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Abstract

Post-transcriptional regulation is a complex process that encompasses a myriad of differ-

ent structures and mechanisms. There are several indications that regulatory elements in

the 3’UTR play an important role in the stability of mRNA transcripts. Sequences of 60

nucleotide base pairs from the 3’UTR of two genes, trip10a from zebrafish and mx2.2 from

Atlantic salmon, were identified to contain Adenylate-uridylate-rich elements (AU-rich el-

ements; AREs). AREs are proposed to have a destabilizing effect on mRNA stability.

We mutated the identified AREs, and inserted both unmutated wild type (WT) and mu-

tated 60 bp sequence elements into the 3’UTR of a GFP expression construct. Zebrafish

embryos were subjected to two different injection experiments. In the first experiment

embryos were injected with GFP mRNA containing WT and mutated 3’UTR elements

from the trip10a gene. In the second experiment embryos were injected with GFP mRNA

containing WT and two different mutated versions of 3’UTR elements from the mx2.2

gene. Zebrafish embryos were injected at the 1-cell stage and measured for fluorescence

intensity at 6, 12, 24, 48, 72, 96, and 120 hpf. GFP Fluorescence was normalized by in-

jecting embryos with 75 ng/µL mCherry RFP mRNA and mRNA stability was assessed

by detection of GFP and RFP fluorescence signals. The mutated trip10a 3’UTR caused

a significant increase in GFP levels (p < 0.01). Mutations in two AREs (Mutation A)

from the mx2.2 3’UTR caused a significant increase in GFP levels (p < 0.05). Mutations

in two AREs and a selection of AT repeats (Mutation B) caused a significant increase

in GFP levels (p < 0.05). These results support the approach in this thesis as a robust

method for using zebrafish as a model to assess mRNA stability. This method can be

used to test and assess putative regulatory elements for mRNA stability in salmon, and

subsequently used to modulate expression of key anti-viral proteins to make salmon more

robust against disease. This can thus be a small step towards a more sustainable salmon

aquaculture.
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Introduction

1.1 Post-transcriptional regulation

Post-transcriptional regulation has a major influence on spatial, temporal and the level

of gene expression in an organism. There are theories suggesting that the origin of mul-

ticellular life can be traced back to evolutionary changes in how organisms regulate gene

expression [1]. Although all cells in an organism share the same genetic material, different

cells with differing specialized functions are generated. This is due to tightly controlled

regulatory mechanisms which enable differential gene expression in multicellular organ-

isms. Regulation of gene expression occurs at several levels, including transcription,

post-transcription, translation and post-translation.

Transcription occurs in the cell nucleus, where unpacking of chromatin exposes regions

of DNA to enable initiation of gene transcription. Various mechanisms either repress or

activate certain regions of DNA during this process as a means of early regulation of gene

expression [2]. Transcription of a gene starts at the promoter, a sequence of nucleotides

in the DNA recognized by RNA polymerase. RNA polymerase binds to the promoter

and transcribes the gene downstream until it reaches a transcription termination region,

a sequence of DNA which prompts RNA polymerase to stop the transcription. Sequences

termed enhancers, which bind transcription factors that have a strong influence on gene

expression [3], can enhance the expression of a certain gene. The initial product of gene

1



Introduction

transcription is the primary transcript (pre-mRNA) which contains both introns and

exons (Figure 1.1).

Figure 1.1: Overview of transcription. DNA containing exons and introns are tran-
scribed into pre-mRNA before splicing occurs and removes the introns. The final ma-
ture mRNA transcript containing 5’cap, 5’UTR, the coding sequence, 3’UTR, and the

Poly-A tail.

The pre-mRNA undergoes splicing, which removes the introns from the pre-mRNA and

stitches together the remaining exons. Alternative splicing can lead to the final mature

mRNA including various combinations of the exons found in the gene called variably

spliced mRNAs, where some exons have been excluded in certain variants of the mRNA.

This splicing process is the reason that one gene can produce proteins that differ slightly

in their amino acid composition, termed protein isoforms. It is predicted that about 95

% of all human genes undergo alternative splicing processes [4].

In early embryonic development, two different sets of mature mRNA transcripts from

different origins are present in the organism, maternal mRNA and zygotic mRNA [5].

Maternal mRNA is deposited into the egg by the mother. At a point during embryonic

development maternal mRNA is being degraded. Simultaneously, transcription of zygotic

mRNA increases rapidly. This is called the maternal-zygotic transition (MZT) [6]. There

is evidence that the degradation of maternal mRNA pre-MZT is mostly a function of

microRNAs, in particular miR-430 in zebrafish (Danio rerio) [7]. In zebrafish, zygotic

2



Introduction

transcription starts at about 3 hours post fertilization (hpf) [8], meaning that the first 3

hours of zebrafish life its genome is mostly transcriptionally silent [9].

At some point during its lifetime, a zygotic mRNA molecule will degrade and thus stop

translating more protein. The half-life of a mature mRNA molecule in the cytosol is a

measure of how long it takes before 50 % of the initial mRNA concentration has degraded.

Bacterial mRNA exhibit short half-lives, the median half-life of e.coli mRNA being 3

minutes [10]. The stability of mammalian mRNA, however, is in general considerably

longer, ranging from a couple of minutes to more than 24 hours [11], with a median half-

life of 10 hours in humans [12]. The longer it takes for the mRNA to decay more mRNA

is present in the cytosol and potentially more protein can be translated. The stability of

mRNA is highly influenced by the untranslated regions (UTR) of the mRNA transcript.

Recent studies show that the 5’UTR might be an interesting topic for mRNA stability

[13]. However, most studies have been primarily focused on the 3’UTR [14].

1.1.1 Regulatory elements in mRNA 3’UTR

The untranslated regions of mRNA, 5’UTR and 3’UTR, make up the regions of an mRNA

transcript which is not translated into a protein. The 5’UTR is the region found up-

stream of the start codon, while the 3’UTR is located downstream of the stop codon.

The 3’UTR has been linked to mRNA stability, and specific sequences found in the

3’UTR of mRNA suggest that certain combinations of nucleotides are directly involved

in mRNA degradation in humans [15] and in zebrafish [16, 17]. Three of these sequences,

AUUA, AUUUA and AAAUAAA, has been proposed to be de-stabilizing elements in

the 3’UTR [16]. These three elements belong to a group of regulatory elements called

Adenylate-uridylate-rich elements (AU-rich elements; AREs). AREs are regions in the

mRNA 3’UTR containing a high density of A and U residues [18]. The effect of ARE

in the 3’UTR on mRNA stability has been studied extensively [19, 20]. Other notable

regulatory elements in the 3’UTR of mRNA are the length of the poly-A tail [21] and

microRNA target sites [22].

3
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1.2 Atlantic salmon aquaculture

Salmon farming constitutes a major part of Norwegian exports. Norway is the largest

producer of Atlantic salmon (Salmo salar) in the world, with more than 1.3 million

tonnes in 2019 [23]. A further expansion of the industry is hampered by sustainability

and welfare issues. The largest and most severe of these issues is the prevalence of Salmon

lice [24]. Other issues are escapees from aquaculture farms mingling with the wild Salmon

population, different feeds used in aquaculture, and last but not least viral and bacterial

diseases. The annual fish health report by the Norwegian veterinary institute [25] provides

an overview of fish health within Norwegian aquaculture. The report provides statistics on

the frequency of reported cases of various diseases ranging from viral infections, bacterial

diseases, fungal diseases and parasites. SAV (Salmonid AlphaVirus) is a virus that causes

pancreas disease (PD) in marine salmon farms. Reported cases for PD in Norway have

almost doubled in the last decade [25]. SAV has several different genotypes and two of

these genotypes, SAV2 and SAV3, have been reported in Norway. SAV3 was first reported

in 2003-04 in the western regions of Norway, while SAV2 has been reported in the middle

of Norway since 2010.

In many animals, including salmon, Mx proteins play a major role in the innate cellular

protection against viruses. In salmon a number of viruses including IPVN [26], ASRV [27],

PMCV [28], ISAV [26] and SAV [29] have been shown to induce Mx. The recent salmon

genome duplication gave rise to the two clusters of Mx genes on chromosome 12 and on

chromosome 25. A study of the genetic differences between salmon populations in Norway

found significant differences between populations on chromosome 25 [30]. A hypothesis

is that the cluster on chromosome 12 has kept more of an ancestral general function,

and that genes clustered on chromosome 25 may have sub-functionalized into a more

specialized defense against certain types or strains of virus [30]. To further investigate

this in the TUNESAL project, ongoing project at the Institute of Marine Research (IMR)

of which this thesis is a part of, CRISPR/Cas9 knock-out of an mx gene (mx2.2 ) on

chromosome 25 has been carried out (unpublished results). Disease challenge studies in
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the TUNESAL project show that the mx2.2 crispants had increased the susceptibility

to SAV3. This indicates that perhaps an increase in expression of this gene may lead to

increased resistance to the virus. A way this can be obtained is to modify the 3’UTR

in salmon using CRISPR/Cas9 mediated homology directed repair (HDR) [31, 32]. But,

in order to do so one would need a method to investigate which elements influence RNA

stability in salmon.

