7). This represents a greater variability in the craniofacial
morphology displayed by miR-199a inhibitor injected zebrafish larvae.
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Figure 14 – Scatter plot of the PCA scores of miR-199a inhibitor injected zebrafish
larvae (I, Red), wild-type (W, green) and injection conrol (C, black), shown for both the
A) ventral view and B) lateral view. TPS deformation grids depict specimen shape at
either end of shape variation along PC1 (for porportion of explained variance see Table
5 and Table 6). The scale factor represents the changce in Procrustes distance.
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Table 5 – Proportion of Variance explained by the first five principal components from
PCA of ventral view.
PC

Variance %

Cumulative %

1

38.17

38.17

2

21.94

60.11

3

8.29

68.40

4

5.95

74.36

5

4.62

78.97

Table 6 - Proportion of Variance explained by the first five principal components from
PCA of lateral view.
PC

Variance %

Cumulative %

1

50.13

50.13

2

12.21

62.34

3

8.97

71.13

4

5.48

76.79

5

3.33

80.11

Table 7 – PCA disparity analysis. Letters indicate sample groups, numbers are p-values
and stars mark significant difference in disparity between respective groups. Groups are
abbreviated as follows: I, miR-199a inhibitor injected zebrafish larvae; C, injection
control; W, wild type. . p-value: ‘***’ p<0.001 ‘**’p< 0.01 ‘*’p< 0.05 ‘ NS’ p>0.05.
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C

I

W

C

1

0.001**

0.815 NS

I

0.001**

1

0.001**

W

0.815 NS

0.001**

1

Figure 15 - Representative images of miR-199a inhibitor injected zebrafish compared to
wild-type. Wild-type embryos from a A) ventral and B) lateral view. Inhibitor injected
embryos from a C) ventral and D) lateral view.

To investigate whether the observed variation in shape correlates with the variables of size
and treatment group, we performed an ANOVA with shape variables and the linear model
y~LCS*group (see Table 8 and Table 9). A significant correlation was found with all
variables: Log transformed centroid size, treatment group and the combined variable of log
transformed centroid size with treatment group. Most of the variation could be attributed to
size for the ventral dataset (15.9%) followed by group (5.1%) (See Rsq in Table 8).
Interestingly, in the lateral dataset most variation was associated with group (17.8%)
followed by size (5.7%) (See Rsq in Table 9). The combined variable of size and group
describes the least amount of variation in both datasets, 3.4% and 2.5% respectively.

51

Table 8 - Procrustes ANOVA of ventral shape variables with 10.000 iterations.
Abbreviations: LCS, log transformed centroid size; gp, group; Df: Degrees of freedom, SS:
Sums of squares; MS: mean square; Rsq: Residual squares; Z: Effect size. p-value: ‘***’
p<0.001 ‘**’p< 0.01 ‘*’p< 0.05.
Df

SS

MS

Rsq

F

ZPr(>F)

p-value

LCS

1

0.07298

0.07298

0.1593

26.15

5.675

1e-04 ***

Group

2

0.02336

0.01168

0.05099

4.186

4.206

1e-04 ***

LCS:gp

2

0.01577

0.007887

0.03442

2.826

3.133

7e-04 ***

Residuals

124

0.3461

0.002791

0.7553

-

-

-

Total

129

0.4582

-

-

-

-

-

Table 9 - Procrustes ANOVA of lateral shape variables with 10.000 iterations.
Abbreviations: LCS, log transformed centroid size; gp, group; Df: Degrees of freedom, SS:
Sums of squares; MS: mean square; Rsq: Residual squares; Z: Effect size. p-value: ‘***’
p<0.001 ‘**’p< 0.01 ‘*’p< 0.05.
Df

SS

MS

Rsq

F

Z

p-value

LCS

1

0.03822

0.03822

0.05691

9.458

3.859

5e-03 ***

gp

2

0.11975

0.05988

0.1783

14.82

6.015

1e-04 ***

LCS:gp

2

0.01651

0.008255

0.02459

2.043

2.467

0.0109 *

Residuals

123

0.4970

0.004041

0.7402

-

-

-

Total

128

0.6715

-

-

-

-

-

Analyzing further the effect of size-related changes in shape showed that all treatment groups
follow a similar trajectory of shape changes as size increases (see Figure 16). This is also
observable from a regression of predicted shape on size, where groups follow parallel
trajectories (Figure 17). To discriminate allometry related and non-allometry related shape
changes in craniofacial development due to miR-199a inhibition, regression residuals of
shape over size were used to exclude the allometric component in the analysis of shape
variation (see Figure 18). Compared to the initial PCA for the ventral view, groups reside in
a more convergent PCA space and any directionality in separation along PC1 previously
observed between groups had mostly dissipated (see Figure 18A). However, for the lateral
view, separation between miR-199a injected larvae and other groups, persisted along PC1
(see Figure 18B). This implies that shape differences observed laterally are, at least in part,
non-allometry related.
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Figure 16 - Scatter plot with reggression scores versus LCS for ventral (left) and lateral
(right) dataset. Color codes: red, miR-199a inhibitor injected embryos; black, injection
control; green, wild type.

Figure 17 – Scatter plot of predicted shape (PC1 of predicted values from the reggression
of shape on size) versus LCS for ventral (left) and lateral (right) datasets. Color codes:
red, miR-199 inhibitor injected embryos; black, injection control; green, wild type.
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Figure 18 – Scatter plot of PCA scores of miR-199a inhibitor injected zebrafish larvae
(Red), wild-type (green) and injection control (black) with allometry related shape
changes removed (PCA scores were adjusted with the residuals from the regression of
shape over LCS for each group separately) for A) ventral view and B) lateral view. TPS
deformation grids depict specimen shape at either end of the shape variation along PC1
(for proportion of explained variance see Table 5 and Table 6). The scale factor
represents the change in Procrustes distance.
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To further investigate the difference in morphology between miR-199a inhibitor injected,
wild-type and injection control zebrafish, a procrustes ANOVA was perfored for both the
ventral and the lateral view fitting a complex linear model (see Table 10 and Table 11)
followed by a post hoc pairwise comparison of groups (see Table 12 and Table 13).
Ventrally, Shape is significantly different between miR-199a inhibitor injected larvae with
the effect size of 4.87 (p<0.001). There is a significant difference between the inhibitor
injection and the injection control as well as between the injection contol and wild-type
larvae to a lesser extent with an effect size of 3.48 and 3.15, respectively (p<0.01) (see
Table 12). Laterally however, there is a similarly distinct difference between the inhibitor
injection with either the injection control or wild-type larvae, with the effective size of
10.09 and 10.47, respectively (p<0.001) (see Table 13).

