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Abstract. Some genes can encode multiple overlapping
transcripts, and this can result in challenges in identifying
transcript-specific developmental expression profiles where
tools such as RNA in situ hybrisations are inapplicable. Given
this difficulty, we have undertaken a preliminary analysis of the
developmental expression profile of selected transcripts of the
dystrophin and utrophin genes of the zebrafish (Danio rerio)
by targeting unique and common regions of each of these tran-
scripts. The dystrophin and utrophin genes of zebrafish were
identified by bioinformatic analysis and the dystrophin gene
predictions were confirmed by transcript sequencing. These
data enabled primer pairs to be designed in order to determine
the expression profiles of unique, but overlapping transcripts,
throughout embryonic development using quantitative real
time reverse transcription PCR (QRT-PCR). The data indicated
the early expression of the short carboxyl-terminal dystrophin
transcript, with expression of the full length muscle transcript
occurring during myogenesis. Importantly, a composite of these
two profiles appeared to comprise the major transcriptional
load of the zebrafish dystrophin gene. In contrast, utrophin
gene expression was dominated by the full length transcript
throughout embryogenesis. The approach described here
provided a means by which a gene's transcriptional complexity
can be deconvoluted to reveal transcriptional diversity during
embryogenesis. This approach, however, required the identifi-
cation of unique regions for transcript-specific targeting, and an
appreciation of alternative splicing events that may compromise
the design of primers for qRT-PCR.

Introduction

The human dystrophin gene spans 2.5 million base pairs and
is the largest gene in the human genome (1). The dystrophin

Correspondence to: Dr Donald R. Love, Diagnostic Genetics,
LabPlus, Auckland City Hospital, P.O. Box 110031, Auckland 1148,
New Zealand

E-mail: donaldl@adhb.govt.nz

Key words: zebrafish, dystrophin, utrophin, quantitative real-time
PCR

gene contains at least 7 known promoters that drive the
expression of multiple transcripts, together with multiple
splice variants (Fig. 1). The largest and most studied isoform
of dystrophin, designated Dp427m, is expressed as a 427 kDa
protein in human muscle. This protein comprises 3685 amino
acids and plays a pivotal role in maintaining the integrity of
the dystrophin:glycoprotein complex that connects cytoskel-
etal actin to the extracellular matrix of muscle cells. The less
abundant isoforms of dystrophin are localised to other tissues
such as the brain (Dp427b/c and Dp427p), the retina (Dp260),
brain and kidney (Dp140), and Schwann cell/peripheral nerve
(Dp116); the smallest isoform, Dp71, is ubiquitously expressed
(2,3). The dystrophin gene has an equally large paralogue,
termed utrophin (4,5), which expresses multiple transcripts
(2,3,6-18) (Fig. 1). The full length utrophin isoform is able to
fulfil the role of dystrophin when overexpressed in the absence
of dystrophin (19).

Human dystrophin orthologues have been identified
in many animal and insect species to date, ranging from
mammals such as dog (20), cat (21) and mouse (22) to fish
such as pufferfish (23) and zebrafish (24-26), together with
frog (27), sea urchins (28) and fruit flies (29). Utrophin has
been confirmed in many of the species in which dystrophin
has been identified (4,30,31).

Importantly, Duchenne and Becker muscular dystrophies (D/
BMD) are caused by mutations in the dystrophin gene [reviewed
by Manzur et al (32)] and several models of D/BMD have been
constructed using mice (33) and dogs (20), among others. In
addition, there is increasing interest in using the zebrafish to
model muscular dystrophies such as DMD (26,34-36).

Given the transcriptional complexity of the dystrophin
gene and its role in diseases, mutations generally impact not
only on Dp427m but also other dystrophin isoforms. In the
absence of dystrophin expression, upregulation of full-length
utrophin appears to occur (19). Against this background, little
is known of the complexity of the developmental expression
profile of dystrophin, as well as the utrophin, gene transcripts.
In order to address this deficiency, we turned our attention to
the zebrafish (Danio rerio). Zebrafish offers advantages over
other model organisms in that they are optically transparent
during embryonic development and ex utero development
allows for easy manipulations (34,36-38). The main qualities
of using zebrafish are their rapid generation cycles, low main-
tenance requirements and cost effectiveness at high densities.
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Figure 1. Human dystrophin gene exons and promoters. (A) The middle section shows the human dystrophin gene, the relative location of all exons, and the
principal transcripts that are expressed by the gene. The exons involved in alternative splicing are shown in the expanded views. The unique first exons for the
various dystrophin isoforms are shown, together with their relative positions in the gene. (B) The start sites of the various isoforms of the human utrophin gene
are shown. In the case of Upl116 and Upl109, they have only been isolated from mouse to date (18).

The aim of our study was to provide for the first time a
developmental expression profile of dystrophin and utrophin
gene transcripts. Expression profiling posed challenges due
to the transcriptional complexity of both genes: nucleotide
sequences of each gene's transcripts are largely identical (albeit
varying in length), and any differences are largely confined to
short unique 5'-end sequences. These challenges highlighted
the difficulty in applying a conventional RNA in situ hybridi-
sation approach, which also suffers from sensitivity issues,
therefore we targeted multiple exons in a quantitative real-time
PCR (qRT-PCR) strategy.

Materials and methods

Primers. Primers were designed using the free online primer
design software Primer3 (http:/frodo.wi.mit.edu/cgi-bin/
primer3/primer3_www.cgi). Advanced settings were used
where appropriate to minimise the formation of secondary
structures while reducing non-specific products being ampli-
fied by the primers. All primers designed were subjected
to manual quality analysis using NetPrimer (http://www.
premierbiosoft.com/netprimer/). qRT-PCR primers (Table I)
were designed to produce product sizes between 100-160
base pairs with an approximate T,, of 60°C. All primers
were designed so that the product would encompass at least
2 exons, with preference given to primers that annealed to
exon/exon boundaries, providing that primer quality was not
compromised.

Primers were ordered from Invitrogen Corporation (http://
www.invitrogen.com) with all primers used for qRT-PCR

subjected to quality checks. These checks involved the confir-
mation of only one PCR amplification product following
electrophoresis on a 1.5% agarose 1X Tris/Borate/EDTA
(TBE) gel stained with ethidium bromide. All PCR products
and excised gel bands were subjected to spin-column purifica-
tion using a GE Healthcare Illustra GFX PCR DNA and Gel
Band Purification kit according to the manufacturer's recom-
mended instructions (GE Healthcare Life Sciences).