1.3 Zebrafish as a model organism

Zebrafish is a member of the minnow family (Cyprinidae) and has been widely utilized

as a model organism for genetics, developmental biology and bio-medicine for the last

four decades [33]. Zebrafish eggs are small, about 1 mm in diameter, and with adult

zebrafish rarely exceeding 5 cm in length, they do not take up much space and thus are

cheap and easy to maintain. Zebrafish in the wild will mate seasonally, however domes-

ticated zebrafish in the laboratory will mate on a circadian cycle [34]. Depending on the

breeding conditions, zebrafish can lay about 200-500 eggs once every week. Zebrafish

is a vertebrate, making it distinct from other commonly used model organisms such as

the transparent nematode worm (Caenorhabditis elegans) and the fruit fly (Drosophilia

Melanogaster). Rat (rattus norvegicus) and mouse (mus musculus) are other common

vertebrate model organisms used in biological studies, however, zebrafish possess qualities

that makes it an ideal complementary model. Beneficial properties of zebrafish are their

ex-utero development and transparent development. Thus, it is possible to observe bio-

logical processes in real time throughout embryo development, and fluorescent expression

systems, e.g. GFP, can be easily applied and analysed by in vivo imaging. In addition

to this, zebrafish embryos develop rapidly. Already at 24 hpf the zebrafish embryo has

a heartbeat [35] and most major organs are visible. The embryo hatches between 48-72

hpf and after hatching the zebrafish embryo is now termed a zebrafish larva.
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The entire zebrafish genome has been sequenced by the Wellcome Trust Sanger Institute.

Zebrafish has been used extensively as a model for studying human disease [36–40]. The

genome of the Zebrafish is estimated to have about 1.67 Gb spread out over 25 pairs of

chromosomes. According to the National Center for Biotechnology Information (NCBI),

about 30000 protein-coding genes can be found in the zebrafish genome. Zebrafish under-

went a whole genome duplication event in its evolutionary history [41] and approximately

70 % of all human genes have a zebrafish orthologue [42].

1.4 Zebrafish as a model for aquaculture species (At-

lantic Salmon)

Atlantic salmon is an important species for aquaculture, but a number of challenges need

to be solved to make the industry more sustainable [24], e.g., salmon lice, aquaculture

escapees, viral and bacterial diseases, and sustainable feed. Much research remains in

order to accomplish this, but the use of salmon in experimental setups has disadvantages;

a long generation time (1-3 years for males and 4 years for females), slow development

(3 months until hatching), and its surrounding infrastructure is costly and extensive. Ze-

brafish can therefore also be a good model for basic research in Atlantic salmon. It should

be noted that salmon have undergone a salmonide specific whole genome duplication [43]

and will for many genes have even more copies (paralogues) than zebrafish. However,

zebrafish has in some cases been shown to be well suited as a model organism for Atlantic

salmon [44].

1.5 Aims of the study

Modern aquaculture faces multiple challenges in order to become more economically prof-

itable and ecologically sustainable. These challenges include escapee fish mingling with
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the wild population, infectious bacterial and viral diseases, parasitic infections in the

form of salmon lice, and challenges in sustainable feed for the salmonids. New promising

biotechnological tools have the potential to solve some, if not all of these challenges. This

thesis focuses on the preliminary stages of creating a more robust salmon with a higher

resistance against viral disease. By increasing the stability of mRNA coding for proteins

involved in salmon immunity, it is possible to extend the half-life of these mRNA tran-

scripts, and in turn increase transcriptional expression of important antiviral proteins.

To that end the primary aim of this thesis is:

• Develop a method for assessing the functional role of mRNA 3’UTR regulatory

elements using zebrafish as a model system.

The ultimate goal of the TUNESAL project is to assess regulatory elements in salmon.

Therefore the secondary aim of this thesis is:

• Disrupt 3’UTR residing regulatory elements in a key anti-viral gene in Atlantic

salmon through mutations and assess whether or not the disruption of these ele-

ments has an effect on mRNA stability.

7



Materials and Methods

2.1 Experimental design

Figure 2.1: Overview over the experimental process used in this thesis to assess
mRNA stability.

2.2 Plasmid vectors

Three different potential plasmid vectors for GFP (Green Fluorescent Protein) were

tested; pCS2 mt-GFP (BamHI minus)(Addgene, USA), pUCIDT (Gift from Dr. Rabani,

The Hebrew University of Jerusalem, Israel) and the pT3TS Transposase/pDestTol2pA2 ubiEGFP

system (Addgene, USA) (Figure 2.2). pCS2+8CmCherry(Addgene, USA) was used for
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normalization of GFP. For ease of reading the names of the plasmids, they will be abbre-

viated in this thesis according to table 2.1.

Table 2.1: Names of plasmids used in the thesis, their abbreviation, and origin.

Plasmid Abbreviation Ref.

pCS2 mt-GFP (BamHI minus) pCS2 GFP Addgene ID:15681
pCS2+8CmCherry pCS2 mCherry Addgene ID:34935
pDestTol2pA2 ubiEGFP pDestTol2 Addgene ID:27323
pT3TS Transposase pTransposase Addgene ID:109768
pUCIDT pUCIDT [17]

2.3 Amplification of plasmids

2.3.1 LB medium and LB agar plates

Luria-Bertani (LB) agar and liquid medium was prepared for work with bacterial cultures.

1L of liquid medium and 500 mL of agar was made according to table 2.2. 500 mL agar

was just enough to fill 20 Petri dishes with agar.

Table 2.2: LB Liquid Medium and LB agar plates reagents.

Liquid medium Agar

MilliQ water 950 mL 500 mL
Tryptone 10 g 5 g
NaCl 10 g 5 g
Yeast extract 5 g 2.5 g
Agar - 7,5 g
Ampicillin 50 µg/mL* 50 µg/mL

* Ampicillin was added to the liquid medium stock prior to bacterial inoculation.

After mixing the reagents together, both solutions were autoclaved at 121 37◦C for 30

minutes. After autoclaving, the mixtures was cooled down. The mixture with agar was

cooled down to 37◦C using spring water, and ampicillin was added. When the mixture

was cool enough, it was used to coat 20 Petri dishes with about a 0.5 - 1 cm layer of agar.

9
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(a) pCS2 GFP (b) pCS2 mCherry

(c) pDestTol2 (d) pTransposase

(e) pUCIDT

Figure 2.2: Overview over plasmids.
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2.3.2 Transformation

Prior to transformation LB agar plates with ampicillin were pre-warmed in an incubator

at 37◦C. TOPO10 competent E.coli cells were thawed on ice for about 30 minutes prior

to transformation. Plasmids were added to the TOPO10 cells when they had thawed and

the cells were incubated on ice for 30 minutes. Cells were subjected to a heat shock in a

water bath at 42◦C for 30 seconds, then immediately put back on ice for 2 minutes. 750

µL of SOC-medium were added to the bacterial cells and they were incubated at 37 ◦C for

60 minutes. Bacteria were then plated onto ampicillin LB agar plates and left overnight.

Single colonies from each Petri dish were transferred into a tube containing about 3-4

mL of liquid medium, with added ampicillin. Tubes of the liquid bacterial cultures were

incubated overnight in a stirring incubator at 37◦C while being stirred at 250 rpm.

2.3.3 Plasmid DNA isolation

The pUCIDT plasmid was recovered from filter paper by resuspension in 0.1x TE buffer

and transformed into TOPO10 competent cells by heat shock in a water bath at 42◦C for

30 seconds, then immediately put back on ice for 2 minutes. 750 µL of SOC-medium were

added to the bacterial cells and they were incubated at 37◦C for 60 minutes. Bacteria

were then plated onto ampicillin LB agar plates and left overnight, and single colonies

were inoculated in liquid medium overnight at 37◦C, 250 rpm. The plasmids pCS2 GFP,

pCS2 mCerry and pTransposase were inoculated from agar stabs by using an inoculation

loop to transfer bacteria to an agar plate. Single colonies from the plate were inoculated

in liquid medium overnight at 37◦C, 250 rpm.

Plasmid DNA was isolated from bacterial pellets from overnight liquid bacterial cultures

using QIAprep® Spin Miniprep Kit (Qiagen, USA) as described by the manufacturer.

Briefly, 2 mL of bacterial culture were pelleted in a 2 mL eppendorf tube by centrifugation

at 8000 rpm for 3 minutes and resuspended in 250 µL buffer P1. 250 µL of buffer P2 was

added and the solution was inverted 6 times and set to incubate for a couple of minutes,
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making sure the incubation time would not exceed 5 minutes. 350 µL Buffer N3 was

added and the solution was immediately inverted 6 times. The solution was centrifuged

for 10 minutes at 13.000 rpm. 800 µL of the resulting supernatant was transferred to

a spin column. The spin column was centrifuged for 45 seconds at 13.000 rpm and the

flow through was discarded. The spin column was washed with 500 µL of Buffer PB,

centrifuged for 45 seconds at 13.000 rpm, and the flow through was discarded. 750 µL

of Buffer PE was added to the spin column and the spin column was centrifuged for 45

seconds at 13.000 rpm to wash the column, remaining flow through was discarded. The

solution was centrifuged for 1 min at 13.000 rpm to remove any remaining wash buffer.

To elute the plasmid the spin column was placed in a 1.5 mL eppendorf tube and 50 µL

Buffer EB was added in the centre of the spin column and the spin column was left to

stand for 1 minute before it was centrifuged for 1 minute at 13.000 rpm.

2.3.4 In vitro transcription

All plasmid DNA were linearized at their respective restriction sites (Table 2.3).

