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transcription more efficiently than do RNA polymerase II (Pol II) systems (Bertrand et

al., 1997).  In addition, Pol III promoters offer several advantages over Pol II 

promoters.  For instance, the compact sequence of the Pol III promoter is easier to 

manipulate molecularly.  Their transcription is initiated and terminated at precise 

positions, resulting in addition of very little extra sequence when fused to other genes.  

The promoters of Pol III genes (i.e., tRNA, 5S RNA) usually contain an intragenic 

control region (Carbon and Krol, 1991).  In contrast, U6 small nuclear RNA (U6 

snRNA) genes are unique because the cis-elements necessary for transcription are 

present in the 5’-flanking regions.  U6 snRNA is an abundant nuclear RNA involved 

in RNA processing (reviewed in Das et al., 1987).  Pol III-based shRNA expression 

constructs have recently become the method of choice to interfere with a gene of 

interest in mammalian cells.  Stable expression using this shRNA approach has the 

potential to recapitulate traditional knockout phenotypes (Sui et al., 2002; Kwak et al., 

2003).   

Although the zebrafish genomic information has been completed and zebrafish 

are widely used for genetic research, U6 snRNA genes have not yet been fully 

characterized.  So far, characterization of U6 promoters has been conducted in various 

vertebrates (Krol et al., 1987; Das et al., 1988; Kunkel and Pederson, 1988; Kudo and 

Sutou, 2005; Lambeth et al., 2005).  In teleost fish, snRNA-type genes have been 

characterized in pufferfish, Fugu rubripes (Myslinski et al., 2004).  However, the U6 

promoters have been reported to only drive species-specific transcription (Das et al., 

1987).  In this study, we report the characterization of the U6 snRNA genes in 

zebrafish.  Genomic organization and the expression of the U6 snRNA genes are 

documented.  To provide sustained vector-based GKD approach, usage of putative the 
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U6 promoter for shRNA expression activity was also investigated in zebrafish and 

other teleost nuclear extracts.   

 

RESULTS

  DNA fragments approximately 550 base pairs (bp) (data not shown) in length 

containing the putative U6 promoter and a partial U6 snRNA coding region were 

amplified by nested PCR using zebrafish genomic DNA as the template.  Sequencing 

these fragments revealed three different types of U6 snRNA genes.  Three U6 snRNA 

genes were classified relying on the different contributions of sequences upstream and 

from within the RNA coding region.  The three genes were randomly designated U6-1, 

U6-2, and U6-3 (Fig. 1).  The complete sequences of the three U6 snRNA genes were 

also cloned.        

  

Characterization of zebrafish U6 snRNA genes 

 The U6-1 gene consisted of 112 nucleotides of RNA coding sequence.  The 

U6-2 and U6-3 genes contained 107 and 106 nucleotides of RNA coding sequences, 

respectively.  All U6 snRNA genes have conserved sequence motifs homologous to an 

intragenic “box A,” which is characteristic of the RNA polymerase III (Pol III) genes 

(reviewed in Das et al., 1987) (Fig. 1).  The termination signals of the U6-1 gene 

consisted of four or five thymidines (Ts).  The U6-2 gene contained five Ts, whereas 

the U6-3 contained four Ts.  The coding sequences of U6-1 showed 85.7% and 86.6% 

homology to the coding regions of U6-2 and U6-3, respectively.  The coding sequence 

of the U6-2 gene was 96.3% homologous to that of U6-3.  The three zebrafish U6 

snRNA genes had high identity with other known U6 snRNA genes (data not shown).  

Using the coding sequences of U6 snRNA as input, phylogenetic analysis indicated 
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that the U6-1 gene was closely related to the mammal U6 snRNA genes, while the U6-

2 was more closely related to the Drosophila U6 snRNA gene than the other U6 

snRNA genes.  In addition, U6-3 has a close genetic relationship with the Xenopus U6 

snRNA gene (Fig. 2). 

 Comparison of the putative promoter regions showed that the nucleotide 

sequences diverged significantly (Fig. 1).  The nucleotide sequences of the 5’-flanking 

regions of all three U6 snRNA genes contained essential upstream elements such as 

“CCAAT boxes”, the proximal sequence elements (PSE), and TATA box sequences.  