Table 10 – Procrustes ANOVA of shape from ventral view using complex linear models.
The primary model quantifies relative shape variation explained by size and group
(coordinates~LCS+gp) while accounting for variation in size in a reduced model
(coordinates~LCS). Abbreviations: LCS, log transform of centroid size.
ResDf

ResSS

SS

MS

Rsq

F

Z

p-value

~LCS
(null)

128

0.385

-

-

-

-

-

-

-

~LCS
+gp

126

0.362

0.023

0.012

0.051

4.07

4.17

0.001

-

Total

129

0.458

-

-

-

-

-

-

129

Table 11 – Procrustes ANOVA of shape from lateral view using complex linear models.
The primary model quantifies relative shape variation explained by size and group
(coordinates~log(cs)+gp) while accounting for variation in size in a reduced model
(coordinates~log(cs)). Abbreviations: cs, centroid size; gp, group.
ResDf

ResSS

SS

MS

Rsq

F

Z

p-value

~LCS
(null)

126

0.543

-

-

-

-

-

-

-

~LCS
+gp

125

0.514

0.030

0.030

0.044

7.26

4.04

0.001

-

Total

128

0.672

-

-

-

-

-

-

128
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Table 12 – Effect sizes (Z) for pairwise comparison of ventral shape using complex linear
models (see Table 10). Comparison is betweens miR-199 inhbitor injected zebrafish (I),
wild type (W) and control injection (C). p-value: ‘**’p< 0.01 ‘*’p< 0.05.
C

I

W

C

-

3.48*

3.15*

I

3.48*

-

4.87**

W

3.15*

4.87**

-

Table 13 – Effect sizes (Z) for pairwise comparison of lateral shape using complex linear
models (see Table 11). Comparison is betweens miR-199 inhbitor injected zebrafish (I),
wild type (W) and control injection (C). p-value: ‘**’p< 0.01 ‘*’p< 0.05 ‘NS’ p>0.05.
C

I

W

C

-

10.09**

0.554NS

I

10.09**

-

10.47**

W

0.554NS

10.47**

-

In summary, miR-199a inhibitor injected zebrafish differed in head and jaw structure
morphology compared to wild-type and injection control. The miR-199a injected larvae
presented a wider lower jaw, rounder head and more sub-terminal mouth comparable to the
more benthic phenotype of Arctic charr (see Figure 15). However, non-allometry related
differences attributable to miR-199a inhibition are observed most strongly from lateral view.
These differences entail benthic and/or juvenile features e.g. rounder head and shorter lower
jaw, as well as features that appear unrelated e.g. bulging of the cranial vault and downward
curvature of trabeculae (see Figure 15).

3.1.3 Ets2 is a conserved predicted target of miR-199a
Our group has previously found miR-199a to be differentially expressed between Arctic
charr morphs96 and that prompted a search for putative targets for this miRNA. Mature
miRNA sequences were run with gene sequences from charr with previously verified
differential expression between morphs134. A putative binding site for miR-199a was found
in the 3’UTR region of the TF Ets2135 (see Figure 19). Interestingly, Ets2 has a differential
expression pattern along the benthic-limnetic axis in charr (with higher expression in benthic
morphs)121 and an intersecting expression pattern relative to miR-199a in the developing
pharyngeal arches136. Additionally, the putative binding site of miR-199a in Ets2 3’UTR is
conserved in zebrafish (see Figure 20).
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Figure 19 – Putative target site of miR-199a in the 3’UTR region of Ets2 in Arctic charr.
Search was conducted using MiRanda target prediction algorithm137.

Figure 20 - MiRNA target sites of Ets2 3’UTR region in zebrafish (above) and putative miR-1995p binding site on 3'UTR of Ets2 in zebrafish (below) (TargetScanFish release 6.2).
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3.1.4 Ets2 expression is elevated in miR-199a inhibitor injected
zebrafish
The putative regulatory interaction of miR-199a and Ets2 motivated an investigation of Ets2
expression in zebrafish injected with a miR-199a inhibitor (see section 3.1.2). Curiously, the
expression of Ets2 is significantly elevated in zebrafish injected with a miR-199a inhibitor
compared to a wild-type zebrafish (see Figure 21). These results indicate an interaction between
Ets2 and miR-199a in zebrafish.

Figure 21 – Stripchart showing relative expression of Ets2 in miR-199a inhibitor injected (I,
red) and wild type zebrafish (W, green). The y-axis depicts fold change of expression.

3.1.5 Assembly of pIS0 and Ets2 3’UTR and mutation of miR199a putative binding site
Aware of the possible interaction of Ets2 and miR-199a in zebrafish and the influence of
both these regulators on craniofacial development we set out to validate the putative
targeting of Ets2 by miR-199a in Arctic charr. In order to set up a luciferase assay for
validating the putative miR-199a recognition site in Ets2, part of the Arctic charr Ets2 3’UTR
was PCR amplified and cloned into the pIS0 mammalian expression vector, downstream of
a luciferase gene (see materials and methods). Two fragments were cloned, a long fragment
(L) and a short fragment (S) containing 411 and 120 base pairs (bp) surrounding the
recognition site, respectively. The inserts were verified by sequencing. Next, mutagenesis
primers were designed to remove the recognition site using the Q5 mutagenesis kit.
Unfortunately, multiple attempts and troubleshooting did not prove fruitful for the mutation
of the reporter constructs. Nevertheless, the pIS0 had previously been assembled with a
larger fragment of the Ets2 3’UTR region (1285 bp) and the recognition site successfully
mutated138. The resulting reporter plasmids were used for downstream application.
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3.1.6 miR-199a Target validation for Ets2
A luciferase assay was performed in HEK-293T cells to validate the putative binding site of
miR-199a on Ets2. All measurements were at least 2 orders of magnitude higher than
background (average background signal plus three standard deviations (SD)). Firefly
luciferase measurements ranged from 3-4 orders of magnitude over background while the
Renilla signal was 2 orders of magnitude over the background. Interestingly, there was a
significant decrease in the luminance signal with the addition of the wild type Ets2 3’UTR
(UTR in Figure 22) compared to the empty reporter (pIS0) (see Figure 22 and Table 14).
This suggests endogenous factors (such as endogenous miRNAs or other post-transcriptional
mechanisms) causing lower expression of the reporter. A slightly higher signal was detected
when a mutation was introduced to the miR-199a binding site (MUT) but this result was not
statistically significant, compared to the wild-type UTR. The addition of exogenous miR199a (MIR) or a miR-199a inhibitor (INH) did not cause a significant change in luminance
but increased variation. The addition of scrambled miRNA (SCR) and an inhibitor control
(ICT) also significantly lowered the signal compared to the Ets2 3’UTR alone (UTR). In
summary, the current assay design does not validate targeting of Ets2 by miR-199a in Arctic
charr.