Table 2.3: Plasmid DNA linearization

Restriction Site Buffer Temp

pCS2 GFP NotI Cutsmart 37◦C
pCS2 mCherry NotI Cutsmart 37◦C
pTransposase XbaI Cutsmart 37◦C
pUCIDT BamHI Cutsmart 37◦C

Approximately 5 µg of isolated plasmid DNA was linearized. Plasmid DNA was mixed

with 5 µL 10x Bovine Serum Albumin (BSA), 5 µL 10x Cutsmart enzyme buffer and 1 µL

restriction enzyme corresponding to the restriction site for the plasmid DNA. Rnase-free

H2O was added to make the final volume for the reaction 50 µL. The reaction mix was

incubated for 3 hours at 37◦C. The enzyme reaction was purified using the MinElute

Reaction Cleanup kit (Qiagen, USA) as described by the manufacturer.
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Linearized plasmid DNA from pCS2 GFP, pCS2 mCherry, and pUCUDT was transcribed

in vitro using ThermoFisher™ Invitrogen™ mMESSAGE mMACHINE® SP6 Transcrip-

tion Kit. Linearized plasmid DNA from pTransposase was transcribed in vitro using

ThermoFisher™ Invitrogen™ MEGAscript™ T3 Transcription Kit. 1 µg of the linearized

plasmid DNA was transcribed as described by the manufacturer. Briefly, linearized plas-

mid DNA was mixed with 10 µL 2X NTP/CAP, 2 µL 10x reaction buffer, and 2 µL 10x

enzyme mix. Rnase-free H2O was added to make the final reaction 20 µL. The reaction

was incubated for 4 hours at 37◦C. After incubation 1 µL TURBO DNase was added and

the mix was incubated for 15 minutes at 37◦C. Transcribed mRNA was purified using

Qiagen Rneasy mini kit (Qiagen, USA) as described by the manufacturer.

2.4 Gibson assembly

There are multiple methods for ligating DNA molecules together. Most of these methods

rely on the use of restriction sites and ”sticky ends”. However, new ways of recombination

circumvent this by blunt end cloning without depending on restriction enzyme sites [45].

The Gibson assembly provides a way to do this at one temperature in one reaction setup.

The reaction does not require compatible restriction enzyme ends, instead predefined

complimentary overhang sequences are used to anneal the two strands together after

exonuclease digestion. Exonuclease digests from the 5’ end towards the 3’ end on both

DNA molecules.

This digestion allows for the now partially single-stranded 3’ ends on both molecules

with complementary overhangs to anneal. After the two strands have annealed, DNA

polymerase fills in the gaps left by the exonuclease digestion by polymerizing from the 3’

ends, and ligase repairs the remaining gaps (Figure 2.3). Inserts containing the mutations

were 60 bp long and its flanking overhang sequences of 30 bp each added up to a final

oligonucleotide of 120 nucleotides. A complete list of all the oligonucleotides used in this

study can be seen in table 2.4.
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Table 2.4: List of all oligonucleotides ordered for the Gibson assembly. Underlined
nucleotides represent the sequence overhang, while red lower-case letters represent se-

quence mutations.

trip10a WT 5’– ATAAGCTAGAACTATAGTGAGTCGTATTACAAATAATATAATT
TATTGAGTAAATAAGCGCTTGTATATTAAATAAACATGTAT
GTAAGAGTAGATCCAGACATGATAAGATACATTGAT –3’

trip10a WT
Reverse

5’– ATCAATGTATCTTATCATGTCTGGATCTACTCTTACATACATG
TTTATTTAATATACAAGCGCTTATTTACTCAATAAATTATA
TTATTTGTAATACGACTCACTATAGTTCTAGCTTAT –3’

trip10a
Mutation

5’– ATAAGCTAGAACTATAGTGAGTCGTATTACAAgcAAgcTAgcT
gcTTGAGgcAAgcAaaGgTTGgcTATgcAAgcAACATGgcTGgcAGA
GTAGATCCAGACATGATAAGATACATTGAT –3’

trip10a
Mutation
Reverse

5’– ATCAATGTATCTTATCATGTCTGGATCTACTCTgcCAgcCATG
TTgcTTgcATAgcCAAcCttTgcTTgcCTCAAgcAgcTAgcTTgcTT
GTAATACGACTCACTATAGTTCTAGCTTAT –3’

mx2.2 WT 5’– ATAAGCTAGAACTATAGTGAGTCGTATTACATATGTGAAGATT
GTTGCTAATATTATTTAAAGTGACAAATGAAATAAAGGT
TGTATCCAGTAGATCCAGACATGATAAGATACATTGAT –3’

mx2.2 WT
Reverse

5’– ATCAATGTATCTTATCATGTCTGGATCTACTGGATACAACCTT
TATTTCATTTGTCACTTTAAATAATATTAGCAACAATCTT
CACATATGTAATACGACTCACTATAGTTCTAGCTTAT –3’

mx2.2
Mutation A

5’– ATAAGCTAGAACTATAGTGAGTCGTATTACATATGTGAAGATT
GTTGCTAATATTgcTgcAAGTGACAAATGAgcTgcAGGTTGTATCCA
GTAGATCCAGACATGATAAGATACATTGAT –3’

mx2.2
Mutation A
Reverse

5’– ATCAATGTATCTTATCATGTCTGGATCTACTGGATACAACCTgc
AgcTCATTTGTCACTTgcAgcAATATTAGCAACAATCTTCACATAT
GTAATACGACTCACTATAGTTCTAGCTTAT –3’

mx2.2
Mutation B

5’– ATAAGCTAGAACTATAGTGAGTCGTATTACAgcTGTGAAGgcTG
TTGCgcAgcTTgcTgcAAGTGACAAgcGAgcTgcAGGTTGgcTCCA
GTAGATCCAGACATGATAAGATACATTGAT –3’

mx2.2
Mutation B
Reverse

5’– ATCAATGTATCTTATCATGTCTGGATCTACTGGAgcCAACCTgc
AgcTCgcTTGTCACTTgcAgcAAgcTgcGCAACAgcCTTCACAgcT
GTAATACGACTCACTATAGTTCTAGCTTAT –3’
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Figure 2.3: Two double-stranded DNA molecules (marked by blue and yellow) are
ligated together by the Gibson assembly process. Exonuclease digests one of the DNA
strands from the 5’ end towards the 3’ end on both DNA molecules. Complementary
overhang sequences (orange) anneal the two DNA molecules together. DNA polymerase

closes the gap and ligase seal the new ligated DNA molecule.

The single stranded oligonucleotides were annealed by preparing the reaction mix de-

scribed in table 2.5.

Table 2.5: Annealing of oligonucleotides

Oligo Concentration

1 µL F oligo 100 µM
1 µL R oligo 100 µM
8 µL MilliQ
10 µL Total volume

The annealing reaction mix was incubated using the following program:

• 5 minutes at 95◦C
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• Ramping - 2◦C per second to 85◦C

• Ramping - 0.1◦C per second to 25◦C

The plasmid vector pCS2 GFP was linearized at the SnabI restriction site. Linearized

vectors, 2.25 µL (100 ng), were added together with 1.5 µL of the insert fragment, 10

µL of Gibson assembly master mix and 6.25 µL dH2O to a final reaction volume of 20

µL. The reaction was incubated at 50◦C for 60 minutes. A control reaction containing

10 µL of NEBuilder(New England Biolabs, USA) positive control reagents and 10 µL

of NEBuilder(New England Biolabs, USA) master mix was used as a positive control.

Recombinant plasmids were transformed into TOPO10 competent cells as described in

section 2.3.2, and plasmid DNA was isolated as described in section 2.3.3.

2.4.1 Sanger sequencing

To verify that the insert had successfully been incorporated into the DNA, the plasmid

DNA was sequenced using Sanger sequencing. The sequencing was performed at the

sequencing lab at the University of Bergen. Plasmid DNA was prepared for sequencing

by mixing 1 µL of bigdye version 3.1, 1 µL 5x of seqbuffer, 1 µL M13 primer (3.2 pmol),

0.5 µL of DNA template (≈400 ng), and 6.5 µL of dH2O. The reaction was thermocycled

using the program described in table 2.6. After thermocycling 10 µL of dH2O was added

to the solution for a total solution of 20 µL.

Table 2.6: Program used on the thermocycler for Sanger sequencing.

Cycle Step Temp (◦C) Time

1 Initial denaturation 96 5 min

2
Denaturation 96 30 s

30 s
45 s

× 25 cyclesAnnealing 50
Extension 60

3 Hold 4 ∞
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2.5 Agarose gel electrophoresis

Agarose was mixed with Tris-acetate-EDTA (40mM Tris, 20mM Acetate, and 1mM

Ethylenediaminetetraacetic acid (EDTA)) (TAE buffer) to make a 1 % agarose gel.

Agarose gel was run at 100 V submerged in TAE buffer. GelRed was used to visu-

alise the bands in the gel. Agarose gel electrophoresis was used to verify linearization of

plasmids and to verify mRNA transcripts.

2.6 Zebrafish maintenance and handling

Zebrafish were kept and maintained in the zebrafish facilities at the University of Bergen,

Department of Biological Sciences. The facility houses a variety of zebrafish WT strains

(AB, TAB, and SWT). Spotty wild type (SWT) and a mutant strain called casper were

used for injections in the work on this thesis. Casper zebrafish exhibit a transparent

phenotype [46] and thus makes it ideal for fluorescence imaging.

In the evening on the day before injection, after the zebrafish had been fed, male and

females were separated in breeding boxes. The breeding box consisted of a main container

with a secondary box stacked inside. The secondary box was fitted with a netlike metal

wiring just big enough for eggs to fall through, but too small for the fish to enter. Males

and females were separated overnight and joined together in the secondary box at 8 am

after light came on. Within 10-30 minutes eggs would be produced and start falling

through the metal wiring and accumulate at the bottom of the main container. Eggs

were collected and rinsed with E3-medium (Table 2.7) before they were injected. 4-6

breeding boxes were prepared prior to each injection to ensure that enough eggs would

be fertilized for injection.

17



Materials and Methods

Table 2.7: E3 embryo buffer reagents.