Compared to the location of the CCAAT in the U6-2 and U6-3 (-249 to -245) 

promoters, the CCAAT of the U6-1 promoter was located closer to the start site (-244 

to -240).  The predicted PSE consensus sequences, located from -79 to -48, showed 

two highly conserved regional ACCAC (-65 to -61) and AACAT (-52 to -48) 

sequences.  The position of TATA boxes were conserved among the three U6 snRNA 

genes (-31 to -24), although the DNA sequences of the spacer were not. 

 

Genomic organization and expression of U6 snRNA genes 

 In order to identify the location of each U6 snRNA gene on zebrafish 

chromosomes, a BLASTn analysis was performed against the zebrafish genomic 

database.  The sequences of each of the U6 snRNA genes, which consisted of the PSE 

through the coding region and termination signal, were used as the input.  Only perfect 

sequence identity between the input sequences and the genome database were 

identified.  The result showed that the zebrafish genome contained 555 copies of the 

U6-1 gene, which were distributed across different loci on various chromosomes 

(Table 1).  The U6-2 and the U6-3 genes were found to be single copy genes.  To 

examine whether these three putative snRNA genes express detectable mRNAs, RT-
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PCR was conducted with cDNA preparations from zebrafish organs including eyes, 

brain, gill, liver, digestive tract, ovary, and testis.  All three U6 snRNA genes were 

expressed in all tissues examined (Fig. 3), demonstrating that these three U6 snRNA 

genes are constitutively expressed. 

 Another U6 snRNA gene was found when performing the genomic BLASTn 

search which was designated as U6-4.  The coding sequence of U6-4 has totally 

identity to that of U6-3.  However, the sequence of the upstream flanking region was 

76 % homology to that of U6-3.  The putative promoter region of U6-4 contains the 

core regulation elements which were identified in the upstream elements of the 

isolated U6 snRNA genes (Fig.1).  The U6-4 was located as only one copy in 

chromosome 9 (Table 1).    

Transcription of shRNA driven by U6 putaive promoters 

 We conducted in vitro transcription experiments using zebrafish cell extracts to 

confirm the utility of the putative zebrafish U6 promoters for vector-based RNA 

interference.  Three types of shRNA expression cassettes (pU6-1shRNA, pU6-

2shRNA, and pU6-3shRNA) were constructed.  Each expression cassette consisted of 

the putative U6 promoter, the shRNA sequences and the termination sequences (Fig. 

4).  All three U6 snRNA promoters were able to express the shRNA (Fig. 5) in cell 

extracts prepared from zebrafish embryos.  Two transcript signals were observed from 

each putative promoter expression vector, which may be produced by variable 

termination sequences of 4Ts and 5Ts.  In addition, in vitro transcription experiments 

were performed using cell extracts from other fish species, including catfish (Clarias

garienpinus), common carp (Cyprinus carpio), and Nile tilapia (Oreochromis

niloticus).  Fig. 5 shows the expression of the shRNA driven by all three of the U6 

putative promoters in Nile tilapia cell extracts.  None of the three putative U6 
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promoters were transcribed in cell extracts prepared from catfish or common carp 

(data not shown).  The transcription experiments were also conducted using cell 

extracts from two shrimp species (Penaeus monodon and Litopenaeus vannamai).  We 

found that the shRNA transcription products from the U6-1 and U6-2 putative 

promoters showed weak signals in shrimp cell extracts, whereas the U6-3 putative 

promoter transcribed no detectable signal (data not shown).   

 

DISCUSSION 

 Three different U6 snRNA genes (U6-1, U6-2, and U6-3) were isolated and 

characterized from zebrafish, including some of the sequences of the putative 

promoters and the RNA coding regions.  The DNA sequences corresponding to the 5’-

flanking regions of all of the U6 snRNA genes were divergent, except for a few highly 

conserved upstream sequences.  The core promoter elements that regulated the U6 

snRNA genes were identified according to previous reports (Krol et al., 1987; Das et

al., 1988; Kunkel and Pederson, 1988; Kudo and Sutou, 2005; Lambeth et al., 2005).  

