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With the completion of zebrafish genome sequencing project, it becomes
possible to analyze the function of zebrafish genes in a systematic way. The first
step in such an analysis is to inactivate each protein-coding gene by targeted or
random mutation. Here we describe a streamlined pipeline using proviral
insertions coupled with high-throughput sequencing and mapping technologies
to widely mutagenize genes in the zebrafish genome. We also report the first
6,144 mutagenized and archived F;’'s predicted to carry up to 3,776 mutations in
annotated genes. Using in vitro fertilization, we have rescued and characterized
roughly 0.5% of the predicted mutations, showing mutation efficacy and a variety
of phenotypes relevant to both developmental processes and human genetic
diseases. Mutagenized fish lines are being made freely available to the public
through the Zebrafish International Resource Center. These fish lines establish
an important milestone for zebrafish genetics research and should greatly

facilitate systematic functional studies of the vertebrate genome.
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The zebrafish genome, along with the mouse and human genomes, are the only three
vertebrate genomes that have been sequenced to a degree that they can be considered
“finished” (Waterston et al. 2002; International Human Genome Sequencing Consortium
2004). Gene knockout remains the fundamental mechanism for deciphering protein
function in vivo, and the first step in leveraging the full power of a model organism’s
genome project is a systematic mutation of all genes. In the last two decades, zebrafish
has rapidly become a widely utilized model organism for studying vertebrate
development and modeling human diseases. One of the primary reasons for the
popularity of zebrafish is that they are particularly amenable to genetic studies, allowing
the identification of mutations affecting both embryonic development and adult
homeostasis. For zebrafish, most “forward” genetic studies have been conducted using
the chemical mutagen ethylnitrosourea (ENU) (Solnica-Krezel et al. 1994) followed by
screening for phenotypes of interest and positional cloning of the mutated genes (Talbot
and Schier 1999; Bahary et al. 2004). However, for a systematic approach (e.g. one that
allows testing gene function for entire classes of genes, or even the entire genome in a
non-redundant fashion), it is more effective to first create mutations in all genes and
subsequently evaluate the effects of these mutations (i.e. “reverse” genetics). Because
zebrafish are amenable to large-scale screening efforts (Mullins et al. 1994; Amsterdam
and Hopkins 1999) and they now have a completely sequenced genome (Howe et al, in
press), they are an ideal organism for systematic reverse genetics in a vertebrate, and
testing all protein coding genes in the zebrafish genome via reverse genetics is an
achievable goal. As an alternative to ENU, Moloney murine leukemia virus ([M]MLV)

based insertional mutagenesis has been demonstrated to be an efficient approach for
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mutagenizing thousands of genes both in mouse embryonic stem cells (Friedel et al.
2005) and in large-scale zebrafish genetic screens (Amsterdam and Hopkins 1999). A
major advantage of retroviral mutagenesis over ENU is that it allows for rapid
identification of the mutated gene through the use of the proviral integration as a
molecular “tag” at the site of insertion (Gaiano et al. 1996). Now that the zebrafish
genome project is approaching completion, it is possible to isolate DNA fragments
flanking the proviral integration on a large scale, sequence them and map the fragments
to the proper location in the zebrafish genome, and then index the integration sites to
cryo-preserved sperm samples. With this approach, a mutant line could be generated
through in vitro fertilization of the frozen sperm sample containing an integration within
the gene of interest (Wang et al. 2007). Here we have developed a new retroviral
mutagenesis pipeline leveraging the power and cost efficiencies of a next-generation
sequencing platform to isolate thousands of zebrafish gene mutations. We report the
first 6,144 mutagenized and archived F; fish predicted to carry up to 3,776 mutations in
zebrafish genes. The mutagenesis is ongoing and the mutagenized lines are being
transferred to the Zebrafish International Resource Center (ZIRC) (Varga 2011) for
open distribution to the research community. Large-scale mutagenesis of the zebrafish
genome is the first step in defining the in vivo function of every gene in the zebrafish
genome, and this retroviral mutagenesis resource complements other efforts in

zebrafish to identify mutations using TILLING and gene trap technologies.
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RESULTS

We infected zebrafish founder fish with pseudotyped [M]MLV as described earlier
(Wang et al. 2007). We generated >3,000 mosaic founder fish carrying multiple
retroviral insertions. Each founder fish was then outcrossed with wild-type fish to obtain
heterozygous F; fish. An average of six male F; fish per founder (ranging from 4 to 10
depending on the level of infection) were used to archive sperm samples and tail-
biopsies was collected for insertion site identification. The outline of the approach used
in this manuscript is shown in Figure 1. In our previous strategy, the most cost effective
structure was to limit the sequences to 4 per fish (Wang et al., 2007). This maximized
the number of unique sequences per fish, but capturing all the integrations was unlikely
because of PCR amplification biases and limited sampling. Next generation sequencing
platforms have the potential to overcome this limitation by making massive over-
sampling of sequences inexpensive and therefore cost effective. We redesigned our
mapping pipeline to take advantage of the depth of sequence afforded by next

generation sequencing platforms.