Reagents Concentration

NaCl 5 mM
KCl mCherry 0.17 mM
MgSO4 0.33 mM
CaCl2 0.33 mM
Methylene blue 5-10% of volume

2.7 Zebrafish injection

A Picospritzer III (Parker Hannfin Corp, USA) nitrogen pressure system in combination

with a micromanipulator (InjectMan NI 2, Eppendorf, Germany) was used to ensure

reliable and precise injection of mRNA into zebrafish embryos. A Nikon SMZ-645 stere-

omicroscope (Nikon, Japan) provided magnification while the micromanipulator was used

to control the needle. A Borosilicate glass cylinder(10 cm long with an outer diameter

of 1.0 mm) with filament (Sutter Instrument, USA) was heat-pulled by an automatic

needle-puller (Narishige, Japan) to form the needle for injections. 2.5-5 µL of the injec-

tion mix was inserted into the needle and the tip was carefully cracked open using a pair

of forceps. Zebrafish embryos were injected with an injection mix containing 125 ng/µL

pCS2 GFP mRNA and 75 ng/µL pCS2 mCherry mRNA. The volume of injected mRNA

was calibrated using a 1 mm ruler imprinted on a glass disc embedded in a black anodized

aluminium slide (Electron Microscopy Sciences, USA)(Figure 2.4a). Test injections were

performed in mineral oil (Sigma-Aldrich, USA) and the diameter of the injected droplet

that formed in the oil was measured on the ruler. This allowed for adjusting the pres-

sure coming from the pressure system, thus increasing or decreasing the diameter of the

droplet formed in the mineral oil. Injections in this study had a diameter of 0.2 mm (200

µm) which corresponds to 1 nL injection mix. Fertilized eggs were prepared for injection

in an agarose mould (Figure 2.4c). Between 50-100 eggs were manually placed down side

by side in the mould to achieve optimal injection efficiency. Embryos were injected before

they reached the second cell stage, < 0.75 hpf. The injection mix was injected into the

yolk of the zebrafish egg and care was taken to inject as close to the developing cell as
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possible (Figure 2.4b). After injection the embryos were collected in Petri dishes, about

50 embryos per Petri dish, and incubated at 28◦C.

2.8 Fluorescent microscopy and image quantification

Expression of GFP and RFP was observed in all injected zebrafish embryos, however at

varying intensities. Injected embryos were initially scanned for RFP fluorescence using

a Zeiss SteREO Lumar V12 stereomicroscope, and selected based on clearly visible and

comparable levels of RFP fluorescence. During RFP selection, care was taken to ensure

that levels of RFP fluorescence were as consistent as possible between selected individuals.

18 embryos for each construct were selected for further imaging. For imaging, embryos

were dechorionated and placed individually in a 6-welled plate so that the individual

embryos could be imaged at different time points. Embryos were imaged at either at

6-12-24 hpf, 12-24-48 hpf, or 24-48-72-96-120 hpf. Images was taken at two different

fluorescent channels, GFP and mCherry (Figure 2.5), at 5x magnification. After initial

scanning for RFP, embryos were imaged using a Leica DM6000 B Microscope equipped

with a DFC350FX R2 camera for both RFP and GFP. Settings for imaging were explored

early in the process and standardized at 1 second exposure. mCherry absorbs light at

587 nm and emits light at 610 nm. GFP absorbs light at 489 nm and emits light at 509

nm. Embryos were sedated prior to imaging due to twitching, at 24 hpf, and general

movement at 48 hpf and later. Embryos were placed in a Petri dish with fish water and

Tricaine (0.016 %) was used as a sedative. For embryos at 24 hpf the sedative would

take effect within seconds of exposure. However for 48 hpf and older, the tricaine needed

longer to make an effect, sometimes up to 2-3 minutes. After imaging the embryos were

placed back into its well in fresh E3 medium without sedative.

All images were analysed using the ImageJ software. Each image was opened in ImageJ

as a .tif file with a resolution of 1392x1040 pixels. The image was analysed as a two

dimensional image where each vertical line of pixels in the image was given an average
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(a) 1 mm ruler imprinted on a glass disc embedded in a black anodized
aluminium slide (Electron Microscopy Sciences, USA)

(b) Injection of zebrafish embryo at the single-cell
stage.

(c) Overview of zebrafish embryos lined up in an
agar mould for injection.

Figure 2.4: Overview over different parts used in the injection of zebrafish.
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(a) Zebrafish under white light.

(b) GFP fluorescence. (c) RFP fluorescence.

Figure 2.5: Different use of filters for fluorescence.

value of all the colours in the line, in total 1392 vertical lines (Figure 2.6). The values for

all the resulting lines were plotted, and a unique fluorescence profile for each image was

created (Figure 2.6c). Images initially displayed some background fluorescence (Figure

2.6b), and this was subtracted from the image. The area under each graph for each image

was calculated and the negative control was subtracted from this value.
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(a) Image divided into vertical lines along the x-axis. A total
of 1392 lines recieved its own value.

(b) Plot without subtracted background fluores-
cence (Slanted red lines).

(c) Plot showing background fluorescence after sub-
traction.

Figure 2.6: Image Analysis and Quantification by ImageJ.
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2.9 Statistical analysis

Significant differences between groups were identified using an unpaired single tailed

Students t-test. Significance levels were kept at p < 0.05 for all tests (∗ p < 0.05; ∗∗ p <

0.01).
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3.1 GFP and RFP expression vectors

GFP was observed from all three of the plasmid vectors tested (Figure 3.1). Injected

mRNA from pCS2 GFP and pUCIDT showed uniform levels of fluorescence throughout

the zebrafish body, while the pTransposase/pDestTol2 system showed GFP fluorescence

mainly in the zebrafish yolk and random restricted regions of fluorescence in the body.

GFP fluorescence from the pTransposase/pDestTol2 system was in addition to this more

intense. Images from the pTransposase/pDestTol2 system (Figure 3.1b) had to be taken

using an exposure time of only 50 ms to avoid overexposure, while images of pCS2 GFP

and pUCIDT fluorescence could be taken at 1 s exposure time without overexposure

(Figure 3.1a and 3.1c).

Initial assessment of injected mRNA concentration was done by injecting embryos with 25

ng/µL and 250 ng/µL mRNA (Figure 3.2). This showed faint levels of GFP fluorescence

at 25 ng/µL in both the transcribed mRNA from the pCS2 GFP and pUCIDT plasmid

vectors. GFP fluorescence levels increase with increased mRNA concentration, and at

250 ng/µL GFP fluorescence is clearly visible.
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pCS2 Tol2 pUCIDT

(a) (b) (c)

Figure 3.1: Initial testing of the three vectors; pCS2 mt-GFP (BamHI minus), pDest-
Tol2pA2 ubiEGFP and pUCIDT for gfp expression. Zebrafish eggs were injected with
250 ng/µL of each vector and the images were taken 24 hpf. Images of pCS2 and pU-
CIDT were taken with an exposure time of 1 s, while the image of Tol2 was taken at

50 ms.

pCS2 25ng pCS2 250ng pUCIDT 25ng pUCIDT 250ng

Figure 3.2: In order to determine the concentration of the injection mix, the pCS2
and pUCIDT vectors were both tested at 25 ng/µL and 250 ng/µL. Images were taken

at the same exposure settings at 24 hpf.
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Figure 3.3: Comparison between RFP fluorescence levels from zebrafish embryos in-
jected with 100 ng/µL pCS2 mCherry and 100 ng/µL pCS2 GFP and RFP fluorescence
levels from embryos injected with 200 ng/µL pCS2 mCherry and 100 ng/µL pCS2 GFP.

Concentration of injected pCS2 RFP mRNA was assessed at 100 ng/µL and 200 ng/µL

to get a sense of the RFP fluorescene and how this compared to the fluorescence inten-

sity of GFP. When concentration of pCS2 GFP mRNA was kept at 100 ng/µL, pCS2

RFP mRNA fluorescence levels were comparable to pCS2 GFP mRNA fluorescence lev-

els (Figure 3.3), and thus the concentration of injected pCS2 GFP mRNA and pCS2

mCherry mRNA were within the same range. There was an increase in RFP fluorescence

as the pCS2 mCherry mRNA concentration was increased from 100 ng/µL to 200 ng/µL.

Difference in fluorescence of RFP between the two concentrations was most apparent at
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24 hpf. RFP fluorescence levels were almost identical for both concentrations, post 24

hpf. Autofluorescence was observed at 48 hpf and increased as the zebrafish got older,

particularly in the yolk and later in the gut of the zebrafish.

3.2 trip10a and mx2.2 3’UTR expression constructs

The mutated trip10a sequence contained 7 mutations in the two AREs, ATTTA and

AAATAAA. In addition to mutations in these two AREs, 14 mutations were done in

selected TA sequences throughout the insert, and two mutations in a potential ARE

AAATAA. The 3’UTR in the mx2.2 gene were searched for the regulatory elements

proposed by Vejnar et al. [16]. Based on this and observations done by mutating the

trip10a sequence, we located a stretch of two putative AREs, ATTTA and AAATAAA

in the mx2.2.

Figure 3.4: List of all the five inserts ligated into the 3’UTR region of a pCS2
GFP vector. In the WT inserts regions of interest are marked with green, ATTTA
and AAATAAA are AREs, AAATAA and ATTTATT are potential AREs, while
AAGCGCTT marks a potential microRNA site. Mutations are marked with lower-

case red letters.

The mx2.2 insert were mutated in two different versions, mutation A and mutation B.

The mx2.2 mutation A sequence contained 8 mutations in the two AREs, ATTTA and
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AAATAAA. In addition, in mutation B, 12 mutations were done in selected TA sequences

throughout the insert.