Sequencing. Sequencing reactions were carried out by the
Genomics Unit, School of Biological Sciences, University of
Auckland. The ABI PRISM™ BigDye Terminator sequencing
kit version 3.1 was used to incorporate fluorescent dyes as
recommended by the manufacturer. Thermal cycling was
carried out using an Applied Biosystems GeneAmp® PCR
System 9700. Unincorporated fluorescent dyes were removed
using Agencourt® CleanSEQ® magnetic beads. Capillary elec-
trophoresis of the sequencing products was carried using the
ABI PRISM™ 3130x1 Genetic Analyzer.

Zebrafish husbandry. Wild-type zebrafish (Hollywood Fish
Farms, Auckland, New Zealand) were grown and maintained
at densities of 3-8 fish per 2.75 liters tank, in a water recircula-
tion rack system (Aquatic Habitats) located inside a dedicated
zebrafish facility. The zebrafish were exposed to 14 h of light
per day with temperatures kept between 26-28°C. Water
quality was monitored on a daily basis. Adult fish were fed
a range of dry fish food supplemented with live Artemia, and
juveniles were fed a mix of dry fish food and live Rotifer until
at least two weeks of age. Adult male and female fish were
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Table I. Primers used for qRT-PCR.
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Primer designations Target Gene Target exons Primer sequence

ZFdysX01F5 Dystrophin 1-2 GAAGCAGTGAACCCACAGGAC
ZFdysX02R5 TGAGTTTATCCATTTGGTGAAGG
ZFdysX02F1 Dystrophin 2-3 CCTTCACCAAATGGATAAACTCAC
ZFdysX03R1 GCCAACCAGAACCTCCAGAAG
ZFdysX75F5 Dystrophin 75-76 CGGCAACACAAGGGACGA
ZFdysX76R5 GAGGCAGTGGAGGGTGAGGA
ZFdysDp71X01F2 Dystrophin Dp71-63 GCTTTTTCCACTGTAGAGAGGG
ZFdysX63R2 TGTTGTTTGGGTCTGGTGATTT
ZFutrX01F1 Utrophin 1-2 CGTGGGTGTGATGTCAGAG
ZFutrX02R3 CTTGGAGAACTGAGCGTTGA
ZFutrX60F1 Utrophin 69-70 AGATTCTGCAGGCAGTGGA
ZFutrX70R1 AGGCTGACCGTACTGAAACC
EF1aF Elongation factor la CTGGAGGCCAGCTCAAACAT
EFl1aR ATCAAGAAGAGTAGTACCGCTAGCATTAC
Rpl13aF Ribosomal protein L13a TCTGGAGGACTGTAAGAGGTATGC
Rpl13aR AGACGCACAATCTTGAGAGCAG

kept mixed until one week prior to spawning at which point
they were separated by gender. Embryos were collected after
spawning and thoroughly rinsed. The embryos were visually
inspected to ensure that they were at the same developmental
stage and then kept immersed in 0.5X E3 media (1X E3: 5 mM
NaCl, 0.17 mM KCl, 0.33 mM CaCl, and 0.33 mM MgSO,) in
15 mm plastic Petri dishes at a density of 20/dish and kept at
a constant 28°C. Embryo E3 media was changed every 24 h.

Developmental time course. The zebrafish embryonic devel-
opmental stages described in this paper are reported as hours
post fertilisation (hpf) at 28°C: 3.5 hpf (high stage), 10 hpf
(bud stage), 11 hpf (3-somite stage), 14 hpf (10-somite stage),
16 hpf (14-somite stage), 19.5 hpf (21-somite stage), 22 hpf
(26-somite stage), 25 hpf (prim-6 stage), 31 hpf (prim-16
stage), 42 hpf (high pec stage), 60 hpf (pec fin stage) and
72 hpf (protruding mouth stage).

RNA extraction and purification. At each appropriate develop-
mental stage, 20 embryos were inspected to ensure the correct
developmental stage was reached, then they were pooled and
snap frozen. RNA extraction and purification was carried out
according to the protocol described earlier (39).

Reverse transcription. One microgram total-RNA from each
extraction was reverse-transcribed using SuperScript III
reverse transcriptase (Invitrogen Corporation) primed with
random hexamers (Invitrogen Corporation) in a 20 pl reaction
volume according to the manufacturer's instructions. The final
SuperScript III inactivation step (70°C for 15 min) was omitted
and cDNAs were diluted 1:16 before use in qRT-PCR assays.

Quantitative real-time reverse transcription polymerase
chain reaction. All qRT-PCR assays were carried out using

an Applied Biosystems 7900HT platform running SDS
v2.3 software (Applied Biosystems). Reactions were set up
using an Eppendorf epMotion 5075 (Eppendorf) automated
liquid handling platform to minimise pipetting errors. Ten
microliter reaction volumes comprised the following: 5 ul
Platinum SYBR-Green qPCR SuperMix-UDG with ROX
(Invitrogen Corporation), 1 ul of 2 yM forward primer, 1 ul
of 2 uM reverse primer and 2.6 ul of template; the template
was either 16X diluted cDNA, or water in the case of negative
controls. The expression of two zebrafish reference genes were
used as normalisers, Rpli3a and EFla (40), with all reac-
tions performed in triplicate. Cycling programs consisted of
40 cycles of 15 sec at 94°C and 60 sec at 60°C. Dissociation
curve analysis was performed for each qRT-PCR run.

gRT-PCR data analysis. The data obtained from the SDS
v2.3 software were inspected manually to omit any well that
showed abnormal amplification curves, followed by manual
baseline and threshold setting adjustments as recommended
by the SDS manual. Amplification efficiencies were deter-
mined using LinRegPCR v11.1 (41,42). Baseline and threshold
corrected Ct values, together with amplification efficiencies,
were processed as described in the geNorm v3.5 manual
(version: July 8, 2008) (43). This processing provided relative
expression levels (arbitrary quantities) while allowing for
normalisation against the two reference genes.

Results

Dystrophin and utrophin sequences. At the start of this
study, the available sequences for zebrafish dystrophin were
fragmented and incomplete. These limited data were used to
design primers in order to amplify overlapping fragments of
the full length zebrafish dystrophin muscle transcript, which
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Figure 2. Nucleotide sequence and predicted amino acid sequence of zebrafish Dp427m.