Development of a high-throughput multiplexed mapping strategy

By adapting our mapping strategy to utilize Illumina HiSeq 2000 sequence data, we
were able to significantly improve the efficiency of identifying the sequences flanking
proviral integrations at a substantial reduction in cost. Each fish was receiving on
average =390,000 sequences. This allowed us to use three frequently cutting restriction

enzymes in parallel: (Msel T/TAA, Bfal C/TAG, and Csp6l G/TAC), rather than just the
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single enzyme Msel. Therefore if one restriction site was too close for mapping, the
other sites provided additional chances for successful mapping.

Data generated using the new method captured a wider range of flanking sequences
than did the original published single enzyme method. We adapted our linker-mediated
PCR amplification protocol so that amplified genomic DNA adjacent to the retroviral
integration sites could be directly sequenced on the HiSeq 2000 (Figure 2). To link a
particular amplified fragment to the F; fish from which it originated, it was necessary to
incorporate an index for the sequenced DNA fragments in the form of a 6-base
“barcode” sequence adjacent to the ligation site of the linker (Figure 2). We synthesized
1,024 non-redundant linkers each containing a unique barcode, differing by at least two
nucleotides between each bar code to avoid incorrect assignment by sequencing
miscalls. This allowed us to multiplex hundreds of samples in one sequencing lane.

The Illumina HiSeq 2000 with “paired-end” reads provided up to 200 million paired
sequencing reads per lane, with 8 lanes on a chip. The platform routinely generated
sequencing reads of 101 bp from each end of a paired-end sequence, for a maximum of
202 bp of total sequence. Using the standard lllumina sequencing primers, we had to
sequence through our LTR and linker primers, which were both 25bp long. We therefore
obtained 76 bp of sequence from the viral LTR side, and 70 bp of genomic sequence
plus the 6-bp barcode index from the linker end. We had a maximum of 146 bp of
sequence used to map integrations, larger than the average genomic fragment length
sequenced (based on restriction enzyme site availability, it is =65 bp) with 46% of the

sequences having overlap between the paired-end reads.
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Insertion site mapping strategy

We developed a new customized bioinformatics pipeline to map retroviral insertions in
zebrafish genome. Each side of the raw sequence data was trimmed of LTR sequences
or linker sequences. Barcodes for each fish were identified, indexed to the sequence
but trimmed before alignment with the genome. We used two independent strategies to
process the raw sequence data (contig construction or independent end mapping),
followed by mapping retroviral integrations using the Bowtie algorithms (Langmead et
al. 2009) (Figure 3, see supplemental figure 1 for details of mapping strategy). A
“consensus” list of unique integration coordinates based on the two different mapping
strategies proved to significantly eliminate mis-mapped integrations, allowing a better

recovery rate of correctly mapped integrations after in vitro fertilization.

Zebrafish mutations generated from proviral integration

We utilized the new protocol to map retroviral insertions generated from founder
injections. We processed F1; genomic DNA samples from 6,144 male zebrafish (sixty-
four 96-well plates) with matching cryo-preserved sperm using the overall approach
described. Of the 6,144 F; fish, 15,223 unique integration sites (integrations with
different genomic coordinates) were mapped using the consensus list from the two
different mapping strategies. Among all insertions mapped to the genome, 52% of the
integrations (7,896/15,223) were in genes annotated by Ensembl. Insertions in exons
generate a truncation at the site of integration, and our mapping data shows 12% of the
gene hits were in exons (963/7,896). 88% (6,933/7,896) of the gene “hits” were in