Figure 22 – Adjusted luminescence signal from HEK293 cells transfected with pIS0
reporter containing firefly and the putative miR-199a binding site of Ets2 (UTR), unaltered
pIS0 plasmid (PIS0), pIS0 with a mutated miR-199a binding site (MUT), MUT with the
addition of miR-199a (MIR), a scramble miRNA (SCR), a miR-199a inhibitor (INH) and an
inhibitor control (ICT). Each box represents one technical replicate.
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Table 14 – Tukeys honest significant differences between mean adjusted luciferase signal
(luc:ren) between treatment groups. Abbreviations: diff, difference; lwr, lower 95%
confidence interval; upr, upper 95% confidence interval; sig, significance; w/outl,
significance without exclusion of outliers. p-value: ‘***’ p<0.001 ‘**’p< 0.01 ‘*’p< 0.05.
‘NS’ p>0.05.
diff

lwr

upr

p-value

sig

w/outl

PIS0-UTR

35.1

21.1

49.1

0.00002

***

**

PIS0-MUT

29.1

15.1

43.2

0.00014

***

*

PIS0-MIR

45.4

29.7

61.1

0.00000

***

**

PIS0-SCR

54.7

40.5

68.6

0.00000

***

***

PIS0-INH

42.3

26.6

58.0

0.00001

***

**

PIS0-ICT

46.0

31.9

60.0

0.00000

***

***

UTR-SCR

19.5

5.4

33.5

0.00532

**

NS

MUT-MIR

16.2

0.55

31.9

0.04066

*

NS

MUT-SCR

25.4

11.4

39.4

0.00054

**

*

MUT-ICT

16.8

2.79

30.9

0.01566

*

NS

3.2 The miR-17-92 clusters in Arctic charr
3.2.1 Two primary paralogous clusters of miR-17-92 are found
in Salmonids
Knowing the relatively high complexity of salmonid genomes due to a recent genome
duplication event95, we set out to determine the genomic context of the miR-17-92 cluster.
Using the zebrafish miR-17-92 cluster (UCSC genome browser) to perform a BLASTN
search in the genome of Salmo salar (salmobase.org), yields two primary hits on separate
chromosomes (21 and 25) containing all cluster members (see Figure 23). Notably, there is
another hit on chromosome 16, having sequence identity with all cluster members except
miR-92a. Multiple hits are present for fragments of the cluster.
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Figure 23 – Top five BLASTN hits for the zebrafish miR-17-92 cluster sequence (query)
against the salmon genome arranged in descending order based on score (highest hits
carry the highest score). The cromosome location is disclosed above of each hit (e.g. Ssa21
signifies chromosome 21 in salmon). Sequence identity is sorted by color codes defined in
legend.

Using the sequences from salmon we next searched our Arctic charr genome reads for
orthologs with BLASTN. The results showed that the Arctic charr genome contains the same
two miR-17-92 clusters found in salmon containing all six miRNAs cluster members (see
cluster I(i) and I(ii) in Table 15). Both clusters in Arctic charr have high sequence identity
with each other (86.8%) (see Figure 31 in appendix). Of the sequence differences found
between the two clusters in charr, 18 nucleotide differences are in stem-loop sequences, and
only 5 of those are in mature miRNA sequences, or more specifically in miR-17-3p, miR18-3p, miR-20-3p and miR-92a-5p (see Figure 24).
Between the Arctic charr individuals, no single nucleotide polymorphisms (SNPs) were
detected within miRNA hairpins of both miR-17-92 clusters in charr. However, one SNP is
found outside miRNA hairpins in cluster I (ii) (see T-coffee alignments in supplementary
information).
Other paralogous clusters are detected while finding the miR-17-92 clusters. We conducted
a search for the two best miR-17-92 cluster in salmon and charr (cluster II and cluster III).
Interestingly, cluster II is found in two loci in the salmon genome (see supplementary
material) but only one loci in our charr assemblies (see cluster II in Table 15). Multiple hits
were found for Cluster III across the salmon genome but it was found in two segments
(within 100 bp from each other) in our charr assemblies with a short segment of cluster I
found close by (~300 bp away) (cluster I (i) hit on Scaffold242897 in Table 15).
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Table 15 – Representative BLASTN hits in the Arctic charr genome assemblies (for
individual S2) using salmon miR-17-92 cluster sequences. Abberviations: Ssa, Salmo
salar; Sal, Salvelinus alpinus; %id, %identity; l, alignment length; m, mismatches; g, gap
opens.
Query (Ssa)

Sal
Subject (Sal)

%id

l

m

g

Bit
score

cluster

chr

cluster

I(i)

21

I (i)

Scaffold164336

97.91

814

8

4

1400

I(i)

21

I (ii)

Scaffold74468

86.99

830

82

16

845

I(i)

21

-

Scaffold242897

82.14

224

26

8

180

II

09

II

Scaffold9723

95.47

751

18

5

1179

III

16

III

Scaffold242897

83.20

393

27

16

324

III

16

III

Scaffold242897

97.14

105

3

0

178

III

16

-

Scaffold271901

97.94

97

2

0

169
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ATGCTTCACTGGACTGGCAGTCACTGTAGCGTCAAAGTGCTTACAGTGCAGGTAGTCTTC
TAATATCTACTGCAGTGAAGGCACTTTAAGCACTATACTGACACTGTCGTCATTGTACAC
TAATCTTTCAAACCTTCACTGGTGCTTATGCTAAGGTGCATCTAGTGCAGATAGTGAATT
AGACTAGCACCTACTGCCCTAAGTGCTCCTTCTGGCATAAGGGTCTGGGACTCATCTGGT
CTATGACGTGTATGATTTATTCTTGCAGATCTCTGCTAGTTTTGCATAGTTGCACTACAA
GAAAAATTGAGTTGTGCAAATCTATGCAAAACTGTCGGTGGCCTGTGTGTCCATCTGTCC
TGTTGATTGTCTACATTGACATTGGTTGAGCATCCTGGAAGGCTCTTGGACATCCAAGAC
CCTTTCTCCCACAGCAATGTTAATGTGTGCTGCAGATGGGTTTCAGCAGTATTAAAGTGC
TTATAGTGCAGGTAGTTTTATGGATATCTACTGCAGTGTGAGCACTTGAAGTACTTCTAG
ATGCATGCATCACCACCGGGTACAGCATATGCCACTTGGGGCTGGAGCCACTGGTCTCTG
GTTAGTTTTGCTGGTTTGCTTTCAGCTTTTCAATGTACTGCTGTGCAAATCCATGCAAAA
CTGATCATAGCAGTGATTTTTAATCATTCATCAGAATAGCAATCCCTTTCTGTGCAGGTT
GGGATAGGCAGCAATGCTCATTACTTGTATGGTATTGCACTTGTCCCGGCCTGTTGAGGA
CTTGGGGAATTGTCCTGCTGCAGAAGGT

sal-mir17

sal-mir19a

sal-mir19b

sal-mir18

sal-mir20

sal-mir92a

Figure 24 – The miR-17-92 cluster in Arctic Charr (scaffold27207:12966-13773,
individual S1). Color codes designate the 5p and 3p mature miRNA sequence of different
cluster members. Locations of sequence differences in miRNA hairpins between the two
paralogous clusters are designated in bold (see sequence comparison in Figure 31 in
appendix).