GGGGATTCAC
GGEGCGTTGGT
AARAGGACCCA
CCACAGGACC
CAAAACTCGA
AATGGATARA
CTCTTCACTG
TCTGGTTGGC
CCCTTAACAA
GATCTGGTGA
GACCCTGGGG
TGATGAAAGA
CTGTTAAGCT
GGTCAACTTC
TCCACAGCCA
GATAATGCCA
TTTAGGAATC
CAGATAAGRAA
CCCCATGGCG
AGCCGCAGTG
ACTCTCAGCA
TCGCCCTCCT
CTACGTCAAG
CAGACAAGGC
CTAAATGAGC
GCTGCTCTCT
TTGTAGAAGA
GAGCTGACGT
TGTGTTGTTG
GGGAACAGAT
AGTATGGAGC
CCAGCAGCTG
TTAARRAGGAT
CGGCARATCG
AGTGCGAGTG
GCGGGGATGG
GAACGATGGG
TCAAAAGATC
TTGATTCTTG
AGTGGCACAR
BATTTTAAAA
GCTCGCTCGT
GGGAAGCTGG
GGTGCAGGCG
CATCCCAGTC
ACCACGAACC
CCCTCCACCT
AAAggTTTGA
GAGGCTGTTT
TGTGGCAGAT
AARAGTTCAG
GATCAACTTA
TCAGCAGTTG
GGCTGGCGTG
TTTCAGCAGC
GCAGTCGCCA
GCTGCAGHEA
AAACTGCACG
TCTGTTTGAC
TGGAGGACCT
CTTCCTCCAG
ACAGCAGTGT
ATCCCGTCAT
CAGRAGGAGC
GGTTTICCAG
TGGATAACGT
AACATCCAGA
TGACACAAAG
ATGAGGAATG
GAACAGTGCA
GAACGGCATC
CGTTTGCCAT
GAGCTCATTT
GCTGGACATG
GGATCACTCA
ACACCTGAGG
GGAAGTCCAT
CCAATTTCAT
GAACTGGATG
TGGAAAATGC
TGTCTTATTT
CTTGATGARA
TTTGACEECT
ACCAGATCCG

AAAAAATTCA
GAGGGCTCCT
ACGTTGGCTT
AATGGGAGGA
TCABATGARR
CTCACAGTTT

CTGCTGGATC
ITCOITETTET
GGATCTTATG
AGGTTTTGAG
GAGAAGACGT
GCTAABHCAA

TGAGGTTCAG
GTTTATAARA
TCEEBGCCGA
GACGAATTCG
TCAAAAGAAA
GRAGACCTCC

ACCTGTGTGA
CATGARATHAS
TGTTAACAGE
ACATTGGAGG
CTCATCTGGA
TGTCATGGCG
GGGTCAGGCA
TCCAGCAGCT
CAUECCGGAG
TTGAGAGACT
GACCGGCTGC
ATCCATCATC
TGAGTTTGGA
ACCAAGGAGG
EATCACAGTC
ATAAGCCGAG
ACACCTGARAC
CGATGRACTG
TGGAARGCTA
GCGGAGGACG
AGTCAAAGAG
CTCACCAGGG
TCTGGAGGGC
GAATCTGCTC
GACAGAGCAM
AAGCAGCTCT
GGGAGCGCAG
ARGAGCAGAR
AATTCACTGA
CGCCACCGCA
CAGCGATCTG
CTGCTGTGCT
GCTGACTCAA
ATGACCCAAR
GCAGACCTGG
CCAGGATCTG
ARGCAAAGCT
CTTCAGCTCA
GGAGATCACG
AGARGAAGAT
CAGAARARGR
TGTGGACTTC
TGCAAAATCC
CTCTATGAAL
GAAGTTGCAA
CCAGCEACGG
CGTGCTCGAT
GTTGGCCTAC
TGGAGCAGGC
CCCGCATGTG
TGARATCTCT
ARCAACTCGA
GCGGACATTT
GAGGGCCAGG
CACGTTATAR
GAGAATAAAC
GGAGCAGAGR
ATCAGGGTGA
AAAGCTCCAC
GATGGTGCGC
AACTGCAGGA
ACTCTGCAGA
GCCAGCTCTG
CEBCTCTGGT
ARTGAGGTGG
CAAAATACAG
GCARACREEC
ACGGTGAGTT
GGCCGAGGAA
AGCTTCATAA
CAARRGGAAR
TTCARAGGCT
TTTTGACTTC
AAGACTTTAG
GGAGTTGGAG
CGGAAGGGCT
TTAGACACCA
TGAATTAGCG

TGGCCGACGT
TTAAAGAACG
GCCCTGCAGA
AGCTGACATT
GCATCATTCT
GACTTACAGC
GTCCCTCAAA
GGGCCGACGG
CTGTTCAGCT
GGATCATGCC
TGGACCCCGA
ATGTACGTTA
GGCCATTCAA
AGCACGTCCT
AGCGTGGCCC
ATTTAAAAGC
AGCAGAGGRA
CGACCGTCCC
CCAGAGTGCC
GCCTGCAAGC
CAGTTTCACA
CAGCGTGGGC
AGCTGACTGA
AACTCGCGCT
ECTTCATGAA
CTGATTGGCT
GCTTTGGGGEC
BETCTTACAG
CTCATATGGT
GCCTTGGAGG
TRARTGGACT
GGCAGCATTT
ARGGAGGAGT
TGAAGTAGCC
AGCTGAAGAG
CTGACTAACA
GGAGAGGTTT
CCAGCACCAA
CACACARACCA
GGTGAAGCAT
GACAGATTGT
ACTGARATIC
CGAGTTCTCA
AAGTGCTEEC
GAAGCCACTC
TCAGRACTCA
GGGTGGACTT
CAGACCARAG
TGCGGCCACG
ARCCCGARCC
CGCCTCTCGG
GGAGCTGCGG
CTGCCTTCCA
GRACGACAGC
GGATGTGATG
TAGCCATCCC
CTCAAAGATA
CGTGGATGAC
CTGAGATCTG
TGGAGACGCA
TCACATGACC
AGTGGATGGC
GGAGACGCAG
GAATGACATC
GACTGGCCTT
AAGATGCTTG
TTATGCARAG
TGAGGAAGGA
GAGTACCTGG
AGCAGTGGAG
CAAAGGTGAA
CCTCCCGCGG
TARCTACCAG
ACCRAGTGTG
AATGCCTGGA
TCAAGGAGGC
TGATTAGAGA
CRGACCCTGA

CTTCTTGAAC
TGGCTTCACT
TCCTTCAGAA
GTAGATGGGA
CCACTGGCAG
AGACCAACAG
AACTACCAAG

TTTGTTCACA
TTGTAGGATT
AGCAGTGAAC
GAGAAATCAT
ACCTTCACCA
TATTGATGAC
TTCTGGAGGT
CGAGTGCACT
GAACRAJETT
ATCATARACT
BTTAAGGATG
CGAARAGATC
ACGTCAARCGT