Based on their conserved position in all U6 genes, TATA boxes and the PSE were 

characterized.  A distal sequence element (DSE), which is an octamer motif 

(ATTTGCAT), has been found in U6 snRNA genes of human, mouse, cattle, chicken 

and Xenopus (Krol et al., 1987; Das et al., 1988; Kunkel and Pederson, 1988; Kudo 

and Sutou, 2005; Lambeth et al., 2005).  However, this octamer motif was not present 

in the Drosophila U6 snRNA gene (Das et al., 1987).  In zebrafish, instead of the 

octamer motif, all three types of putative promoters have upstream sequences 

homologous to the “CCAAT box” motif, which acts as a functional enhancer in 

several gene promoters (Ach and Weiner, 1991; Park and Levine, 2000).  The position 

of the “CCAAT box” (� -240) was conserved compared to the location of the octamer 
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motif that is generally positioned around -250 nucleotides relative to the transcription 

start site.  Thus, the “CCAAT box” might be identified as the DSE in the zebrafish U6 

snRNA genes.  In summary, the 5’-flanking sequences of the U6 snRNA genes among 

zebrafish, Xenopus, chicken, mouse, human, and Drosophila are not significantly 

conserved, although the nucleotide sequences corresponding to the U6 snRNA coding 

region reveals a high degree of sequence conservation.   

 In general, the U6 gene sequences, including the upstream PSE and TATA 

boxes and the 3’ end T-rich terminator, were used to successfully synthesize U6 

snRNA coding sequence (Das et al., 1988; Goomer and Kunkel, 1992).  Therefore, we 

used each of the 5’-flanking regions up to -79, together with the complete U6 snRNA 

coding region, as the input for the BLASTn analysis of the zebrafish genomic database.  

Whereas the U6-2 and U6-3 genes were each present as a single copy gene, multiple 

copies of the U6-1 gene were located at various loci distributed throughout the 

zebrafish genome.  Similar findings of multigene families of the U6 snRNAs have 

been previously reported by Hiyashi (1981) and Domitrovich and Kunkel (2003). 

 Our sequencing data revealed that there are no additional types of U6 snRNA 

genes found in the products of nested PCR.  However, the genomic BLASTn analysis 

showed another type of U6-4.  The DNA sequences of U6-4 were taken from database.  

Comparison of the putative promoter regions showed that the 5’-flanking region of 

U6-4 contained essential upstream elements such as “CCAAT box”, PSE and TATA 

box sequences.  In addition, the coding region of U6-4 has totally identity to that of 

U6-3.  Taken together, these data suggest that there are four U6 snRNA genes in the 

zebrafish genome.   

 In order to determine whether these three types of U6 snRNA genes were real 

genes or pseudogenes, we performed RT-PCR analysis with cDNA isolated from 
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various zebrafish tissues.  The results showed that all three U6 snRNA coding 

sequences were expressed at detectable levels.  Furthermore, these three genes were 

expressed in all tissues, suggesting these genes can be labeled as “house-keeping 

genes”.   

  Previously, it was shown that U6 promoters that included the DSE could 

enhance transcription (Das et al., 1988).  In humans, the DSE of the U6 snRNA gene 

contributes to the formation of preinitiation complexes (PIC) (Kunkel and Hixson, 

1998).  In this study, therefore, each shRNA expression cassette (pU6-1shRNA, pU6-

2shRNA, or pU6-3shRNA) was generated to contain a “CCAAT box” in the 5’-

flanking sequences.  All three putative U6 promoters initiated expression of the cloned 

shRNA in cell extracts prepared from zebrafish.  As demonstrated in Fig. 5, in vitro 

transcription reactions produced two transcripts, which most likely are the products 

that comprise 4 Ts or 5 Ts, revealing that both 4Ts and 5Ts are effective termination 

signals.  Similar efficient termination of a T cluster is demonstrated in other known U6 

snRNA genes (Krol et al., 1987; Das et al., 1988; Kunkel and Pederson, 1988; Kudo 

and Sutou, 2005; Lambeth et al., 2005).    

 We next sought to extend this finding to other fish species and shrimp cell 

extracts.  The transcription efficiency from these putative U6 promoters in Nile tilapia 

cell extracts was similar to that from zebrafish cell extracts.  However, these putative 

U6 promoters did not promote transcription in cell extracts prepared from catfish and 

common carp.  The putative U6 promoters of the U6-1 and U6-2 genes promote very 

weak shRNA expression in shrimp cell extracts.  Previous findings demonstrated 

variable transcription of the U6 snRNA genes across species.  Das and colleagues 

(1987) reported that the Drosophila U6 snRNA genes could only be transcribed in 

Drosophila cell extracts and not in mammalian cell extracts, suggesting that the U6 
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snRNA genes promoted only species-specific transcription.  Interestingly, the mouse 

U6 snRNA gene could be expressed in frog oocytes (Das et al., 1988).  Moreover, 

commercially available human U6 promoter efficiently transcribed shRNA in chicken 

cell lines (Kudo and Sutou, 2005).  The octamer motif was identified as the DSE in the 

U6 snRNA genes of Xenopus, chicken, mouse, and human, while this octamer motif 

was not found in the Drosophila U6 snRNA genes.  Transcription efficiency across 

species may partially be explained by the fact that the core elements of the of the U6 

snRNA genes promoters are homologous or nearly homologous across species.   