Oligos from 3’UTR in trip10a and mx2.2, both wt and mutated version, were ligated into

the 3’UTR region of the pCS2 GFP vector. To verify correct insertion of the regulatory

3’UTR elements, we sequenced purified plasmid clones from each ligation experiment.

Results from the Sanger sequencing showed that inserts had been successfully inserted

into the pCS2 GFP vector (Figure 3.4).

3.3 Standardizing a control baseline

Measurements of background fluorescence in non-injected embryos across experiments

were collectedby quantification of fluorescence intensity by using the ImageJ software

and a mean fluorescence baseline was established (Tables 3.1 and 3.2).

Table 3.1: Measurement of GFP fluorescence of non-injected controls. Controls were
sampled from multiple experiments and a mean baseline of GFP fluorescence for the

non-injected controls at different time points were established.

6 hpf 12 hpf 24 hpf 48 hpf 72 hpf 96 hpf 120 hpf

Negative control 1 5.93 10.12 10.18 - - - -
Negative control 2 5.70 8.59 9.17 - - - -
Negative control 3 6.14 9.40 9.49 - - - -
Negative control 4 - - 7.99 14.15 19.96 20.73 18.43
Negative control 5 - - 9.39 13.94 19.67 23.19 25.10
Negative control 6 - 7.64 7.77 12.05 - - -
Negative control 7 - 8.39 8.52 16.89 - - -

Mean 5.92 8.83 8.93 14.26 19.82 21.96 21.77
SD 0.18 0.85 0.81 1.73 0.14 1.23 3.34

Measured background fluorescence showed little variation between individuals. An in-

crease in background fluorescence levels is observed over time from 6 hpf - 120 hpf due

to the onset of autofluorescence, as expected.
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Table 3.2: Measurement of RFP fluorescence of non-injected controls. Controls were
sampled from multiple experiments and a mean baseline of RFP fluorescence for the

non-injected controls at different time points were established.

6 hpf 12 hpf 24 hpf 48 hpf 72 hpf 96 hpf 120 hpf

Negative control 1 5.88 7.68 6.68 - - - -
Negative control 2 5.53 6.36 5.73 - - - -
Negative control 3 5.44 7.19 6.81 - - - -
Negative control 4 - - 5.68 7.97 10.63 12.31 13.02
Negative control 5 - - 6.20 7.70 10.34 14.38 22.82
Negative control 6 - 5.44 5.29 7.08 - - -
Negative control 7 - 6.43 5.77 9.05 - - -

Mean 5.62 6.62 6.02 7.95 10.48 13.35 17.92
SD 0.19 0.77 0.52 0.71 0.15 1.03 4.90

3.4 mRNA 3’UTR regulative elements in trip10a

Embryos injected with pCS2 GFP mRNA containing the mutated trip10a 3’UTR in-

sert showed visually stronger levels of fluorescence over embryos injected with pCS2

GFP mRNA containing the WT trip10a 3’UTR insert after normalization against pCS2

mCherry fluorescence (Figure 3.5 - 3.7). Images taken at 24, 48, 72, 96, and, 120 hpf

(Figure 3.5) showed that fluorescence intensity at 24 hpf is stronger for the mutation,

however fluorescence decreases and autofluorescence becomes apparent somewhere be-

tween 24 and 48 hpf. Gradual decline of fluorescence in the zebrafish body was observed

from 24 hpf all the way to 120 hpf, while autofluorescence in the yolk increases. The

decline of fluorescence as early as 48 hpf suggests that the peak of GFP expression might

be at 24 hpf or earlier. Subsequent images taken at 6, 12 and, 24 hpf showed that strong

fluorescence of GFP occurs earlier than 24 hpf, even as early as 6 hpf (Figure 3.6). It is

also apparent that background autofluorescence is minimal at this stage of zebrafish de-

velopment. Images of GFP fluorescence at 6 and 12 hpf show higher fluorescence intensity

in zebrafish injected with mRNA containing the mutated trip10a 3’UTR insert compared

with the WT trip10a 3’UTR insert. GFP and RFP fluorescence varied somewhat between

individuals, however GFP fluorescence of the mutant was consistently higher than GFP

fluorescence in the WT (Figure 3.7). This image shows fluorescence of GFP and RFP at
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Figure 3.5: Images taken at 24, 48, 72, 96 and 120 hpf of GFP and RFP fluorescence
levels of zebrafish injected with mRNA with trip10a WT and mutated inserts in their

3’UTR.

24 hpf for five individuals with the mutated insert and 5 five individuals with the WT

insert.
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Figure 3.6: Images taken at 6, 12 and 24 hpf of GFP and RFP fluorescence levels of
zebrafish injected with mRNA with trip10a WT and mutated inserts in their 3’UTR.
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Figure 3.7: Images taken at 24 hpf of GFP and RFP fluorescence levels of zebrafish
injected with mRNA with trip10a WT and mutated inserts in their 3’UTR.

18 individuals with the mutated insert and 18 individuals with the WT insert were planned

for imaging at 24, 48, 72, 96, and 120 hpf, and subsequent analysis and quantification

(Table 3.4). At 24 hpf two of the WT individuals had died, and four of the mutated

individuals died. Further twelve WT individuals and three mutated individuals had died

at 48 hpf. In total 16 images of the WT insert and 14 images of the mutated insert were

analysed at 24 hpf. 4 images of the WT insert were analysed at all five time points, while

11 images of the mutated insert were analysed at all five time points. Quantification

of fluorescent intensity by analysis of images using ImageJ showed a significantly higher

fluorescence levels of pCS2 GFP mRNA containing the mutated trip10a 3’UTR insert

over pCS2 GFP mRNA containing the WT trip10a 3’UTR insert at 24 hpf (Figure

3.8a). Fluorescent intensity showed decreased over time from 48 hpf (Figures 3.8b-3.8e).

However, fluorescent intensity appears to be consistent from 6 hpf to 24 hpf. Fluorescence

values were significant at 24 hpf (p < 1.19291E-09), at 48 hpf (p < 2.91923E-06), at 72

hpf (p < 0.008) and at 120 hpf (p < 0.002). Fluorescence values were not significantly

higher at 96 hpf (p < 0.16).
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Table 3.3: Measured fluorescence levels from the second trip10a experiment at 6,
12 and 24 hpf. Measured fluorescence has been refined and normalized against RFP

fluorescence levels.

6 hpf 12 hpf 24 hpf

trip10a-WT 1 5.06 4.48 6.97
trip10a-WT 2 7.60 8.20 8.66
trip10a-WT 3 7.29 7.45 8.34
trip10a-WT 4 5.75 5.72 x
trip10a-WT 5 7.96 6.04 7.74
trip10a-WT 6 6.81 5.39 6.63

trip10a-Mut 1 65.91 53.44 53.27
trip10a-Mut 2 54.01 53.24 53.95
trip10a-Mut 3 47.19 43.63 48.45
trip10a-Mut 4 30.44 29.05 30.49
trip10a-Mut 5 35.26 42.95 47.11
trip10a-Mut 6 26.21 32.64 33.36

6 individuals with the mutated insert and 6 individuals with the WT insert were planned

for imaging at 6, 12, and, 24 hpf, and subsequent analysis and quantification (Table 3.3).

All individuals were alive throughout all the time points, except one individual in the

WT group which had died at 24 hpf. Fluorescent intensity from images taken at 6 - 24

hpf also showed significantly higher levels of fluorescence in pCS2 GFP mRNA containing

the mutated trip10a 3’UTR insert over pCS2 GFP mRNA containing the WT trip10a

3’UTR insert (Figure 3.9). Fluorescence values were significant at 6 hpf (p < 0.001), at

12 hpf (p < 0.0001) and at 24 hpf (p < 0.0001).
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Table 3.4: Measured fluorescence levels from the first trip10a experiment at 24, 48,
72, 96 and 120 hpf. Measured fluorescence has been refined and normalized against

RFP fluorescence levels.

24 hpf 48 hpf 72 hpf 96 hpf 120 hpf

trip10a-WT 1 -36.63 x x x x
trip10a-WT 2 5.84 4.30 3.83 4.11 1.02
trip10a-WT 3 5.55 x x x x
trip10a-WT 4 3.31 x x x x
trip10a-WT 5 4.69 x x x x
trip10a-WT 6 4.21 x x x x
trip10a-WT 7 7.59 x x x x
trip10a-WT 8 4.70 1.87 0.66 -0.06 -0.39
trip10a-WT 9 7.04 x x x x
trip10a-WT 10 5.58 x x x x
trip10a-WT 11 4.16 2.70 1.18 0.04 -1.05
trip10a-WT 12 x x x x x
trip10a-WT 13 5.24 x x x x
trip10a-WT 14 4.44 x x x x
trip10a-WT 15 5.78 x x x x
trip10a-WT 16 x x x x x
trip10a-WT 17 5.70 3.52 1.85 0.67 -1.22
trip10a-WT 18 5.27 x x x x

trip10a-Mut 1 19.07 11.09 5.52 3.32 2.41
trip10a-Mut 2 21.05 x x x x
trip10a-Mut 3 x x x x x
trip10a-Mut 4 13.71 7.77 4.72 3.91 2.18
trip10a-Mut 5 15.77 9.45 3.41 3.51 1.99
trip10a-Mut 6 13.83 7.84 3.49 1.92 2.93
trip10a-Mut 7 x x x x x
trip10a-Mut 8 21.21 11.93 6.51 0.04 -70.34
trip10a-Mut 9 18.44 10.07 6.54 3.39 4.66
trip10a-Mut 10 20.16 11.11 5.41 3.30 2.36
trip10a-Mut 11 12.79 6.29 1.91 1.71 1.60
trip10a-Mut 12 18.95 x x x x
trip10a-Mut 13 12.58 7.10 2.94 0.95 0.19
trip10a-Mut 14 x x x x x
trip10a-Mut 15 14.55 x x x x
trip10a-Mut 16 x x x x x
trip10a-Mut 17 22.41 11.81 4.58 0.48 0.12
trip10a-Mut 18 21.76 12.64 6.36 3.65 3.57
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(a) (b)