TTTCGCTTITC
GGAGTGTAGT
TTCGGTGTITG
G@ETGTTGCT
CCTCCCTCTT
GAGGTGGAGA
CTATCAAACC
AGAGTCGCGT
TATGCCTTCA
GTITCCTCATC
CCAGTCCCCT
CTGGAGGAGG
ACAGCCACCC
CTCATGALEG
CGGGTCCTGA
TGATGAAGAG
GGGAACATCT

AACGCTCTCA
GGAGCAACAG
CGGAGRAGAG
ACAGTCCATC
CARAGTGCTG
CCCTCCCTCG
CAACAGCGGT
TCGCAGCCCG
CTCAAGCCGC
GCACAGICTC
GCCGCRGGGG
TCTTGACCTG
ATCTCTTCTT
CTACATGGTG
AAGCGGGAAG
AGGGAGGTGC
GCGTGTGGCC

GTTTTGATGG
GGACACGACG
CTGRACTTGA
GAAGATCTGG
GGTGGTITGTA
AARRGCTGCA
GAAGAGCGTT
CTCTGAGGAG
TGGTCCAGIC
GCCAACCTGC
GCAGACCATG
TCAAGAGCAA
GCTCAGCGCT
EETTTCAACT
TGGCAACTGT
ACTAAGGAGG
CGTGGATTCA
ACAGTTTTAT
ATCTCCCGTA
AATTGACAGA
GCTCAGCCCA
GAGGACATCC
CIGCGCTCTC
TGCTGGCTIT
GCGGAGAACT
TCTGAGGATC
CTCTTCAACC
CAGAAAGALG
AGAGCACTAC

ACCTTCAGCA
GAGACTCGTA
TGACATAAAG
AGCTGGAACA
GATGAGAATA
BAACCTTGGG
GGATCCTCCT
CABETGCTGT
CATCCAAAGC
GGAAGCTGGC
GACAAGCTTT
AGAGGCCGCT
GGGACAAATT
ATTGTCACCA
CACCARGGTG
GCATGTCCAC
GAACTGCGGA
GACTCGGTICC
AAGAAGGCAG
GABARACCCG
GGCTTTGGTG
AGCRAGCGGC
CTGGCCGAGC
CTACAATCTC
GGCTGAAGGT
CAGCTGGAGC
TCAAGTGGCC
AGACGCCGGT
CACCAAGTCC

TCGTTTTGER
GCAGCGCTGT
TTCTACAGCA
TCAABECAAT
CTCAATAAGA
TCAGAAGTAC
TATCGGAGCA
AAGCTACAGC
AGAGGTGGAT
AGGCTTTGGA
CACRCCGTCC
GARGAGGGAAR
ATGAGCTCAA
ARATCAGCCC
GATGCAGGAG
AGAGAGACTT
GAGCTGAAED
GCTGCTGACG
CCCATGATGC
CGCCTGTGCA
GGCATGCTIGG
TGGACCTACT
ATRAGAGGARA
GCATCCTGAA
TGGATGGCCG

CCAGTCTAGT
TGGCCTGGCT
GTGACTGAGT
CCAAGCATCC
TGGCTGAGCA
CGGACAGAGC
GCTGGAGGAG
AGTTCCABEA
GTTTTCCTGA
GAAACAGTTG
AACCCAGTCT
GCTGAGACGC
TGCGCAGTGG
TGAARGGAGG
ATGCAGGAGT
CCAGTACAAA
GGGCTCAAGA
GATARAGTCA
CCTGRAGGCA
GCCGACTCGA
TGTGAGCTGC
TGARRAMGAMR
TTGAAGAAGC
TACAACCGTA
AGTCCTGGAT
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GAGCTCATCC
GATGCAAAGL
GGGCCCAGGA
ACCACTGACC
ACAGATACCA
AGGTGACACT
GAGRAAGTGA
ARAGGGCARG
TGAGGGAGTG
CTGAGTATTC
GTGCATEARA
CGGTGATARR
CCCAAGGAGT
TTTGGGTTCA
AGTTACTGAG
GCTACTACTG
AAGTGATTTG
CTGAGCATCA
CTGAAGGGTT
TTTGCTGAAC
TCARACTCCT
ATTTCTCAGA
GATGGACAGC
AGTTGGAGGA
GATCTTATAA
GCTTGAACAG
TGGGACAGGC
ATATGGCTCC
AGAGGAAGAT
AACTGTTCCT
AAACGAGAGG
CACTCTAAAL
CATCGCAGTG
CTGGACAGRA
GCCCAGAGTG
TGGAGGATTT

ACARAARGGT
LCTTCACARA
GRACGACARA
GACATCTGAC
CAGGAAGCAC
GGATGACATG
TTGGAGAGAT
TTCCGGCTTT
TGAGCGAGTG
GCAGTGTGGA
TTTTATAAGA
GACGGGGAGG
TAGACGACAG
CAUGTARCRG
GRAGTTTAGG
ATGGGGAACT
GATGCGGAGT
TAAGCCRCAG
TACTTCATAG
TGCAACTGGA
GCTEEATTAT
TCAACACCTG
CAGGGCTGCA
GATGAAGGGG
AGARCACAGG
CTTAACCAAC
CTCCTCCCAA
AGGTGCTGGA
TTCCTGGAGG
AAAAGGGGAG
CCGTTCGAGA
BATCTGAGAG
GTATCAGTTC
TCGAGAAARG
AMBGCAGTTG
ACGTGGATTG

GGAGGACTAC
GGCGCCAGCA
ACCCTGCGTIC
CGCTTACATA
ABEAMATTCA
ARGRAAARGG
CGATGCAACA
TCCAAARAGCC
CTGGAGGAGG
GCAGGAAGTG
ACCTGAGTGA
CAGATTGTGC
GCTGACGGCC
ARGGARAGCA
ARGGAGGTGA
GACGCGCCGC
TGGCTTGGGC
TTGARACTGG
CCAAGAGAAC
TCGCAGTGAC
CAARATCARA
GATGGATCGC
TTGAGCACGT
AARGTTGAAG
GGAACATTGT

AACACACGCT
GCTGGAGAAG
TCATTCAGGA
GCAGATGGTA
GACTGAGTITIG
CTATGGAGGT
TTHEATARAC
AGCGAACTTT
TGAAAGTGAA
GTGCAGTCAC
GGTGRAGTICT
AGAAGCAGCA
CTCAAACTCG
GGAACTGGAG
ACAGTCTAAC
TCATCGGTGG
ARACECAGCG
TGAGGGAGTT
CTGATTGATG
GTCACGGAGC
TGAAAACACT
GCAGAAGAGA
TATAAABGGT
CAGTGCRAGT
ARAGCTCAAG