 In conclusion, our findings demonstrate that there are four different types of 

U6 snRNA genes.  They are ubiquitously expressed throughout a variety of zebrafish 

tissues.  One of the zebrafish U6 snRNA genes is present in multiple copies dispersed 

throughout the zebrafish genome.  These U6 promoters could promote shRNA 

expression, suggesting that they have potential to be used for vector-based RNAi in 

zebrafish.  A putative U6 promoter would provide a powerful tool for long-term GKD 

in zebrafish.  Furthermore, these vector-based RNAi technologies might be applicable 

for some aquaculture-related species. 

 

METHODS

Cloning of zebrafish U6 snRNA genes  

The zebrafish U6 snRNA genes were cloned by nested PCR.  Table 2 shows the 

sequence of the oligonucleotides used in this study.  The putative promoter and partial 

U6 snRNA gene fragments were amplified using a zebrafish genomic DNA library as 

the template with �fix-F as the forward primer and reverse primers U6-r1 and U6-r2 as 

the primary and nested primers, respectively.  The first PCR was carried out in a total 
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volume of 10 �l, consisting of 200 �M of each deoxynucleotide, 1 pmol of each 

primer (�fix-F and U6-r1), 1X EX Taq buffer and 0.25 U EX Taq (Takara Shuzo, 

Shiga, Japan).  The PCR reaction was performed at 94�C for 3 min, then 35 reaction 

cycles were run, each consisting of 30 s at 94�C, 30 s at 58�C and 1 min at 72�C.  The 

final elongation step was conducted at 72�C for 5 min.  The resulting PCR product was 

used as the template in a second PCR reaction with �fix-F and U6-r2 as the primers.  

Another partial U6 snRNA gene fragment, including the termination signal, was 

amplified with U6-f1 and U6-f2 as the primary and nested forward primers and with 

the reverse primer �fix-R.  DNA fragments were isolated using the Gelpure DNA 

Purification Kit (GeneMate, Kaysville, UT, USA).  The PCR-amplified DNA 

fragments were cloned into pGEM T-Easy plasmid (Promega, Madison, WI, USA).  

DNA purification was performed using the FlexiPrep Kit (Amersham Pharmacia 

Biotech Ltd, Buckinghamshire, UK).  All clones were sequenced using ALF express 

DNA Sequencer System with a Thermo Sequenase fluorescent labeled-primer cycle-

sequencing kit and 7-deaza-dGTP (Amersham Pharmacia Biotech Ltd).  A 

phylogenetic tree of the U6 snRNA coding region was generated using the neighbor-

joining method (Saito and Nei, 1987).  To locate the U6snRNA genes on the zebrafish 

chromosomes, the zebrafish genome resources (http:www.ncbi.nlm.nih.gov/genome) 

were used to perform a BLASTn search.   

 

RT-PCR with zebrafish organs 

To examine the expression of each U6-snRNA in various organs of the zebrafish, total 

RNA was isolated from tissue samples (brain, eyes, gill, liver, digestive tract, ovary 

and testis) using TRIZOL Reagent (Gibco BRL, Rockville, MD, USA) according to 
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the manufacturer’s protocol and was treated with DNase I during RNA purification.  

First-strand cDNA was synthesized from 2 �g of total RNA using the First-Strand 

cDNA Synthesis Kit (Amersham Pharmacia Biotech Ltd) with random 

hexadeoxynucleotides.  PCR was conducted using ExTaq� (Takara) in 10 �l of the 

reaction solution.  The conditions for PCR cycles were as follows: initial denaturation 

of 3 min at 94�C, followed by 35 cycles of 15 s at 94�C, 15 s at 58�C and 15 s at 72�C.  