(c) (d)

(e)

Figure 3.8: Boxplots showing the difference of fluorescence levels of mRNA injected
with the trip10a WT insert and mutated insert. GFP fluorescence values has been
normalized against RFP fluorescence values. a) Fluorescence levels at 24 hpf, b) flu-
orescence levels at 48 hpf, c) fluorescence levels at 72 hpf, d) fluorescence levels at 96

hpf and e) fluorescence levels at 120 hpf
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(a) (b)

(c)

Figure 3.9: Boxplots showing the difference of fluorescence levels of mRNA injected
with the trip10a WT insert and mutated insert. GFP fluorescence values has been nor-
malized against RFP fluorescence values. a) Fluorescence levels at 6 hpf, b) fluorescence

levels at 12 hpf and c) fluorescence levels at 24 hpf

3.5 mRNA 3’UTR regulative elements in mx2.2

Embryos injected with GFP mRNA containing the salmon gene mx2.2 3’UTR insert

showed similar levels of fluorescence GFP in the two mutated 3’UTR inserts (mutation A

and mutation B, Figure 3.10). No clear differences could be determined whether mutation

A and mutation B showed higher GFP fluorescence than mx2.2 WT 3’UTR insert (Figures

3.11 and 3.12). Embryos injected with GFP mRNA containing the salmon gene mx2.2

WT 3’UTR insert showed higher fluorescence levels of GFP than imaged taken from the

trip10a WT, and the fluorescence of GFP was closer to the levels of the mutated embryos.
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Figure 3.10: Images taken at 12, 24 and 48 hpf of GFP and RFP fluorescence levels
of zebrafish injected with mRNA with mx2.2 WT and mutation A and B inserts in

their 3’UTR.
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Figure 3.11: Images taken at 24 hpf of GFP and RFP fluorescence levels of zebrafish
injected with mRNA with mx2.2 WT and mutation A insert in their 3’UTR. Image
shows 5 different individuals for the WT insert and 5 different individuals for the mu-

tation A insert.

Figure 3.12: Images taken at 24 hpf of GFP and RFP fluorescence levels of zebrafish
injected with mRNA with mx2.2 WT and mutation B insert in their 3’UTR. Image
shows 5 different individuals. Image shows 5 different individuals for the WT insert

and 5 different individuals for the mutation B insert.
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Table 3.5: Measured fluorescene levels from the first mx2.2 experiment at 12, 24 and
48 hpf. Measured fluorescene has been refined and normalized against RFP fluorescence

levels.

12 hpf 24 hpf 48 hpf

mx2.2 -WT 1 x x x
mx2.2 -WT 2 29.25 x x
mx2.2 -WT 3 26.69 23.67 11.44
mx2.2 -WT 4 26.63 26.03 12.85
mx2.2 -WT 5 21.32 22.75 10.83
mx2.2 -WT 6 23.64 26.20 x

mx2.2 -Mut A 1 152.67 x x
mx2.2 -Mut A 2 65.09 56.41 24.60
mx2.2 -Mut A 3 80.20 64.90 29.57
mx2.2 -Mut A 4 78.44 81.29 44.12
mx2.2 -Mut A 5 x x x
mx2.2 -Mut A 6 x x x

mx2.2 -Mut B 1 102.26 101.43 46.96
mx2.2 -Mut B 2 33.38 34.70 19.82
mx2.2 -Mut B 3 30.94 30.87 16.82
mx2.2 -Mut B 4 92.68 97.96 51.11
mx2.2 -Mut B 5 41.88 48.31 24.75
mx2.2 -Mut B 6 81.96 88.19 45.49

Images of mutation B were taken 12, 24 and 48 hpf of embryos injected with mutation

B 3’UTR insert of the mx2.2 gene, figure 14. This figure shows a bigger difference in

fluorescence intensity between the WT and the second mutation. Fluorescence values for

the experiment with 18 individuals of mutant B were significant at 12 hpf (p < 0.027),

at 24 hpf (p < 0.037) and at 48 hpf (p < 0.0006). Fluorescence values for the experiment

with 6 individuals of mutant A were significant at 12 hpf (p < 0.02), at 24 hpf (p < 0.01)

and at 48 hpf (p < 0.04). Fluorescence values for the experiment with 6 individuals of

mutant B were significant at 12 hpf (p < 0.02), at 24 hpf (p < 0.01) and at 48 hpf (p <

0.01).
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Table 3.6: Measured fluorescene levels from the second mx2.2 experiment at 12,
24 and 48 hpf. Measured fluorescene has been refined and normalized against RFP

fluorescence levels.

12 hpf 24 hpf 48 hpf

mx2.2 -WT 1 31.51 29.54 19.67
mx2.2 -WT 2 x x x
mx2.2 -WT 3 47.97 46.86 24.79
mx2.2 -WT 4 51.90 50.91 24.37
mx2.2 -WT 5 26.68 23.82 17.01
mx2.2 -WT 6 25.37 38.47 21.72
mx2.2 -WT 7 46.79 52.73 x
mx2.2 -WT 8 46.10 45.87 18.60
mx2.2 -WT 9 31.61 29.90 20.97
mx2.2 -WT 10 29.76 30.04 20.90
mx2.2 -WT 11 22.29 21.48 14.72
mx2.2 -WT 12 60.86 63.17 33.58
mx2.2 -WT 13 31.56 33.75 19.29
mx2.2 -WT 14 27.20 29.10 16.31
mx2.2 -WT 15 13.79 16.26 10.48
mx2.2 -WT 16 46.79 53.24 x
mx2.2 -WT 17 67.40 x x
mx2.2 -WT 18 58.08 55.88 25.04

mx2.2 -Mut B 1 x x x
mx2.2 -Mut B 2 x x x
mx2.2 -Mut B 3 x x x
mx2.2 -Mut B 4 64.74 x x
mx2.2 -Mut B 5 54.29 55.98 28.39
mx2.2 -Mut B 6 25.02 26.51 x
mx2.2 -Mut B 7 81.08 78.90 35.60
mx2.2 -Mut B 8 40.72 42.89 24.60
mx2.2 -Mut B 9 39.27 41.78 23.96
mx2.2 -Mut B 10 77.79 75.42 36.77
mx2.2 -Mut B 11 32.17 31.03 17.61
mx2.2 -Mut B 12 x x x
mx2.2 -Mut B 13 91.75 75.70 36.17
mx2.2 -Mut B 14 68.05 63.31 32.51
mx2.2 -Mut B 15 32.82 39.69 30.91
mx2.2 -Mut B 16 77.58 68.41 37.21
mx2.2 -Mut B 17 38.34 35.31 x
mx2.2 -Mut B 18 26.77 26.87 x

40



Results

(a) (b)

(c)

Figure 3.13: Boxplots showing the difference of fluorescence levels of mRNA injected
with the mx2.2 WT insert and mutation A and B inserts. GFP fluorescence values has
been normalized against RFP fluorescence values. a) Fluorescence levels at 12 hpf, b)

fluorescence levels at 24 hpf and c) fluorescence levels at 48 hpf
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(a) (b)

(c)

Figure 3.14: Boxplots showing the difference of fluorescence levels of mRNA injected
with the mx2.2 WT insert and mutation B insert. GFP fluorescence values has been
normalized against RFP fluorescence values. a) Fluorescence levels at 12 hpf, b) fluo-

rescence levels at 24 hpf and c) fluorescence levels at 48 hpf
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4.1 Discussion

In this study we explored approaches to assess zygotic mRNA stability by focusing on

the role of the 3’UTR, which has been extensively studied [14]. We have applied different

methodologies to assess the function of mRNA stability. Studies done by Vejnar et al. [16],

Rabani et al. [17], and Yartseva et al. [47], demonstrates methods for identifying stabi-

lizing and destabilizing elements in the 3’UTR. Vejnar et al. [16] successfully managed to

show increased levels of GFP fluorescence in mutated 3’UTR sequences from the trip10a

gene where de-stabilizing elements were mutated. In our study, we mutated the trip10a

gene insert similarly to the way they mutated the insert (Figure 3.4). Mutating the insert

in the same way as previously reported enabled us to implement method development on

the assumption that our mutated insert would show an increase in GFP fluorescence. In

addition to mutating the trip10a gene insert for method validation, our study focused on

the two elements, ATTTA and AAATAAA, identified in the salmon mx2.2 gene 3’UTR.

In addition to mutating these two elements (mutation A), we also performed mutations in

other sequences that contained AT repeats (Mutation B). Mutations in these AT repeats

was not the main focus in our study, but we wanted to investigate if these AT repeats in

the 3’UTR of the mx2.2 gene (mutation B) had an effect on GFP fluorescence.
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4.1.1 Selecting plasmid vectors

In order to assess regulatory elements in the 3’UTR we decided to use GFP reporter

systems. Reporter systems based on GFP have been a widely used method in zebrafish

research [48–51] with a diverse range of applications. GFP reporter systems have been

used to assess mRNA stability in both cell cultures [52] and in zebrafish [16, 53]. The

transposon Tol2 system [54–57] was evaluated to injecting the embryos with mRNA.