GTTTTGACAT
GAGTTAGACG
CGAGGAGATT
ATGCEECTAT
AATCTCCTCA
GAAACACAAC
CCCTGAGAAA
TGCAAGARARA
CATACGAGAG
GATATGAGAT
GGGCGTGTGC

AGAATGGTTG
AGACGTTAAC
TGCAGTGTAT
TCTACTGCAT
TARAGTTAARC
GAGGTGCATC
AACTGGGAAR
ARARGCCAAG
CAGATGCTGA
AGAGACCACC
AGTGAAGGGA
AAGACGACAG
TGGGCCAARG
GGCAARAATG
CCTGGCTGGA
CGCAAGGAAC
GGAACTGCCG
CATCTCTCCC
ATCARACATGC
ACARATCGAG
CCAAACTCTC
CCTACTGCAG
AGCAGTGGAA
ABEGCCAGTA
CTTARAGACT
TAGTGCAGCA
AGCTTGACGA
GTAATGGTGG
EfcaGCACTG
TCACTGCGGC
GCARCTATTA
TCATGCCARG
ACTCCAGCGA
AMAMGCCAATG
AGATTTARAR
AGCAGTGGCA
CTGACTCTTT
GAGCATGAAT
AGGCAGATCT
CTGGAGRAAT
CTTACAAGAT
TTCGACATTT
CACCGGGAGA
GTCTCTGGAG
ACATGGGGCA
CCCTATCTAG
ACARGAGCTG
AGAARGCCAGT

AGCCCCGCCT
TTCACTCGAG
CTCTGAGAAT
TCATCAACCT
CTGGATARAC
TCAACCTGAG
ACCTTAARRAT
AAGTTCAATG
GAGGACGATT
TCAABSAGCT
CTCAATGCTC
GGACCACATT
TGTCCAACCA
CTTCTCGCAG
TGATGCGGAG
AGCTCAGTGC
AGCAGGAAGC
CGCTGATAAA
GCTGGGCGAA
GATCTCCTCA
AATTTGGGCC
TGGACCCAAA
ACCCTTTTGG
TGACGGTCTG
GGARAAGACAR
GGAGATGCGG
TTGGTTGGCG
GGGATCTGGA
CAAGACATGG
TCAGAACCTG
CAGACCGCAT
CTGACGGCCA
TTGGTTGGAG
AARAMACTCGA
GGCCAAMATG
GACTCAGATG
ATGCAGACGA
CTGGCTTGGG
GGAAGCTGGA
TCCTTAATTG
GCCACCTTTA
ACTCGAGCAA
CGTACCATTC
GGAACGGACA
GCGCTGGCAT
ATGCCGGCGT
CTCAACTGGC
AGGGGGCGAC

CCTGCCTATC
TGCGCCACRA
GAGGCTCTGC
TCCCCRACRA
TGGAGGGTCC
GAGGGTTTGC
GCTCTACCARG
AGGAGCTGRA
ATGAAGTATG
TCAGGCGGGT
TTGGGACTGA
AMRACAGCAGC
GCTCACTGAG
AGTTAAATGA

TGTTGCAAGA
AGTACCACAG
AAATTAGGTG
AGACGAGGAG
AGAGAACTCC
CTTCTCCATG
GAAGAAGGCT
GCGATGACAT
CTTCCAGATC
TGACCAGCAG
TTTCAGAGGG
AATAAACGAT
ARGEEAGCTG
TGAACTCTCC
GAGAAGTGCC
CGTGGCAGAG
TGGTTCAGCT
GACAGACTCA
ARTGCTGGAC
AACAAGACCC
TTGGAGAAAC
TCTGAGTCCA
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ATGCCAGCTC
CTCTCGACAA
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GAGTTCTTAC
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CACTTCCTGT
AAAGTCAALH
TCAGATCAAC
TGGAGAAGCA
GATCTTCCTG
TTTGTACCAA
AGACTCAGCT
GACGTAARAG
ACCGCCGTGC
GGACATCCAT
GCABETGTAA
ATTCAACAAR
ACATGGTTCA
GAARTGACGG
CCCACAGCTG
CCAATAACCC
CAGGCACATT
ACTGCAGAAC
GGGTGGAGCC

GGGATGAACT
AGCTTGCATT
CTCTCTGAAC
TAGACGCTGC
AACGGCCATG
TGACGCCTCA
TTTTGCAAGT
GACCAGCGGC
GCTGGGAGTG
AGCTTGAGCA
GAGGTGGAGA
GACGGAGCAA
CTTACAATGA
AAGATTTTGA
CGAATGGCTG
AGGGTATGCC
CAGGAGGACA
GGCAGGGACC
ACAAGGTCAG
GAACAGTGGC
TGAGCAGAAC
AGCTGGATGA
TTGCGAATGG
TCTAGCAGAG
TGAAACCAAA
AGGATTTTAA
ACAGGCTAAT
AAAGTCTAAA
GCTCTAAATG
CGGTGGAGAG
ACAGATATGA
CTGGCTCTCG
GATGCAGTGG
CCCCGGAGGA
CGGCCCAAGC
TGGAGCTAGC
GGACGGAGCT
CAGTTTCTGC
CGAGCGCTGG
TTAAEQAGGT
GCTGTTGGAA
GCTCAGGACC
EECGCCTTGA
ARCTGGCTCA
CATARATAAT
AGGAAGCAGC
CAGTGCAGTA
CAACTCCCGC
EETCTGCCGG
GAGTTTCAAT
GGAAGCGGGT
CCCGGGTGGT
AGCAAAGGCT
ACTAARGGTT
AGAAGCAGAG
GAACAGCTCT
TGAGCAGTCG
ARAAGAAGCC
CAGCCTGAGA
TCAAGTTCTC
CTTTGACTGG
TCCTGGACAG
GACCCAGAGA
TCAAACTCAA
AACARACRARA
TGAGACACGG
GGGAAGATTC
ATGTATAAGG
TCTCATTAAG

GAGCTGGAAG
CAGATGTCAA
AATGTCACTA
CGACACAAGC
CCAACATCAA
CTTCGGCAGT
GCTAACGGAG
AGGAGGGACT
TGGCABEATC
ATTAGATGRA
ATGCTGTGGT
GAGTTGTGCA
TGATCAGTGG
TGCAGCTGAA
GTGCCGACCG

AMAGTTTCGC
BEaACTTTCT
ATGAGCTGGC
ARAGTGARAC
ARAGCEIGCA
TGCAGCATTA
GCAGAAACCA
TCTGGAAAAT
TCCAGGCAGA
AACGGACATC
GCTACAAARR
ACAAAGTTAT
ARACACTTGC
GAGGGAAGAG
TTCACCAACA