The final elongation step was conducted at 72�C for 5 min.  Three pairs of primers 

were designed to amplify the coding DNA of U6-1 (cU6-1f and cU6-1r), U6-2 (cU6-

2f and cU6-2r) and U6-3 (cU6-3f and cU6-3r) (Table 2).  The amplified products were 

separated by electrophoresis on a 15% nondenaturing polyacrylamide gel.      

 

shRNA expression cassette construction 

All U6 promoter-driven short-hairpin RNA (shRNA) vectors (pU6-shRNA) were 

constructed as follows.  Plasmids containing the different types of the U6 putative 

promoters were cloned by nested PCR from zebrafish genomic DNA.  Genomic DNA 

was extracted from the dorsal fin of zebrafish using Wizard� Genomic DNA 

Purification Kit (Promega) according to the manufacturer’s protocol.  PCR was 

performed using ExTaq� (Takara) at 94�C for 5 min, then 35 reaction cycles of were 

run each consisting of  45 s at 94�C, 45 s at 60�C and 45 s at 72�C.  The final 

elongation step was conducted at 72�C for 5 min.  For the first PCR reaction, three 

pairs of primers were designed to clone the putative promoters of U6-1 (pU6-1f and 

U6-r3), U6-2 (pU6-2f and U6-r3) and U6-3 (pU6-3f and U6-r3).  The resulting PCR 

products of the putative promoter of U6-1, U6-2 and U6-3 were used as the template 

in the second PCR reaction with the specific primers (pU6-1f and pU6-1r), (pU6-2f 
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and pU6-2r) and (pU6-3f and pU6-3r), respectively.  Because BamH I and Xba I 

restriction sites were used in all expression cassettes to insert the DNA fragment 

encoding the test transcript, each nested reverse primer (pU6-1r, pU6-2r or pU6-3r) 

(Table 2) in the second PCR reaction was designed to add the restriction enzyme 

BamH I and Xba I sequences downstream of the U6 putative promoter.  Each PCR 

product was cloned into pGEM T-Easy plasmid (Promega) and verified by DNA 

sequencing.  The plasmid containing the putative promoter of U6-1, U6-2 or U6-3 was 

designated as pU6-1, pU6-2 or pU6-3, respectively.  Each plasmid was digested with 

Bam HI and Xba I, so two complementary oligonucleotides could be inserted.

 Because we want to target the zebrafish golden phenotype (Lamason et al., 

2005) in future studies, slc24a5-1 (GenBank accessions no. AY 538713) (nucleotide 

385-405) was used to generate two oligonucleotides (ONs): slc-plus and slc-minus 

(Table 2).  The two ONs were 5’-phosphorylated and hybridized in annealing buffer as 

described previously (Boonanuntanasarn et al., 2005).  After annealing, the double-

stranded DNA (dsDNA) fragment consisted of the 5’-BamH I sticky end, the short 

hairpin RNA (shRNA) sense sequence, the 9-mer loop sequence, the shRNA antisense 

sequence, and the 5 attached thymidines at the 3’end, and the Xba I sticky end.  The 

dsDNA was ligated into each of the Bam HI/Xba I digested pU6-1, pU6-2 and pU6-3 

vectors to generate shRNA expression cassettes: pU6-1shRNA, pU6-2shRNA and 

pU6-3shRNA, respectively.  All plasmid constructs were sequence-verified.  The 

templates for in vitro transcription containing the shRNA driven by each U6 promoter 

(Fig. 4) were PCR-amplified with primers (pGEM-f and pGEM-r).  Using pU6-

1shRNA, pU6-2shRNA or pU6-3shRNA as a template, PCR was conducted using 

ExTaq� (Takara) at 94�C for 3 min, then 40 reaction cycles of were run each 

consisting of  45 s at 94�C, 45 s at 60�C and 45 s at 72�C.  The final elongation step 
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was conducted at 72�C for 5 min.  The amplified products were isolated using the QIA 

quick� Gel Extraction Kit (Qiagen, Hilden, Germany).     