3.2.2 Expression of miR-17-92 in the development of Arctic
charr
Because of a noticeably higher variation in a subset of real-time qPCR data for the miR-1792 cluster, it was decided to exclude measurements where SD exceeds 1-fold between
biological replicates Thus, the miR-92a and SB at 155 τs for miR-19a were excluded from
the analysis. Expression results from miRNA-cluster members (except for miR-19a and
miR-92) suggest higher expression earlier in development (see Figure 25 and Table 16).
Interestingly, two members, miR-17 and miR-19a, showed significantly higher expression
in SB compared to LB (as well as SB compared to PL for miR-19a). Specifically, at
developmental time point 226 τs, miR-17 and miR-19a have significantly higher expression
in SB compared to PL and LB (see Table 17). No significant differences in expression
between morphs were observed for the other miRNAs of the mR-17-92 cluster.
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Figure 25 - Stripcharts showing relative expression of miR-17-92 cluster members in
Arctic charr morphs at 155 τs and 226 τs. Each data point represents one of three
biological replicates and each morph is represented with the following color codes:
Aquaculture stock (AC, black), Large benthic (LB, blue), Planctivorous (PL, green) and
Small benthic (SB, red).
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Table 16 – Significance for covariation of miR-17-92 relative expression with morph, time
or morph-by-time aquired by ANOVA. p-value: ‘NS’ p>0.05 ‘*’ p<0.05 ‘**’ p<0.001 ‘***’
p<0.0001.
miRNAs

Morph

Time

Morph:time

miR-17

*

***

NS

miR-18

NS

***

NS

miR-19a

**

NS

NS

miR-20

NS

***

NS

miR-19b

NS

***

NS

miR-92a

-

-

-

Table 17 – Relative expression difference of miR-17 and miR-19a between morphs at 226
τs aquired by Tukeys HSD. Abbreviations: diff, difference; lwr, lower 95% conficence
value; Upr, upper 95% confidence value. p-value: ‘NS’ p>0.05 ‘*’ p<0.05 ‘**’ p<0.001
‘***’ p<0.0001.

miRNA

Morph:time

diff

lwr

Upr

miR-17

SB:226 – LB:226

0.64*

0.00

1.27

miR-17

SB:226 – PL:226

0.63*

0.00

1.27

miR-19a

SB:226 – LB:226

1.30*

0.11

2.49

miR-19a

SB:226 – PL:226

1.17*

0.00

2.38

3.3 Let-7 in the development of Arctic charr
3.3.1 Taq-man miRNA assay detects differences in temporal let7a expression in Arctic charr
In some cases, Taq-man qPCR results seemingly contradicted previous results acquired by
high-throughput sequencing and a different qPCR method (miRCURY LNA assay from
Qiagen) around the same developmental time points (e.g. miR-17)96. This prompted us to
test the effectiveness of the Taq-man miRNA assay for detecting differences in expression
of miRNAs in Arctic charr. We chose to measure the expression of the well characterized
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let-7a at two developmental time points. The miRNA let-7a was chosen by the virtue of
being the most highly expressed isoform of let-7. It had also shown a great increase in
expression over time in Arctic charr96. As expected, a significant increase in let-7a was
measured between developmental time 150 τs and 315 τs (p<0.01) (see Figure 26). This
demonstrates the effective application of this method for detecting differences in miRNA
expression in Arctic charr, at least in cases when expression differences are high enough.

Figure 26 – A stripchart displaying relative expression of let-7a in small benthivorous
morph (SB, red) and aquaculture charr (AC, black) for two developmental time points, 150
τs and 315 τs. Each data point represents one biological replicate.

3.3.2 Let-7a increases temporally in the development of Arctic
charr and equalizes around hatching
The miRNA transcriptome of Arctic charr indicated a sharp increase in expression of
multiple let-7 isoforms as development progresses (from around 100 τs – 400 τs)96. Testing
let-7 in SB and AC with Taq-man miRNA assay also corroborated this for the let-7a isoform
(see Figure 26). let-7 expression has a tight correlation with developmental events in
bilaterians4 and this motivated a deeper look into the trend of expression in development and
comparison of the different morphs of Arctic charr. Due to limited amount of materials the
let-7a isoform was selected for measurement in LB and PL morphs over the developmental
period from 150 τs to 400 τs, when expression was expected to change most drastically
according to the available miRNA transcriptome96.
As expected, a clear increase in let-7a expression was seen in both LB and PL morphs over
the developmental period measured (see Figure 27). The greatest change in expression
occurs from 150 τs to 300 τs or approximately 2-fold. More precisely, the expression rises
significantly from 150 τs to 200 τs /250 τs around 1-1.5-fold and then increasing another
0.5-1-fold at 300 τs where it levels off (at the approximate time of hatching). Interestingly,
a dip is observed in expression from 300 τs to 350 τs, back to the range measured at 200 τs
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and 250 τs. However, expression rises again at 400 τs reaching a comparable level to 300 τs.
No significant difference in expression is observed based on morph or morph-by-time,
indicating that at least LB and PL morphs have similar expression dynamics of let-7a
throughout development.
3,5
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3

B

B
B

2,5

Fold

C

2

A
1,5

1

0,5
100

150

200

250

300

350
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450
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Figure 27 – Let-7a expression in development of large benthic (LB) and planctivorous
(PL) Arctic charr. The x-axis shows developmental time in tau somites (τs) and y-axis
fold change. Blue (LB) and green (PL) dots show the fold measurement for each
biologial replicate (BR). Lines are plotted through the average fold for each morph.
Letters in bold indicate if there is a significant change in expression between
developmental time points.

3.4 miR-206 expression in the early
development of Arctic charr
The involvement of miR-206 in muscle development prompted a study of its expression in
the early development of Arctic charr. Unfortunately, the qPCR data obtained for miR-206
(like miR-92a previously) turned out to be highly suspect. The standard deviation was high
between biological replicates for both developmental time points tested, ranging from 1.84.8-fold. The data for this miRNA was therefore deemed unreliable and will not be
presented.