Figure 2. Continued.
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ACATGTCCTT
CTGGAGAAGC
ACTCCTCACG
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1451 MEVDASEKVI GEIDATLDKL LQVKGKFRLF QKPANFDQRL RECERVLEEV 1500
1501 KVEKLGVLSIR SVEQEVVQSQ LEQCMKFYKN LSEVKSEVET VIKTGRQIVQ 1550
1551 KQQTEQPKEL DDRLTALKLA YNDLGSQVTE GEKQELEKILK LLRKFREKEVN 1600
1601 SLTEWLATTD GELTRRSSVE GMPSDLDAEL AWAKAAQEDT EHHKPQLKLV 1650
1651 RELAGTLKGL LHSQENLIDD KVSLLNCNWI AVTSRSEQWL KLLLDYQNQOM 1700
1701 KTLEQNISQI NTWMDRAEEK LDEMDSQGCI EHVIKGLRME LEEMKGKVEA 1750
1751 VQVLAEDLIK NTGEHCKAQV KPKLEQLNQR FDIVARRILM GQASSQELDE 1800
1801 YHRQANIWLQ VLDEEIKLGE SLKEEDFLED ATIDEEALNE LFLKGENLLK 1850
1851 RTPGGEKREA VREKHNLLHD RYDTLENLRA LREKKKALALA SQWYQFCKKS 1900
1901 DDMMQWLDRI EKSIRELPDP PEEPRVKAVG YEIDQQRPKL EDLRGLGREVL 1950
1951 SEGGASREMVE PRLLPINKRW TELDVNFTRV RHKSELQFLL QCISENEALL 2000
2001 NSPERWSTAF INLPQQEKCL KEVKVNLDKL EGPVAEAVGR GASQPEEGLL 2050
2051 VQLLRTNWEN LEMLYQDRLEK RLEKAKKFNE ELKMLDNWLT DAERTIMEYE 2100
2101 QDPINNRDHL KELQAGLEK(Q EAAVEGLNAL GTDLSPQCSK DDRDHIKQQL 2150
2151 ASINSRWAKV SNOLTEIKRR SAGAKMLLAE LNEDMGEFQS WLDDAEAVAA 2200
2201 LPVEAGRKEQ LSATLEKVKA RVVELPSREKQ ALHQINSKGS SLPADKVEPL 2250
2251 EKQLEVINMR WAKVSTDLPE KQRQIEDLLR DLSLYQEQLS KLSIWASNTK 2300
2301 TQLEQSPTAV DPKIEDDVKE KEPAVETLLA KERPPCQPEK GQYDGLSADW 2350
2351 TSIQVLLKDW KDKCQLAAVT LTGSAAGDAA LDKFNKSWTE LDDWLALLDH 2400
2401 MVQTQRVMVG DLDEINEMTV KLKSALQDME QRCPQLNKQI TAAQNLKNKT 2450
2451 NNPETRATIT DRIEKLQAHW EDSHAKLTAR VLTLONMYKD SSDWLEARKR 2500
2501 VEPLIKKANE KLESWKKVSH SVEDLKGQNA DVKQLSKDLQ QWQTQOMNVTN 2550
2551 ELANKLLTLY ADDDTSKVKQ MTESMNLAWA NIKKRAGDKE ADLEAGLRQL 2600
2601 QHYYLDLEKF LNWLTEAETT ANVLQDATFK EGLLENPATV RHLLEQWQDL 2650
2651 QAEIDAHRET YHSLDENGHR IVSSLEGTDN AVVLQKRLDD MGQRWHELCN 2700
2701 KVMSIRPYLD AGVDQWKHLH MSLOELLNWL QLKREELEKQ KPVGGDVPTV 2750
2751 HQQLLTHKAF RRELGAKEPV INGTLDNAKT FLAEMPREGL KQRPGQKDVS 2800
2801 PEERVQNVGR ILRKEVEDVT VRWKNLGAAS VDWQQOLELA LERLMELQDA 2850
2851 QDQLDYKLRQ TESVENSWKP VGELLVDDLQ NHIDRVKAFQ EEIAPIQDNV 2900
2901 NHVNQLASTF RPSDIQLSPD NLSRIDDLNM RWRLLQISIE EHLSQLTTAF 2950
2951 KDLGPSQNFL HASVESPLER SISPNNVPYY INHQTQTTCW DHPKMAELYQ 3000
3001 SLADLNNVRF SAYRTAMKLR RMOKALCLDL LSMPAACEAF EQHNLKQNEQ 3050
3051 FMDIVQVINC LTSIYDRLEQ QHSSLVNVPL CVDMCLNWLL NVYDTGRAGK 3100
3101 IRTLSFKTGI ISLCKAHLED KYRFLFREVA SATGFCDQRR LGLLLHDAIQ 3150
3151 IPRQLGEVAS FGGSNIEPSV RSCFQFANNK PELEASVFLD WMRLEPQSMV 3200
3201 WLPVLHRVAA AETAKHQAKC NICKECPIIG FRYRSLKHFN YDICQSCFFS 3250
3251 GRVAKGHKMQ YPMVEYCTPT TSGEDVRDFA KVLKNKFRTK RYFAKHPRMG 3300
3301 YLPVQTILEG DNMETPVTILI NFWPVDHPPA SSPQLSHDDT HSRIEHYASR 3350
3351 DDEHLLIQHY CQSLNQGSPL SQPQSPAQIL ISMETEEKGE LERVLNDLEQ 3400
3401 ENRKLQAEYD RLKKAHDHKG LSPLPSFPQM LPVSPQSPRD AELIAEAKLL 3450
3451 RQHKGRLEAR MQILEDHNKQ LESQLTRLRQ LLEQTESKVN GTALSSPSTA 3500
3501 SPRSDTSLAS LRVAASQTTE TMGDDELSSF TQDASTGLED VIEQLNNSFP 3550
3551 HSQGGGRLNP 3561

Figure 2. Nucleotide sequence and predicted amino acid sequence of zebrafish Dp427m. (A) Dp427m nucleotide sequence based on double-stranded sequencing
of overlapping amplicons derived from reverse-transcribed RNA isolated from zebrafish embryos. Untranslated regions are shown in red, translated regions
in blue, bases at exon-exon boundaries are underlined in turquoise and shaded in yellow, and translation start and stop codons are shaded in blue. (B) The
translated protein sequence.
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Figure 3. Differences between the actual and predicted sequences of zebrafish Dp427m. Five regions of the dystrophin amino acid sequence are shown that
differ between the Vega predicted zebrafish dystrophin sequence (Vega Transcript ID: OTTDART00000044458; Vega Zdys) and that predicted from our
cDNA sequence (Zdys).
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were subsequently sequenced. The entire experimentally
determined nucleotide sequence together with the predicted
amino acid sequence are shown in Fig. 2. During the course of
this study, updates to the zebrafish genome sequence assembly
allowed for a more accurate prediction of the full length
dystrophin gene; however, while this predicted sequence is
largely correct, there are a few regions in the distal half of the
full length transcript that do not agree with our sequence data
(Fig. 3). This discrepancy may be due to alternative splicing
or minor sequencing artefacts. Our sequence also differs from
that reported by Guyon et al (44), which is a composite of
direct cDNA sequence data and EST sequences. This earlier
sequence carries an additional exon (number 72, compared
to annotations of the human Dp427m transcript, and so prob-
ably represents an alternatively spliced transcript), but also 45
amino acids at positions 495-539 (inclusive), which appears
to be a repeat of amino acids at positions 585-629 (inclusive).