    

Preparation of fish cell extracts

In order to investigate the expression of the putative U6 snRNA promoter, fish cell 

extracts were prepared from zebrafish.  We also tested the transcription activities of all 

of the zebrafish U6 putative promoters across species in cell extracts prepared from 

common carp (Cyprinus carpio), Nile tilapia (Oreochromis niloticus) and catfish 

(Clarias garienpinus) obtained from the Fisheries Farm, Suranaree University of 

Technology Farm (Nakhon Ratchasima, Thailand) and marine shrimps.  In fish, cell 

extracts were prepared from fry during swim-up stages.  Marine shrimp in post-larvae 

stages 10-15 were also used to prepare cell extract samples.  First, fish or shrimp were 

anesthetized in 300 ppm of phenoxy ethanol.  All cell extracts, which contained the 

enzyme RNA Pol III, were prepared following a modification of the procedure 

described by Weil and colleagues (1979).  Briefly, the samples were cut into 5 mm-

pieces in ice-cold PBS.  After washing three times in PBS, the samples were incubated 

in twice the volume of ice-cold hypotonic solution (10 mM HEPES-KOH, pH 7.9, 10 

mM KCl, 1.5 mM MgCl2, 0.5 mM dithiothreitol) for 10 min and homogenized for 5 

strokes.  One-tenth volume of hypotonic stop solution (0.3 M HEPES-KOH, pH 7.9, 

1.4 M KCl, and 0.03 M MgCl2) was added.  The homogenate was centrifuged at 

100,000 x  g at 40C for 1 h.  The supernatant was used for protein determination using 

a Total Protein Kit, Micro Lowry (Sigma, MO, USA).  Extracts with a protein 

concentration of 5 mg/ml were stored at -800C until they were needed for in vitro 

transcription.        
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in vitro transcription and northern blot analysis 

Transcription reactions were carried out essentially according to Fan et al. (2005) with 

slight modifications.  The 300-�l reaction mixture contained 900 �g protein of each 

fish embryo extract, 20 mM HEPES-KOH, pH 7.9, 80 mM KCl, 5 mM MgCl2, 1 mM 

EDTA, 1 mM dithiothreitol, 10% glycerol and 1.5 mg of each template DNA.  In order 

to allow for preinitiation complex formation (PIC), the transcription mixtures were 

incubated at 280C for 30 min.  Transcription reactions were initiated by adding 250 

�M of rNTP and allowed to proceed for 1.5 h at 280C.  The reactions were stopped by 

adding one-tenth volume of stop solution (5 % SDS, 100 mM EDTA, 1 M sodium 

acetate, pH 4.8).  Subsequent to the transcription reaction, the mixtures were treated 

with DNaseI (RNase-free), extracted with phenol/chloroform and precipitated with 

ethanol.  The precipitates were resuspended in loading buffer (95% formamide, 18 

mM EDTA, 0.025% bromophenol blue, 0.025% xylene cyanol, 0.025% SDS), heat-

denatured and loaded on a 15% denaturing polyacrylamide gel with 8 M urea.  

Following electrophoresis, the gels were electroblotted onto HybondTM-N+ membranes 

(Amersham).  After baking at 800C for 2 h, the membranes were hybridized overnight 

with the 3’dioxigenin (DIG)-labelled synthetic oligodeoxynucleotde (Sigma- Proligo, 

Singapore) complementary to the antisense shRNA strand.  The membranes were then 

washed and incubated with anti-digoxigenin-AP antibodies (Roche, Mannheim, 

Germany).  The signals were detected with NBT/BCIP kit (Roche) according to the 

manufacturer’s protocol. 
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Table 1  Chromosomal locations of U6 snRNA loci 

U6  

Locus 
Chromosome Number of loci 

Number of 

copies 
strand 

U6-1 

 

1 

3 

4 

5 

12 

14 

18 

20 

23 

Not placed 

1 

2 

2 

2 

1 

11 

1 

1 

1 

3 

2 

56 

121 

60 

6 

260 

3 

1 

15 

31 

Minus 

Plus 

Plus and 

Minus 

Plus and 

Minus 

Minus 

Plus and 

Minus 

Plus and 

Minus 

Plus 

Plus 

Plus and 

Minus 

U6-2 21 1 1 Minus 

U6-3 11 1 1 Plus 

U6-4 9 1 1 Minus 

The four U6 loci are numbered randomly.  “Number of Loci” refers to the 

number of U6 snRNA locations on each chromosome.  “Number of copies” refers to 

the total copies of each U6 snRNA gene on each chromosome.
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Table 2 Primers and oligonucleotides used in this study

Primer Sequence 

�Fix-F 

�Fix-R 

U6-r1 

U6-r2 

U6-r3 

U6-f1 

U6-f2 

cU6-1f 

cU6-2f 

cU6-3f 

cU6-1r 

cU6-2r 

cU6-3r 

pU6-1f 

pU6-2f 

pU6-3f 

pU6-1r 

pU6-2r 

pU6-3r 

slc-plus 

 

slc-minus 

 

pGEM-f 

pGEM-r 

5’-GAGCTCTAATACGACTCACTATAGG-3’ 