67

3.5 RNA integrity and DNAse digestion
In some instances, qPCR results showed high level of variation in expression that was a
cause for concern (e.g. miR-206), and in other cases results did not corroborate previous
assays using another qPCR method (e.g. miR-17). We hypothesized that RNA integrity
might be a causal factor for the high variation in qPCR data and RNA degradation might be
exacerbated with DNAse treatment. Therefore, an investigation was carried out on RNA
integrity comparing samples with or without DNAse treatment.
As expected lower concentration of RNA was detected in digested samples due to dilution.
The RNA integrity number (RIN) was not significantly different between digested and undigested samples of RNA (p=0.15). However, all digested samples have a RIN value 7 or
lower while only two un-digested samples (3 and 4) have a RIN lower than 7,9. A closer
examination of electropherograms gives more insight into the status of RNA samples (see
Figure 28 and Figure 29). As was expected, DNAse digested samples have lower
concentration than non-treated samples. Amongst the un-digested samples, 3 and 4 (the
samples showing the lowest RIN value) seem to be more degraded and have more genomic
DNA (gDNA) contamination than the others, that show relatively good integrity and lower
amount of gDNA (see Figure 29). Overall, RNA quality should generally be sufficient for
qPCR and quality of RNA is not significantly associated with DNase treatment in this trial
of RNA integrity.

Table 18 – RIN number for selected RNA samples. SD:standard deviation. Control: RNA
samples extracted from Arctic charr embryos by another lab member (Kalina Kapralova).
Sample
number

DNase
Digested

Sample
name

RIN

1

No

LB-155-A

7.9

2

No

LB-155-B

8.6

3

No

SB-226-D

6.6

4

No

AC-155-A

5.6

5

No

SB-155-L

9

6

Yes

LB-155-A#

6,4

7

Yes

LB-155-B#

6.7

8

Yes

AC-155-C#

4.8

9

Yes

SB-155-B#

7

10

Yes

SB-226-A#

6.7
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AverageSD

Max value

Min value

7,541,42

9

5.6

6,320.88

7

4.8

11

No

Control –
non-dig.

8.8

-

12

Yes

Control – dig.

6.6

-

Figure 28 – Bioanalyzer electropherograms of RNA samples listed in Table 18. The x-axis
shows estimasted length of RNA fragments in nucleotides (nt) based on a ladder and yaxis shows signal intensity (FU). Note that the scale the y-axis differs depending on peak
sizes.
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Figure 29 – Bioanalyzer virtual gel of RNA samples listed in Table 18 including a ladder
(L). Estimated length of RNA fragments is shown in nucleotides (nt) in a banner on both
sides. Blue braces point out the approximate area where gDNA typically appears.
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4

Discussion

4.1 miR-199a in teleost development
4.1.1 Expression of miR-199a in the development of Arctic charr
morphs
The measured expression of miR-199a in the development of Arctic charr indicates lower
expression in the small benthic morph compared to other morphs. This corroborates the results
from previous small RNA sequencing in charr, showing higher expression of miR-199a in AC
compared to SB morph (at 141 τs, 161 τs and 200 τs)96. However, a qPCR using another method
(miRCURY LNA qPCR from Qiagen) and different genes for normalization detected higher
expression in SB compared to AC at the latest developmental time measured (200 τs)96. This
discrepancy could be due to biases of the different metrologies or the different normalization
strategy. However, our expression results should also be interpreted with reasonable amount of
caution due to outliers and the occurrence of high variation in some parts of our qPCR data (see
section 4.4 below for further discussion on these issues and possible solutions).
Nevertheless, if indeed the expression of miR-199a is lower in SB compared to other larger
morphs, the possible interaction of miR-199a with the mTOR pathway in the development of
distinct Arctic charr morphs would present an interesting case for further research. The
mechanistic target of Rapamycin (mTOR) is highly conserved serine/threonine protein kinase
belonging to the phosphoinositide 3-kinase (PI3K)- related kinase family and integrates a
multitude of signals to control tissue growth and homeostasis139. Recently, a knock-out of
mTOR in the cranial neural crest (CNC) in mice was shown to cause severe malformations in
craniofacial development caused by lack of proliferation and excessive apoptosis in postmigratory CNCs140. More specifically the CNC knock-out of Rictor (which associates with
mTOR to form the functional mTORC2 complex) caused milder effects, including narrower
face and shorter lower jaw140. Notably, miR-199a has been shown to be a negative regulator of
mTOR in neural tissue of mice, as well as in multiple cell lines and tissues in humans, including
chondrocytes124,141–144. Previously, mTOR pathway gene expression in skeletal muscle of adult
charr has been show to differ between SB and larger limnetic populations, most noticeably
when recently fed after long fasting145. While mTOR is almost certainly important for growth
and craniofacial development in Arctic charr, its possible role in shaping the development of
distinct morphotypes remains to be determined. These observations encourage further
investigation of the mTOR pathway in the development of Arctic charr and putative regulation
by miR-199a.
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4.1.2 The role of miR-199a craniofacial morphogenesis in teleosts
Our results demonstrate that inhibition of miR-199a in zebrafish embryos causes marked shape
changes at larval craniofacial development. Interestingly, aspects of the resulting changes
mimic the phenotype of benthic Arctic charr such as a rounder head shape and shorter lower
jaw. However, other changes are present that have uncertain association with the phenotypic
changes of Arctic charr including the dorso-ventral bending of the trabeculae, ethmoid plate
and lower jaw. These changes were shown to persist after removing allometry related shape
changes in development. In addition, a disparity test for shape variation indicates that inhibitor
injected embryos display a significantly greater shape variation than both wild-type embryos
and an injection control. Increased variation in shape implies destabilization of developmental
processes (see Figure 17 and Table 7).
Noticeably, the different treatment groups intersect in PCA space indicating that shape changes
due to miR-199a have an incomplete penetrance. This could possibly be explained by a few
cases where injections are less effective (although this was mitigated with a screening for miR199a inhibitor with a fluorescent label). These embryos would show a nearly wild-type
phenotype and have a higher likelihood of entering the dataset because of a higher survival rate.
The different degrees of shape changes could also be due to uneven distribution of inhibitor in
the embryo. In addition, it should be noted that inhibition is likely to be most pronounced in the
early stages of development as the inhibitor diffuses as the embryo grows and cells divide.
Therefore, other approaches might be considered to reinforce our observations and/or better
assess the role of miR-199a at different stages of development.
It’s tempting to speculate that miR-199a regulates the expression of a subset of important genes
in shaping craniofacial development and even the gene regulators defining the head
development of distinct Arctic charr morphs. To test this hypothesis we attempted to validate a
putative target site of miR-199a in the 3’UTR region of Ets2135. Ets2 belongs to the ETS family
of transcription factors and it regulates several crucial biological mechanisms such as
transformation, differentiation and apoptosis146. Specifically, Ets2 has been found to be
expressed in differentiating osteoblasts and a KO mouse shows multiple skeletal abnormalities
such as abnormal head shape, facial hypoplasia, and anterior-posterior shortening of the
skull146,147. Interestingly, our results show elevated expression of Ets2 in zebrafish injected with
a miR-199a inhibitor compared to wild-type zebrafish, indicating that there may be an
interaction between Ets2 and miR-199a. However, it should be noted that the Ets2 expression
was not assessed in the injection control zebrafish due to technical constraints. Therefore the
influence of the injection itself cannot be ruled out.
For validating the downregulation of Ets2 by miR-199a via a putative binding site we chose to
perform a luciferase assay using human HEK293 cells, a widely used, easily transfectable and
reliable cell line derived from embryonic kidney cells. The use of human cells presents an
obvious disadvantage to other cells that better emulate the cellular environment of Arctic charr
cells. However, multiple attempts of our lab have been unsuccessful at maintaining healthy
cultures of Arctic charr cells suitable for downstream applications. Greater effort to find optimal
culturing conditions might be fruitful but even if charr cultures were available, they are difficult
to transfect, and the lower incubation temperatures might interfere with the luciferase activity.
Therefore, we chose to use HEK293 cells, for greater convenience and to strictly look at the
regulatory relationship of miR-199a and Ets2 in a separate cellular environment.
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When the UTR of Ets2 was introduced into the pIS0 plasmid, a significant decrease was
detected in the luciferase signal. This might be caused by the repression of luciferase translation
by endogenous miRNAs with shared binding sites between Arctic charr and humans.
Optimally, sources of endogenous downregulation should be minimal (including the repression
by endogenous miR-199a). There are possible approaches that could be implemented to
minimize these effects. Firstly, a narrower region of the putative binding site can be
incorporated into a reporter plasmid, lowering the likelihood of binding and downregulation by
other post-transcriptional regulators. This was attempted prior to this study but without success
(see further description in results chapter). Secondly, a cell-line can be chosen with no or low
expression of miR-199a to minimize the putative downregulation of luciferase expression.
Unfortunately, most available human cell-lines appear to express miR-199a, at least to some
degree, including HEK293 used for this study148. Another cell line, A549 (commonly used as a
model for lung cancer) has been tested in our lab but yielded similar results.
The current study did not successfully validate Ets2 as a target of miR-199a. The introduction
of a mutation in the miR-199a putative binding site resulted in a marginal increase in luciferase
signal but the result was not statistically significant. An increase in signal would be expected if
repression of luciferase expression by miR-199a were alleviated (via an ineffective binding
site). Moreover, the transfection of exogenous miR-199a or miR-199a inhibitor did not lead to
significant change in signal either. Unfortunately, a control intervention i.e. the introduction of
short scramble sequence yielded a significantly lower signal compared to UTR, possibly caused
by toxic effects. Future luciferase assays would likely benefit from more replicates, new control
treatments and perhaps new assays with higher sensitivity.