Results from Tol2 injections showed high levels of fluorescence (Figure 3.1b), however

we deemed it not suitable for comparison between individuals due to a very mosaic

expression pattern and large variation within the tissue of injected individuals. Tol2

integrates randomly into the genome and the positions of the different integrations are

affected by position effect variegation (PEV) [58]. The PEV therefore possibly affects

expression levels of the GFP mRNA and leads to the observed variation. In addition to

this, the Tol2 system exhibited higher levels of fluorescence in the yolk compared to the

rest of the zebrafish body, leading to high levels of background noise. GFP fluorescence

from injected mRNA was more consistent across individuals and more uniform across

the body of each individual (Figures 3.1a and 3.1c). Embryos injected with mRNA also

showed lower levels of fluorescence in the yolk. The lack of uniform GFP expression in

individuals injected with the Tol2 vector lead us to discard the transposon Tol2 system

in favour of injecting embryos with mRNA directly. In contrast to the incompatibility of

the Tol2 system to our study, injections of mRNA directly into the embryo were more

in line with the overall goals of the study. Injecting mRNA to study mRNA stability

seemed a more logical approach to test 3’UTR regulatory elements, whereas the Tol2

vector also would include transcription of the intended vector as a source of variation.

The two remaining plasmid vectors, pCS2 GFP and pUCIDT (Figures 2.2a and 2.2e),

were tested further. The pCS2 GFP and pUCIDT plasmid vectors performed similarly in

initial testing, however pCS2 GFP was chosen to be able to directly compare our results

with a similar published study [16] with the same vector system.
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4.1.2 Effect of 3’UTR AREs on mRNA stability

4.1.2.1 Mutations in 3’UTR AREs increases trip10a mRNA stability

Two established AREs from the trip10a 3’UTR, AAATAAA and ATTTA, were dis-

rupted by mutations (Figure 3.4). In addition to this, one possible ARE, AAATAA,

was disrupted as well as 6 TA sequences. In the middle of the insert another sequence,

AAGCGCTT, is a sequence proposed to be a miR-430 target site [16]. This potential

microRNA target site was also disrupted, but it is likely that the disruption of this se-

quence had little to no effect on mRNA stability in this study as it has been shown to

have no effect in a previous study [16].

Results from the two trip10a injection-experiments shows a significant increase of GFP

fluorescence levels in individuals injected with the mutated version of the trip10a insert

compared with individuals injected with the trip10a WT insert (Figures 3.8 and 3.9). In

accordance with the primary aim of this thesis, our method gave statistically significant

and reproducible results and can be used as a robust method for measuring mRNA

stability.

4.1.2.2 Embryo lethality in the trip10a experiments

The first injection-experiment had 18 sample individuals, while the other experiment had

6 sample individuals, both for the WT insert and the mutated insert (Tables 3.4 and 3.3).

In the first experiment, samples were collected and imaged at 24, 48, 72, 96, and 120 hpf.

At 24 hpf 16 individuals had survived and were tested for trip10a WT and 4 out of those

16 survived to 120 hpf. For the mutated trip10a insert, 14 individuals were alive at 24 hpf

and 11 survived all the way to 120 hpf. In the second experiment, samples were collected

and imaged at 6, 12, and 24 hpf. All individuals survived in the second experiment,

except one individual which did not survive after 12 hpf. Zebrafish injected with mRNA

with the trip10a 3’UTR insert showed a high mortality rate, particularly from individuals
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injected with the WT insert. At 48 hpf, 75 % of the individuals sampled at 24 hpf were

dead. Mortality rate for individuals injected with the mutated insert were lower, about

20 % of the individuals died between 24 and 48 hpf. The reason for the high mortality

rates seen in the trip10a WT is unknown. The process of injecting the zebrafish, and

later incubating them for 5 days, and imaging every 24 hours included certain factors

that might have contributed to high mortality rates. The zebrafish were dechorionated

prior to imaging at 24 hpf. dechorionation was performed manually by puncturing the

chorion with a needle, and then pulling the deflated chorion apart with a pair of forceps

to make a hole big enough for the embryo. During this process the embryos might have

been damaged, either by unintentional rupture of tissues inflicted by the needle or forceps,

or by the hole in the embryo being too small for the delicate embryo, thus compressing

it too much on the way out. Handling the embryos after dechorionation via pipette for

transportation to and from Petri dishes for imaging and incubation might have damaged

the embryos.

4.1.2.3 Visual analysis of GFP fluorescence of trip10a 3’UTR mRNA ele-

ments

Results from two trip10a injection-experiments were comparable with results from a pre-

vious study [16]. We observed an increase in GFP fluorescence levels for the mutant

compared to the WT sequence. Several images were taken throughout this study during

testing and optimization of the method, and it was apparent that the images taken of

the mutated version of the trip10a gene 3’UTR insert consistently showed a stronger

fluorescence. As seen in figures 3.5, 3.7 and 3.6, there is a visually distinct difference in

fluorescence in the two inserted sequences. From the initial imaging of embryos injected

with mRNA with the trip10a insert, both the WT and mutated, we observed that GFP

fluorescence levels at 48, 72, 96 and 120 hpf were comparatively lower than for 24 hpf

(Figure 3.5). Based on this observation, images of zebrafish embryos were taken earlier

than 24 hpf. Images taken at 6, 12 and 24 hpf (Figure 3.6) showed strong and consistent

levels of GFP fluorescence for injected mRNA with the mutated insert for all the three
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time points. Based on the observation that GFP fluorescence levels were strongest at and

prior to 24 hpf, we decided that images of embryos injected with mRNA containing the

mx2.2 inserts would be imaged at 12, 24 and 48 hpf.

4.1.2.4 Mutations in Atlantic salmon mx2.2 3’UTR AREs increases mRNA

stability

Based on observations from the trip10a injection-experiments and proposed regulatory

elements from Vejnar et al. [16], we located a stretch in the 3’UTR of the mx2.2 gene

containing two putative AREs, AAATAAA and ATTTA. The two AREs in the mx2.2

3’UTR insert, AAATAAA and ATTTA, were disrupted by 8 mutations, 4 mutations in

each ARE. These 8 mutations were done for both mutation A and mutation B (Figure

3.4). In addition to mutating these AREs, mutation B were mutated further by disrupting

AT and TA sequences. In total 12 mutations were done in select TA sequences throughout

the insert.

Results from the two mx2.2 injection-experiments shows a significant increase of GFP

fluorescence levels in individuals injected with the mutated version of the mx2.2 insert

compared with individuals injected with the mx2.2 WT insert (Figures 3.13 and 3.14).

Image analysis from both experiments showed significant results, and disrupting AREs

in the salmon mx2.2 gene appear to have increased mRNA stability. We predicted to

observe a difference in GFP fluorescence by mutating the two putative AREs, AAATAAA

and ATTTA. The results show an increase in GFP fluorescence by mutating these AREs,

however the visual difference in fluorescence is not as apparent for the mx2.2 injection-

experiments as it were for the trip10a injection-experiments (Figures 3.7, 3.11 and 3.12).

4.1.2.5 Embryo lethality in the mx2.2 experiments

Two injection-experiments were performed to assess the effect of 3’UTR ARE on mRNA

stability in mRNA with the insert from the mx2.2 gene, similarly to inserts from the
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trip10a gene. One experiment had 18 sample individuals with the WT insert and 18

sample individuals with the mutation B insert, and the other experiment had 6 sample

individuals with the WT insert, 6 sample individuals with the mutation A insert, and 6

sample individuals with the mutation B insert (Tables 3.6 and 3.5). In total 17 individuals

were tested for mx2.2 WT, 14 were tested for the mutation B. 14 individuals survived

all the way to 48 hpf. From the Mutation 10 individuals survived all the way to 120

hpf (Table 3.4). In the experiment with both mutation A and mutation B 5 out of 6

individuals survived 12 hpf for WT, 4 out of 5 for mutation A and all survived all the

time for mutation B.

4.1.2.6 Visual analysis of GFP fluorescence of mx2.2 3’UTR mRNA ele-

ments

Based on previous observations of GFP expression from the trip10a insert experiments

where GFP fluorescence was considerably lower post 24 hpf (Figures 3.5 and 3.6), samples

of individuals with the mx2.2 insert were imaged at 12, 24, and 48 hpf.

Images from our experiments on the inserts from the mx2.2 suggests that there is a

visually detectable difference between the WT insert and both mutated versions of the

insert (Mutation A and B)(Figures 3.10, 3.11 and 3.12). There is no apparent visual

difference between mutation A and mutation B, and image analysis confirms this (Figure

3.13). This observation might indicate that the additional mutations done in mutation

B in disrupting AT and TA sequences, had little to no effect on mRNA stability. The

effect on GFP fluorescence seen between the WT insert and the mutations might thus be

caused by mutations done to the two AREs ATTTA and AAATAAA found in the 3’UTR

of the mx2.2 gene.

It is also apparent that GFP fluorescence for the mx2.2 WT insert is high to begin

with compared with the GFP fluorescence from the trip10a WT insert. This difference

between fluorescence levels using trip10a, and mx2.2 WT inserts might be due to the

trip10a WT insert containing more potential AREs. The trip10a WT insert contains two
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defined AREs, AAATAAA and ATTTA, but in addition to these the insert contained one

additional possible ARE, AAATAA. The trip10a WT insert also contained on average,

more A and T nucleotides in different configurations. There might be reason to believe

that the presence of more As and Ts would contribute to destabilize the 3’UTR further. In

the mx2.2 WT insert, only two regions were defined as AREs, ATTTA and AAATAAA.

In mx2.2 mutation A these two sequences were disrupted by 8 mutations, 4 mutations in

each ARE. In mx2.2 mutation B additional 12 mutations were introduced to disrupt TA

and AT sequences in the insert (Figure 3.4).