5’-GAGCTCAATTAACCCTCACTAAAG-3’ 

5’-TATGGAACGCTTCACGAAT-3’ 

5’-TGCGTGTCATCCTTGCGCAG-3’ 

5’-TGCGCAGGGGCCATGCT-3’ 

5’-GTGCTTGCTTCGGCAGCACA-3’ 

5’-TGGAACGATACAGAGAAGAT-3’ 

5’-GTGCTCGCTACGGTGGCACA-3’ 

5’-GTGCTTGCTTCGGCAGCACG-3’ 

5’-GTGCTTGCTTCGGCAGCACA-3’ 

5’-AAAACAGCAATATGGAGCGC-3’ 

5’-AAAATGAGGAACGCTTCACG-3’ 

5’-AAAAGATGGAACGCTTCACG-3’ 

5’-TCCATATTGCTGTTTTAGTGCGTGG-3’ 

5’-TGGCTTCAAGTCTCTCAGCG-3’ 

5’-TCCGAGAGTCTGTGAATGTT-3’ 

5’-TCTAGACTCGAGGGATCCGTGGACAGGCTCAGGGC-3’ 

5’-TCTAGACTCGAGGGATCCAGAGCTGGAGGGAGAGC-3’ 

5’-TCTAGACTCGAGGGATCCGGAGCCTGGAGGACTGC-3’ 

5’-GATCCGGGCGACATCGGCGTCAGCTTCAAGAGAGCTGACGCCGA 

TGTCGCCCTTTTTT-3’ 

5’-CTAGAAAAAAGGGCGACATCGGCGTCAGCTCTCTTGAAGCTGACG 

CCGATGTCGCCCG-3’ 

5’-TAATACGACTCACTATAGGGC-3’ 

5’-GGAAACAGCTATGACCATGA-3’ 
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FIGURE LEGENDS 

FIG. 1. Sequences of four zebrafish U6 snRNA genes.   

The four U6 snRNA genes were numbered randomly.  Note that the sequence of the 

U6-4 was taken from zebrafish genomic database (NW001514080.1).  CCAAT boxes 

are indicated by a black box.  The white and the gray boxes highlight the predicted 

PSE and TATA box elements, respectively.  The start site of transcription, G, is shown 

as position +1.  A dashed box indicates an intragenic control region “box A”.  

Termination signals are underlined. 

 

FIG. 2. Phylogenetic tree of the U6 snRNA coding sequences.   

The tree was constructed based on the neighbor-joining method (Saito and Nei, 1987) 

using the DNA sequences listed below.  GenBank accession numbers for the U6 

snRNA genes included in the analysis are human (X07425), mouse1 (X06980), mouse2 

(M10329), Xenopus (M31687) and Drosophila (AH004871).  Note that the coding 

sequence of U6-4 is 100 % homologous to that of U6-3. 

 

FIG. 3. RT-PCR of the three U6 snRNA transcripts in various zebrafish tissues.  

cDNAs were synthesized from total RNA extracted from various tissues including 

liver (1), ovary (2), eyes (3), brain (4), gill (5), digestive tracts (6) and testis (7).  

Distilled water was used as the template in the negative control (N).  Note that all three 

of the U6 snRNAs are expressed in all tissues examined. 
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FIG. 4. Schematic illustrations of the putative zebrafish promoter-driven plasmid 

vector for shRNA.  See Fig. 1 for the PSE sequences.  The shRNA fragment consisted 

of shRNA sense,  

a 9-mer loop, shRNA antisense and termination sequences.  These cassettes were 

PCR-amplified and used as the template for in vitro transcription. 

 

FIG. 5. Northern blot analysis of each of the putative zebrafish promoter-driven 

shRNAs in cell extracts prepared from zebrafish and Nile tilapia.  The structures of the 

shRNA expression cassettes are shown in Fig 4.  U6-1, U6-2 and U6-3 denote the 

transcripts produced from the templates, which were PCR-amplified from pU6-

1shRNA, pU6-2shRNA and pU6-3shRNA, respectively.  Note that two bands were 

observed in each transcription assay, showing that the transcripts consisted of both 4 

Ts and 5 Ts. 
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