4.2 miR-17-92 in Arctic charr
4.2.1 The multiple clusters of miR-17-92 in Arctic charr
We found two highly related miR-17-92 clusters (cluster I(i) and I(ii)), both in salmon and
charr, containing all cluster members, with higher sequence identity with-in miRNA stemloops. This suggests that salmonids have retained two copies of miR-17-92 since the recent
salmonid specific genome duplication approximately 95 million years ago 95. In comparison,
zebrafish has one miR-17-92 cluster containing all members of miR-17-92 and three other
paralogous clusters, each containing 3-4 miRNAs (see supplementary material in Chen et al.,
2005149).
Additionally, we found multiple hits from paralogous clusters of miR-17-92 in both charr and
salmon. Interestingly, some dissimilarity in paralogous sequences was detected between charr
and salmon. For instance, two hits for cluster II were found in the salmon while only one in
charr. Furthermore, a segment of cluster I was found near cluster III in charr. It should be noted
that it remains uncertain if putative miRNA hairpins found on paralogous clusters are
functional. However, as far as these clusters are preserved between charr and salmon, there are
likely selective pressures present.
The comparison of the two miR-17-92 clusters between individuals of charr reveals only one
SNP in cluster I(ii) outside miRNA hairpins (see T-coffee alignments in supplementary
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information). However, this SNP is present outside miRNA hairpin sequences and it remains
uncertain if any selective pressures are present.

4.2.2 The expression of miR-17-92 cluster members in Arctic charr
We set out to determine the expression of miR-17-92 in the development of Arctic charr. Our
results suggest that the expression of most cluster members is higher earlier in development (all
except miR-19a and miR-92a) which is consistent with the miRNA transcriptome data96.
Interestingly, we also detect a significantly lower expression of miR-17 and miR-19a at 226 τs
among SB morphs compared to LB and PL. The miRNA transcriptome showed higher
expression of miR-17, miR-19b in AC charr compared to SB morph96. In addition, a follow up
qPCR analysis corroborated the higher expression pattern of miR-17, especially at later
developmental stages (161 τs and 200 τs)96. However, our qPCR results do not show other
instances of differential expression between morphs, including miR-19a or miR-17 between SB
and AC. It should be noted that because of the instances of high variation between biological
replicates (most evident for miR-92a) one should introduce a reasonable amount of skepticism
when interpreting these results (further discussed in section 4.4).