4.1.3 Methodological considerations

4.1.3.1 Sampling and microinjection

The amount of embryos injected outweighed the amount of embryos that were subse-

quently selected for imaging. 18 and 6 embryos were sampled for each insert for both

trip10a and mx2.2 experiments. Embryos were not screened for GFP at this stage to

avoid bias in the sampling. Sampling was based on selecting embryos which had visually

similar RFP fluorescence, for to subsequently normalize GFP fluorescence.

Microinjection of zebrafish also has its challenges. The injection system is based on

injections from a pressure system. Amount of injected mRNA is based on a fixed pressure,

not a fixed volume. There might be inconsistencies behind the pressure and flowback

into the needle could occur. Also zebrafish eggs vary in size. This size variation might

be miniscule, but it is there. The ruler was implemented to reduce the impact of these

uncertainties. Also, approximately 200 eggs were injected in each session. Mortality from

injections might play a factor here. Some eggs died the same day, however some embryos

died the next day and some at 48 hpf. If embryos survived to 48 hpf, they usually survived

all the way to 120 hpf.
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4.1.3.2 Image analysis and quantification

All embryos were imaged under the same conditions, 1 second exposure time and 1,0

gain unless noted otherwise. Embryos at 6 and 12 hpf are a sphere consisting mainly

of the yolk and a cellular mass enveloping the yolk. Orienting the embryos under the

microscope, with and without chorion, to focus on the cells rather than the yolk provided a

challenge. Extreme care was exercised to prevent either the chorion from deflating, or the

dechorionated embryos from rupturing. At 24 hpf the embryos morphology had developed

to a point where it was possible to orient them consistently and accurately, however at this

stage the yolk was still large. The orientation of the yolk would sometimes obscure tissue

or align the embryo at an awkward angle. Manual repositioning of the embryos solved

this and enabled for consistent and accurate imaging. Mounting the embryos in a viscous

solution prior to imaging was considered. This would result in improved control over

embryo orientation and might have improved image quality. However, multiple images

were taken during the work on this thesis, and each embryo was imaged several times

during development. Embryos might not survive the mounting process and the practical

benefits of being able to image several embryos in short succession outweighed the possible

gain in image quality by mounting.

Statistical analysis of measured GFP fluorescence levels was performed by first removing

background noise observed in the ImageJ software (Figures 2.6b and 2.6c). Mean values

for both GFP and RFP fluorescence were then subtracted from the values acquired from

ImageJ (Tables 3.1 and 3.2). Mean refined RFP fluorescence values were standardized

for each time point; 6, 12, 24, 48, 72, 96, and 120 hpf, and the refined GFP fluorescence

values were normalized against the mean refined RFP fluorescence values. During this

process some mathematical artefacts emerged, such as GFP fluorescence values exhibiting

negative values (Table 3.4). These negative values are a result of natural variability of

actual RFP fluorescence in the samples, and the fact that GFP fluorescence for the

trip10a WT insert after 24 hpf were low. In two instances GFP fluorescence values

showed high negative values for trip10a-WT 1 and trip10a-Mut 8 individuals (Table
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3.4). RFP fluorescence for these two individuals were substantially lower than expected,

and normalization of the values skewed GFP fluorescence to such an extent that they

have been removed as data points. It is apparent that there is a distinct difference of

statistical significance between the trip10a and mx2.2 experiments. Results from the

trip10a experiments are more confident than that of the mx2.2 experiment. However,

both experiments show a significant increase in GFP fluorescence for the mutated inserts

over the WT inserts, indicating that the mutated sequences provide increased mRNA

stability.

4.1.4 Alternative methods

4.1.4.1 QPCR

Other possible ways of assessing mRNA stability would be by using qPCR [59]. A qPCR

analysis would provide measurements of how much RNA was present in the sample. This

would have been a more direct indication of mRNA longevity, rather than measuring

GFP fluorescence levels. However, for robust qPCR a larger number of individuals are

required to obtain sufficient amounts of RNA per reaction. We have performed pilot

tests (per.com, unpublished results, Raudstein), but the preliminary results were so far

inconclusive. qPCR analysis will be more reasonable to do on Atlantic salmon, seeing

that a lower number of individual samples for salmon are needed to obtain enough RNA

for each reaction.

4.1.4.2 Plate reader

A Tecan Spark multimode plate reader (Tecan Trading AG, Switzerland) was tested

as a possible method for quantification of GFP fluorescence. Plate reader analysis was

performed by putting zebrafish embryos in a 96-well micro-plate which would in turn

measure fluorescence levels of the embryos in the well [60]. Plate reader required a lot of
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individuals and the manual work load was intensive. There were also issues concerning

the accuracy of the measured fluorescence, as it was difficult to consistently orient the

embryos comparatively in the wells. Because of these limitations we discontinued our

trails with the plate reader and rather used the ImageJ approach.

4.1.5 Method transferability to Atlantic salmon

The method described in this study could be applied for Salmon directly. The plan is to

inject the same mRNA with inserts from both trip10a and mx2.2 that was used in this

thesis to see whether comparable results would be obtained in Salmon. However, Salmon

has a longer developmental time and take about 3 months before hatching. Thus the

GFP expression from injected mRNA might have to be analysed earlier in the develop-

ment, before hatching due to the mRNA half-life. Preliminary testing would have to be

done to assess at what time during development the injected mRNA with a WT insert

would degrade. It might be interesting to investigate whether RNA-Binding Proteins

(RBPs) associated with mRNA stability have similarities in peptide sequences between

zebrafish and Salmon. If the mechanisms of mRNA stability concerning ARE and RBPs

are conserved mechanisms across species, it would be possible to use this method to make

general predictions of its applicability.

4.2 Conclusion

In this study we demonstrate a robust and efficient method for assessing mRNA stability

using zebrafish as a model organism. Experiments with the 60 bp insert from the trip10a

3’UTR show a significant increase of GFP fluorescence when mutations were made to

disrupt AREs in the 3’UTR. Although this study presents results from disrupting AREs,

I predict that this method can be used successfully in testing other regulatory elements

found in the 3’UTR, such as disrupting microRNA sites.
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Experiments done in this study also demonstrate a significant increase in fluorescence of

GFP by making mutations to disrupt AREs in the 3’UTR of the salmon gene mx2.2.

This indicates that AREs in mx2.2 can be modulated to increase mRNA stability, but

further in vivo studies are needed to confirm whether the results obtained using zebrafish

are reproducible in Atlantic salmon.

4.3 Future perspectives

This thesis presents a method for assessing the influence of 3’UTR regulatory elements

on mRNA stability. The TUNESAL project, which this thesis is a part of, is currently

optimizing and fine tuning the CRISPR/Cas9 technology to make precise edits in the

Salmon genome. Results from this thesis will aid in future work to identify salmon

elements which can be altered to increase the stability of transcripts to modulate protein

levels in salmon, to possibly make salmon more robust and more resistant to diseases.

This would lead to better fish welfare in aquaculture production. Also other important

traits important for a more sustainable aquaculture can be improved using this technology

and should be a topic for future studies. This technology, in combination with sterile fish

so that gene-edited salmon cannot spread the altered genome to the wild populations,

might contribute to a more robust and sustainable salmon aquaculture.
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Ruiz-Trillo. The Dynamic Regulatory Genome of Capsaspora and the Origin of
Animal Multicellularity. Cell, 165(5):1224–1237, may 2016. ISSN 0092-8674. doi:
10.1016/J.CELL.2016.03.034.

[2] Vicky W. Zhou, Alon Goren, and Bradley E. Bernstein. Charting histone modi-
fications and the functional organization of mammalian genomes. Nature reviews.
Genetics, 12(1):7–18, jan 2011. ISSN 1471-0064. doi: 10.1038/NRG2905.

[3] Guohua Wang, Fang Wang, Qian Huang, Yu Li, Yunlong Liu, and Yadong Wang.
Understanding Transcription Factor Regulation by Integrating Gene Expression and
DNase I Hypersensitive Sites. BioMed Research International, 2015, 2015. ISSN
23146141. doi: 10.1155/2015/757530.

[4] Qun Pan, Ofer Shai, Leo J. Lee, Brendan J. Frey, and Benjamin J. Blencowe. Deep
surveying of alternative splicing complexity in the human transcriptome by high-
throughput sequencing. Nature Genetics 2008 40:12, 40(12):1413–1415, nov 2008.
ISSN 1546-1718. doi: 10.1038/ng.259.

[5] Shai S. Shen-Orr, Yitzhak Pilpel, and Craig P. Hunter. Composition and regula-
tion of maternal and zygotic transcriptomes reflects species-specific reproductive
mode. Genome Biology, 11(6):1–13, jun 2010. ISSN 14747596. doi: 10.1186/
GB-2010-11-6-R58/FIGURES/4.

[6] Alexander F. Schier. The maternal-zygotic transition: Death and birth of
RNAs. Science, 316(5823):406–407, apr 2007. ISSN 00368075. doi: 10.
1126/SCIENCE.1140693/ASSET/DA3B4BF6-729D-49D7-B6FE-788E7F986CC4/
ASSETS/GRAPHIC/316 406 F1.JPEG.

[7] Antonio J. Giraldez, Yuichiro Mishima, Jason Rihel, Russell J. Grocock, Stijn Van
Dongen, Kunio Inoue, Anton J. Enright, and Alexander F. Schier. Zebrafish MiR-
430 promotes deadenylation and clearance of maternal mRNAs. Science (New York,
N.Y.), 312(5770):75–79, apr 2006. ISSN 1095-9203. doi: 10.1126/SCIENCE.1122689.

54



References

[8] Karoline Holler, Anika Neuschulz, Philipp Drewe-Boß, Janita Mintcheva, Basti-
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