The utrophin gene proved difficult to predict using
bioinformatic approaches, and the sequences appeared to be
fragmentary using the currently available zebrafish genome
builds. The utrophin sequence presented here is based on an
incomplete utrophin gene prediction, which primarily covers
the amino and carboxyl-terminal regions (Fig. 4). A compar-
ison of the predicted exons for zebrafish utrophin and those
from human utrophin via ClustalX DNA alignment showed
64.3 and 55.9% of the base pairs to be identical for the amino
and carboxyl-terminal regions, respectively.

Developmental expression profiling. Expression profiling of
the zebrafish dystrophin gene involved targeting four distinct
regions of this gene in order to allow for the simultaneous
analysis of its transcriptional diversity; our own sequence data
was used for designing most of the primers. The muscle-specific
first exon was targeted to follow the expression of the muscle
isoform, the second exon of Dp427m allowed the profiling of all
full-length transcripts, the expression of Dp71 was followed by
targeting this transcript's unique first exon (determined bioinfor-
matically), and the full transcriptional load of the dystrophin
gene was determined by targeting exons 75-76 (Fig. 5).

The expression profile of Dp427m approximates that of
total full length dystrophin transcripts (Fig. 5A and B) with
expression starting at 16 hpf, coinciding with myogenesis,
and a reduced rate of expression after 30 hpf. These data
suggest that for the most part, the Dp427m isoform is domi-
nant among full length isoforms expressed during zebrafish
embryo development. The expression profile of the ubiquitous
Dp71 isoform (Fig. 5C) suggests maternal inheritance as
post-zygotic transcription begins at 3-3.5 hpf (45). Dp71 tran-
scripts decrease to their lowest level at approximately 16 hpf,
and are then largely maintained at a low steady state level.
Interestingly, the expression profile of total dystrophin gene
transcripts (Fig. 5D) appears to be a composite of Dp71 and
Dp427 expression profiles.

Total utrophin gene transcript expression and full length
Utrd27 expression exhibit similar profiles (Fig. 5E and F),
suggesting that the full length Utr427 is the dominant isoform
that is expressed by the utrophin gene during embryonic
development. The data suggest maternal inheritance of Utr427
transcripts with low level de novo expression starting at
approximately 16 hpf.
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»Zebrafish_Utrophin_Exon_01
ATGGCCACCGTGGGTGTGATGTCAGAGGCGTCTGAGGGCGGAGACAACAACGAATTCACT
GACATCATCAAGTGGAGATCAG

»Zebrafish_Utrophin_Exon_02
ATGAACATGACGCGGTGCAGAAGARAGACCTTCACCAAGTGGATCARCGCTCAGTTCTCCA
AG

»>Zebrafish_Utrophin_Exon_03
ACGGGGAAAGCGGCGATCARAGACATGTTCACTGACCTGAGAGACGGCAGAARAACTGCTG
GACCTGCTGGAGGGACTGACCGCARACACACTG

»>Zebrafish_Utrophin_Exon_05
GIGGAGCTGGTGAATATTGGAGGGACAGATATAGTTGATGGCAATCATAAGCTGACTCTG
GGCCTCATCTGGAGCATCATCCTGCACTGGCAG

»Zebrafish_Utrophin_Exon_07
GCCTCATGGCTTCAGCTGGGAGAAGETGGTCAGTICTGACGCCTGTGGAGAGACTGGAGCA
CGCTTTCACCTTCGCCAAAGACCAGCTCAACATCGAGAAGCTGCTGGATCCAGAAG

>Zebrafish_Utrophin_Exon_08
ATGTGGCGGTGCAGCTGCCGGATAAGAAGTCCATCATCATGTACGTGACCTCACTGTTCG
CCGTCTTACCCAATGACATCACCATGGATGACATCAGAGAGETGGAGACGCTGCCCCGAC
GCTACAAGGTGGAGACCGACGAGGGACACCCGGTGAGT

»Zebrafish_Utrophin_Exon_09
GTGGAGGTGEACAGCAGCAGCAGCAGCAGCACACGGGCCGAGACCCTGGCGGAGCTGCAG
ATGGAGGTGAATCTGGACTCGTATCAGATCACTCTGGAGGAGGTGCTGACCTGGCTGCTG
TCGGCCGAAGACACGCTGCACATGCAGGAGGACGTTTCTGAAGACGTGGAGGAGGTCAAG
GACCAATTCCACACGCATGAG

»Zebrafish_Utrophin_Exon_11
GCTTCATGAGGTCCTIGATGGACCTGCAGCAGCAGCAGCTTCAGCAGCTCTCTGATTGGCT
GACACAGACAGAGGGGCGGATCCGGAAGATGGAGATTGAGCCAATAGCAGGAGACATACA
GGGATACCTGACCCAGATAGAGCAGCACAAG

»Zebrafish_Utrophin_Exon_12
GCATTGCAGAATGACCTGGAGGCGGAGCAGGTGAAGGTGAACTCTCTCACACACATGETT
GTGGTTGTGGATGAGAACAGCGGTGAGAGCGCCACTGCTGCCCTGGAGGAGCAACTGCAG

>Zebrafish_Utrophin_Exon_13
TCACTGGGTGAGCGCTGEGCEGCAGTGTGTCGCTGGACGGAGGAGCGCTGGAACARACTG
GATGARACTCAGCTGGTGTGGCAGAGGCTGCTTGATGACCAG

»Zebrafish_Utrophin_Exon_14
AGTTTATTTGGGTCATGECTAACCGARAAGEAGAAGGCCTTGGGTGAAGTGCAGACCTGT
GATTTTAARGACCCCAGTGACATTARTGCCAGCGTCCGCAGATTGGCT