4.3 let-7 in developmental transitions of Arctic
charr
This project is the first, to our knowledge, to analyze the expression of a let-7 isoform by qPCR
in a salmonid species. let-7a expression was analyzed over six developmental stages in two
Arctic charr morphs, both pre- and post-hatching. A significant rise in expression was observed
over the developmental period. Expression rose by approximately 2-fold from the early
formation of craniofacial cartilages (150 τs) to roughly the time of hatching (~300 τs) where it
levels out (see Figure 27). This is to be expected due to the high conservation of let-7 temporal
regulation in animals4. The high conservation of let-7 suggests a common regulatory role in
later temporal transitions in animal development. However, it remains uncertain whether let-7a
or other isoforms have a functional relationship to developmental events such as hatching. In
general, delineating the role of let-7 in higher animals has proved challenging, partly because
of the presence of multiple isoforms and the difficulty of generating knock-outs of multiple
isoforms150.
The same expression pattern of let-7a was detected for both LB and PL morphs with no
significant difference in either variable of morph or morph-by-time. This might suggest a
roughly similar rate of development for the different morphs. Nevertheless, many other
isoforms of let-7 are expressed in Arctic charr96 and could represent interesting candidates for
further studies. In addition, investigating other morphs such as the SB morph in relation to let7 and other temporal regulators might be of interest. Heterochronic differences in skeletal
development have been demonstrated between SB and PL morphs in stages after hatching151
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4.4 Real-time qPCR complications and
suggestions for future research
As previously mentioned, high variation in qPCR data was detected in several instances in this
research project. This variation is likely explained by a combination of factors. Firstly, we can’t
discount the possible contribution of human error that might explain instances where deviations
between biological replicates are most intense (e.g. miR-92a and miR-206). Secondly, the
standard protocol for the Taq-man small miRNA assays used for our qPCR analysis necessitates
the preparation of a separate cDNA synthesis reaction for each individual miRNA assayed using
miRNA-specific stem-loop primers. This prevents the use of cDNA preps for multiple miRNAs
and could introduce more variation when comparing distinct miRNAs. The greatest concern in
this regard was separately assaying miRNAs of interest and miRNAs used as normalizers,
where increased disparity between biological replicates might result from differences in cDNA
synthesis efficiency. Thirdly, the pooling of RNA samples and DNase digestion is a possible
source for greater variation in the expression data. Notably, in the analysis of let-7a, expression,
where samples were not pooled or DNase digested, there were no instances of very high
variation between biological replicates as observed for some of the other miRNAs investigated
(miR-92a, miR-206). Fourthly, the choice of reference (mi)RNAs for normalization could also
be a source of variation. The choice of appropriate reference genes is important for analyzing
qPCR data and good reference genes can lower variation and give higher confidence to
interpretations of results152.
For future miRNA expression analysis in Arctic charr, I have a few ideas and suggestions that
could aid in acquiring reliable and accurate qPCR data. Firstly, I advise the application of a
clear-cut protocol for sample preparation that minimizes unnecessary procedures such as
pooling. Originally, pooling of RNA samples was used to maintain higher sample sizes with
lower material costs. However, pooling has the drawback of lowering the resolution of the data
and more generally, increasing the likelihood of introducing errors (that could have been a
contributor to parts of the higher variation found in our qPCR data). Secondly, other methods
or approaches might be considered for measuring miRNA expression. miRCURY LNA miRNA
PCR assay (Qiagen) is one option that unlike the Taq-man based assay used for the present
miRNA expression analysis, uses LNA universal primers for cDNA synthesis allowing the
quantification of multiple miRNAs for each cDNA reaction. Alternatively, there is a procedure
for multiplexing RT reactions with Taq-man miRNA assay (Applied Biosystems) by creating
a custom RT primer pool (for further information refer to: Protocol for Creating Custom RT
and Pre-amplification Pools using TaqMan® MicroRNA Assays (User Bulletin PN 4465407)).
Thirdly, greater consideration for the quality of normalization is an important consideration of
future research on the expression of miRNAs in charr and other species. Good reference genes
for measuring miRNA expression seem to be tissue and species specific153 and should have
storage stability, extraction and quantification efficiency comparable to miRNAs of interest154.
Therefore, to find the optimal normalizers for miRNA expression analysis in the species of
interest a candidate search and validation screening should be performed for miRNA genes.
Unfortunately, there is no global consensus procedure for establishing miRNA normalizers.
However, general models for establishing good normalizers are present that could be
implemented153 and may be of great advantage for miRNA research in Arctic charr.
Additionally, an exogenous control miRNA (spike-in) could be beneficial for assessing and
controlling for exogenous sources of variation based on differences between samples in
template quality and efficiency of cDNA synthesis153
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5 Conclusion
In this project we have characterized the expression of miRNA candidates in distinct Arctic
charr morphs during early development. We find that most of the miRNAs studied follow a
similar expression pattern in different morphs of Arctic charr. Curiously however, a few
miRNAs show differential expression between the dwarf charr, SB compared to the other
morphs. Expression of the chondrogenesis regulator miR-199a appears lower in SB than in
other morphs. Additionally, miR-17 and miR-19a, members of the miR-17-92 cluster, an
important miRNA cluster in skeletogenesis, show higher expression in SB compared to LB and
PL morph. Moreover, we describe the expression of let-7a over six developmental stages in
Arctic charr, three before and three after hatching. Our results reveal a significant rise in
expression of let-7a as development progresses, settling approximately at the time of hatching.
These results are consistent with the conserved temporal expression of let-7 in the development
of bilaterians. We find no differences in the expression pattern of let-7a between the two morphs
measured, LB and PL. Nevertheless, in our qPCR data we detect a few instances of outliers and
high variation, causing the exclusion of some data from our analyses. These problems and
possible solutions going forward are discussed in section 4.4.
To investigate further the role of miR-199a in teleost craniofacial development we conducted a
functional analysis in zebrafish. We found that the injection of a miR-199a inhibitor caused a
significant divergence in craniofacial morphology compared to control groups. The inhibitor
injected zebrafish displayed a rounder head and shorter lower jaw resembling the more benthic
phenotype in Arctic charr. Additionally, the inhibitor injected zebrafish showed seemingly
unrelated changes in craniofacial features such as the bulging of the cranial vault and
downwards bending of the trabeculae, ethmoid plate and lower jaw. These results suggest an
important role for miR-199a in craniofacial morphogenesis in teleost fishes and a possible
contribution to the development of distinct Arctic charr morphs. Lastly, we were unsuccessful
at validating the TF Ets2, a potential regulator of Arctic charr benthic-limnetic axis, as a target
of miR-199a using a luciferase assay. Nevertheless, miR-199a remains an interesting candidate
for further study in the development of Arctic charr morphs.
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Appendix

Table 19 – Length of plasmids, assemblies and DNA fragments in base pairs.
Name

Length (bp)

Ets2 3’UTR part

1285 bp

Ets2 3’UTR – L fragment

411 bp

Ets2 3’UTR – S fragment

120 bp

pIS0 plasmid

5265 bp

Assembly: pIS0+L

5676 bp

Assembly: pIS0+S

5385 bp

Assembly: pIS0+UTR

6549 bp

Figure 30 - 3'UTR Ets2 segment from Arctic charr amplified for assembly with pIS0.
Outer- and innermost primer pairs produce either a long (L) or short (S) fragment
containing miR-199a-3p putative binding site (PBS).

Table 20 – Location of cluster sequences from salmon used for BLASTN searches in our
charr assemblies.
Cluster

Location in Salmon genome

I

AGKD01045615.1:15089..15902

II

AGKD01198198.1:4590..5339

III

AGKD01007124.1:35..754
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########################################
# Program: needle
# Rundate: Mon 26 Nov 2018 10:33:09
# Commandline: needle
#
-auto
#
-stdout
#
-asequence emboss_needle-I20181126-103306-0771-38404583-p2m.asequence
#
-bsequence emboss_needle-I20181126-103306-0771-38404583-p2m.bsequence
#
-datafile EDNAFULL
#
-gapopen 10.0
#
-gapextend 0.5
#
-endopen 10.0
#
-endextend 0.5
#
-aformat3 pair
#
-snucleotide1
#
-snucleotide2
# Align_format: pair
# Report_file: stdout
########################################
#=======================================
#
# Aligned_sequences: 2
# 1: S01_c1_hit1
# 2: S02_c1_hit2
# Matrix: EDNAFULL
# Gap_penalty: 10.0
# Extend_penalty: 0.5
#
# Length: 834
# Identity:
724/834 (86.8%)
# Similarity:
724/834 (86.8%)
# Gaps:
34/834 ( 4.1%)
# Score: 3186.5
#
#
#=======================================
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1

1 ATGCTTCACTGG-ACTGGCAGTCACTGTAGCGTCAAAGTGCTTACAGTGC
|||||||||||| .||..||||||||||||.|||||||||||||||||||
1 ATGCTTCACTGGCCCTAACAGTCACTGTAGTGTCAAAGTGCTTACAGTGC

49

50 AGGTAGTCTTCTAATATCTACTGCAGTGAAGGCACTTTAAGCACTATACT
||||||||.|||||||||||||||||||||||||||||||.|||||||.|
51 AGGTAGTCATCTAATATCTACTGCAGTGAAGGCACTTTAACCACTATAGT

99

50

100

100 GACACTGTCG-------TCATTGTACACTAATCTTTCAAACCTTCACTGG
|.|||.|| |
||||||.|||||.||..|...||||||.|||||
101 GGCACAGT-GACTGGTTTCATTGCACACTGATTGTGTGAACCTTAACTGG

142

143 TGCTTATGCTAAGGTGCATCTAGTGCAGATAGTGAATTAGACTAGCACCT
||||||||||||||||||||||||||||||||||||.|||||.|||||||
150 TGCTTATGCTAAGGTGCATCTAGTGCAGATAGTGAAGTAGACCAGCACCT

192

193 ACTGCCCTAAGTGCTCCTTCTGGCATAAGGGTCT-GGGACTCATCTGGTC
|||||||||.||||||||||||||||||||| || |||||||.||.||||
200 ACTGCCCTACGTGCTCCTTCTGGCATAAGGG-CTGGGGACTCGTCCGGTC

241

242 TATG--ACGTGTATGATTTATTCTTGCAGATCTCTGCTAGTTTTGCATAG
|||| |.|||||||||||||.||||||||||||||||||||||||||||
249 TATGAAAAGTGTATGATTTATCCTTGCAGATCTCTGCTAGTTTTGCATAG

289

290 TTGCACTACAAGAAAAATTGAGTTGTGCAAATCTATGCAAAACTGTCGGT
|||||||||||||.||||.||||||||||||||||||||||||||.||||
299 TTGCACTACAAGAGAAATGGAGTTGTGCAAATCTATGCAAAACTGACGGT

339

340 GGCCTGTGTGTCCATCTGTC---------CTGTTGATTGTCTACATTGAC
||||||||||||||||||||
||.|||.||.|.|..|||...
349 GGCCTGTGTGTCCATCTGTCCCGGTGACTCTTTTGTTTTTATGTATTATT

380

149

199

248

298

348

398

S02_c1_hit2

381 ATTGGTTGAGCATCCTGGAAGGCTCTTGGACATCCAAGACCCTTT--CTC
||.||.||||||.|.||||.|||||||||...|||.|.||||||| |.|
399 ATCGGCTGAGCAGCATGGAGGGCTCTTGGGTGTCCTACACCCTTTCCCAC

448

S01_c1_hit1

429 CCACAGCAATGTTAATGTGTGCTGCAGATGGGTTTCAGCAGTATTAAAGT

478

94

428

S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2
S01_c1_hit1
S02_c1_hit2

||||||||..|||||||||
||||.|.|||||||||||||||||||||
449 CCACAGCAGCGTTAATGTG---TGCACACGGGTTTCAGCAGTATTAAAGT

495

479 GCTTATAGTGCAGGTAGTTTTATGGATATCTACTGCAGTGTGAGCACTTG
|||||||||||||||||||.|||||..|||||||||||||||||||||||
496 GCTTATAGTGCAGGTAGTTCTATGGCCATCTACTGCAGTGTGAGCACTTG

528

529 AAGTACTTCTAGATGCATGCATCACCACC-GGGTACAGCATATGCCACTT
|.|||||||||.|||||||||||..|.|| ||||||||||.|.|||.|..
546 ATGTACTTCTAAATGCATGCATCGTCGCCGGGGTACAGCAGACGCCGCCA

577

545

595

578 GGGGCTGGAGCCACTGGTCTCTGGTTAGTTTTGCTGGTTTGCTTTCAGCT
||||.|||||||||||||||||||||||||||||||||||||||||||||
596 GGGGATGGAGCCACTGGTCTCTGGTTAGTTTTGCTGGTTTGCTTTCAGCT

627

628 TTTCAATGTACTGCTGTGCAAATCCATGCAAAACTGATCATAGCAGTGAT
.||.|||||||.||||||||||||||||||||||||||||||||||||||
646 CTTTAATGTACCGCTGTGCAAATCCATGCAAAACTGATCATAGCAGTGAT

677

678 T--TTTAAT-CATTCATCAGAATAGCAATCCCTTTCTGTGCAGGTTGGGA
| |.|||| |||||.||||||||.||||||||||||||||||||||||.
696 TAATGTAATCCATTCGTCAGAATAACAATCCCTTTCTGTGCAGGTTGGGC

724

725 TAGGCAGCAATGCTCATTACTTGTATGGTATTGCACTTGTCCCGGCCTGT
||||.|||||||||..||||||||||||||||||||||||||||||||||
746 TAGGTAGCAATGCTTTTTACTTGTATGGTATTGCACTTGTCCCGGCCTGT

774

775 TGAGGACTTGGGGAATTGTCCTGCTGCAGAAGGT
||||.||||||||||||||||||||||||||
796 TGAGAACTTGGGGAATTGTCCTGCTGCAGAA---

645

695

745

795

808
826

#--------------------------------------#---------------------------------------

Figure 31 - Needle pair-wise sequence comparison for miR-17-92 paralogous clusters in
Arctic charr. Mature miRNA sequences are underlined.
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