»>Zebrafish_Utrophin_Exon_15

AGTCTTAAGGAGGATATGGCCCAGAAGCGCAGGACTTTGAGCGCTCTGTCAGACGCTGET
CAAGATGTGATGGTGCTGTTGAACAGTCCAGCCGCAGCTCAAAGCGATCGAATCCGACACA
GAACTTTTGACCCTACGCTGGGACAACCTGGTCCAGAMACTAGAGGACTGCTCCAGCCAG

»Zebrafish_Utrophin_Exon_63
GTGACCAATAAGGTTGAGCTGGAGCCGAGGCAGTTTATTGATTGGATGAGGCTGGAGCCG
CAGTCTATGGTTTGGCTGCCGGTTCTACACCGAGTTGCTGCGGCAGAGACGGCGAAACAT
CAGGCCAAGTGCAACATCTGCAAAGAGTTCCCCATCGTCGGCTTCAG

»Zebrafish_Utrophin_Exon_64
ATATCGCAGTTTARAGCACTTCAACTATGACGTCTGCCAGAGCTGTTTCTTCTCTGGTCG
CACAGCGAAGGGTCATAAACTGAACTACCCGATGGTGGAGTACTGCACACCG

»>Zebrafish_Utrophin_Exon_66
TCCGGTCACTCTCATCAGCATGTGTCCGGAGCACTATGA

»Zebrafish_Utrophin_Exon_67
GCTCTGTCCATCACCGCAGCTCCCTCATGATGACACACACTCACGGATAGGGGAGTACGE
CAACAG

>Zebrafish_Utrophin_Exon_68
GCTGGCACAGATGGAGCGATCCAATGGCTCTCTGCCCACCGACAGCAGCTCGGCCACTGG
ARGCAT

»Zebrafish_Utrophin_Exon_69
GGACGAGGAGCACGCTTITGATCCTGCAGTACTGCCAGACATTGGGAGGGGAGGGCTCATC
TTTCAGCCAGCCACAARGCCCCGCCCATATCAACAGGACCCCCGCCCACAACACCCACAG
CCCCTCCTACCTGCTCCAGAGCCCCGECCCAGATTCTGCAGGCAGTGEAGAGGGAGGAGCG
AGGAGAGCTGGAGCGRAATCATAGCACGGCTGGAGGACGATCAGCG

»>Zebrafish_Utrophin_Exon_70
GGTTCTGCAGAGGGAGTATGAAGAACTGCGGTTTICAGTACGGTCAGCCTGGCGCCGCAGT
TGECTAGCGGAGCCCCAGATGAAGCTGATCTGCTAGC TGAAGCTAAACTCCTGCGACAGCA
CAAGGGACGACTGGAGGCCCGCATGCAGATTCTGGAGGACCACARCARACAGCTGGAGTC
TCAGCTTTACCGACTGCGCCAGCTGCTGCATCAG

»Zebrafish_Utrophin_Exon_72
ACGAGTTTCTCCATCAGTGTGCTAACAGTAACTCTGCTCTGGCGGAGGTTATGGATCAGA
TTAACCACAGTTTTCCTGCATGCTCTC

»Zebrafish_Utrophin_Exon_73
CGTCGAGTGTGTCCTCAAGACCGAAG

Figure 4. Predicted zebrafish utrophin gene exon sequences.
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Figure 5. Developmental expression profiles of dystrophin and utrophin gene transcripts. The developmental stage in hpf is shown on the X-axis, and the
relative expression levels (arbitrary units) are shown on the Y-axis. The latter have been normalised against the two reference genes Rpli3a and EFla.

Discussion

The data presented here used an approach that allowed for the
simultaneous expression profiling of the Dp427m transcript,
all full-length dystrophin transcripts, the Dp71 transcript, and
all transcripts expressed by the dystrophin gene. This approach
involved targeting common exons that are expressed among
isoforms, and targeting unique exons to allow for the profiling
of specific isoforms. In addition, the profiles of all full length
utrophin gene transcripts, as well as all transcripts expressed
by the utrophin gene, were examined throughout zebrafish
embryonic development. In terms of the former, it was consid-
ered critical to avoid exons involved in alternative splicing,
which comprised exons 4 (46), 39, 41-42, 45-50 (47), 66-68
and 71-74 (24,25,48) and 78 (49). As such, the applicability of
the approach described here requires knowledge of alternative
splicing of target genes. The results reflect expression across
the whole embryo as development progresses, and represent an
average across all tissues and cell types.

The total expression profile of the dystrophin gene
comprises that of Dp71 and the full length expression profiles,
with Dp71 being the most abundant isoform present during the
early stages of embryonic development, up until 16 hpf. From
16 hpf onwards, full length dystrophin expression appears to
be present in higher abundance relative to other dystrophin

isoforms. It should be noted that while other potential dystro-
phin transcripts were not investigated, they do not appear to be
major players based on the expression profiles reported here.
Experimental validation of this conclusion would be difficult
in the context of QRT-PCR analysis as the sequences of the
unique first exons of other dystrophin isoforms thought to exist
are currently unknown or are too short to design transcript-
specific primers.

In contrast to dystrophin, in which the predominantly
expressed isoforms during embryonic development change
from Dp71 to the full length dystrophin, the dominant isoform
of utrophin that is expressed throughout development appears
to be the full length Utr427. This conclusion does not rule out
the presence of other as yet uncharacterised isoforms, but their
expression levels would not be expected to be significant given
our analysis herein.

The caveat to looking at gene expression of a whole
embryo, as opposed to individual tissues, is that an absence
of noticeable expression changes between two developmental
stages does not imply the absence of differences between
individual tissues. Conversely a small change in expression
across the whole embryo may represent significant changes
in a single tissue type. For example, a moderate increase
in the levels of total full length dystrophins could reflect a
significant increase in the expression of non-muscle isoforms.
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Localised expression, not undertaken here, might be evident
by RNA in situ analysis (24,25), but as suggested earlier, the
design of appropriate probes suffers from sensitivity and
specificity issues that are not easily resolved in the case of
the two genes studied. With these effects in mind, the total
expression profile should be interpreted with caution as
it does not reflect expression in different tissues, which is
driven by tissue-specific promoters. Ideally for genes with
tissue-specific expression such as dystrophin, tissue-specific
investigations would be preferred over whole embryo studies.
However, attempting to isolate individual tissue types from
a developing embryo would be technically challenging. In
conclusion, the expression data are the first reported attempt
to follow multiple dystrophin and utrophin gene transcripts
simultaneously throughout vertebrate development. The
approach offers opportunities to determine the impact of
targeted dystrophin gene mutagenesis in the zebrafish on the
expression profile of the dystrophin gene, and the possible
upregulation of utrophin gene transcripts.
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