introns. [M]JMLV has a known bias to integrate near transcriptional start sites, and
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further analysis of the introns hits show 40% of the integrations (2,813/6,933) that
occurred in introns were in the first intron (Table 1 and Figure 4 A, B). This is consistent
with the previous studies in mice (Mooslehner et al. 1990; Scherdin et al. 1990) and
human tissue culture cells (Wu et al. 2003). Overall 60% (9,189/15,223) of all
integrations landed either in genes or within 1 kb upstream or downstream of genes.
The mapped integrations showed roughly equal distribution across all chromosomes
(Figure 4 D). In order to determine if we could expect a broad distribution of identified
mutations, we looked at the distribution pattern for predicted mutations. As expected,
the vast majority of identified mutations have been hit only once (3,937), meaning we
are still well below saturation for the technique. However, there are some clear hot
spots for integration with 97 instances of genes hit independently more than five times
(based on uniquely mapped coordinates) and five examples of genes hit more than 10
times (Figure 4 C). The overall integration distribution profile is consistent with our
previous studies (Wu et al. 2003; Wang et al. 2007).

We have previously shown that integrations both in exons and in the first intron of genes
are highly mutagenic (Wang et al. 2007). In 80% of genes that contained integrations in
their first intron, mMRNA levels were reduced to <10% of wild-type. Nearly one in five
retroviral integrations is predicted to result in a disruption that reduces the gene
expression level to 10% or less of the wild-type level (for the case of integrations in
intron 1) or a truncation at the site of integration (for cases where the integration lands
in an exon) (Wang et al. 2007). Extrapolating from our previous data, the number of
potential null or severe hypomorph mutants in our data is up to 3,776. The number of

unique genes for these mutations is 3,054.
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Recovery of mapped insertions.

Using more conservative mapping methods we can recover alleles from frozen sperm
stocks at up to a 79% success rate. We attempted to recover 197 alleles from our
frozen samples. We confirmed 156 (79%) using PCR primers designed from sequences
adjacent to the site of insertion. Another 4 were recovered based on primers designed
to the raw sequencing data, but could not be confirmed to be in the correct genomic
location suggesting that gene is not correctly mapped to the genome despite

supposedly having a unique mapping position.

Phenotypic characterization of recovered alleles

Genetic screens focused on zebrafish morphology have typically been performed during
the first five days of embryonic development. As expected, our retroviral insertional lines
produced early embryonic phenotypes (Figure 5). To demonstrate the utility of this
resource in producing biological information beyond embryonic development of
zebrafish, we analyzed the nature of 41 mutations we recovered by in vitro fertilization
through larval and adult lifespan (Supplementary Table 2). The F, fish (counting
generations from the founder fish) were raised to adults then genotyped to identify
mutant carriers. F, heterozygous mutant carriers were inbred and the embryos were
examined for early developmental defects. 12 of the 41 showed obvious morphological
defects in the developing embryo and all of them were genetically linked to the
predicted mutagenic insertion. We tested embryos from each mutant line by semi-

guantitative RT-PCR to determine if the mRNA for the predicted mutations were
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affected and found that all of them showed significant reduction in mRNA transcript
levels.

For all the mutations that did not have an early embryonic phenotype, we raised the F3
generations and genotyped the fish once they reached sexual maturity. In most of the
lines, we could detect the normal Mendelian ratios of 1:2:1, suggesting that the mutated
genes did not have a significant impact on viability in a laboratory setting.

Figure 5 shows several phenotypes identified in the tested alleles. We show four
examples of genes that showed early embryonic phenotypes: weel mutants showed a
very early cell death phenotype (Figure 5 A), eif3s2 mutants showed defects in arterial
patterning, snapclb mutants showed liver and jaw defects, and rpa mutants showed a
curled body axis and deficient brain and head structures. We had one allele
(Zgc:194470) that had a juvenile morphological phenotype of overgrowth and two cases
(SIc7A5 and Tg) that had clear morphological phenotypes in adults. Zgc:1944707
mutants were fully viable but had a larger body size by day 10-12 (Figure 5E), although
eventually they became indistinguishable from their wild-type siblings. Slc7A5" adults
were significantly smaller than their wild-type siblings and Tg™ siblings had an enlarged
red growth under their chins resembling a thyroid hypertrophy (Figure 5F,G) (Jao et al.
2008). These data demonstrate that this resource will generate not only mutations that
would be readily identified as early developmental defects in forward screening, but can
also identify genes that reduce viability, cause adult onset diseases, or alter adult

morphology.

Distribution of mutants

10
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After the integrations are mapped, the archived sperm samples are being deposited at
the Zebrafish International Resource Center (ZIRC) for open distribution to scientific

community.

Discussion

We have mapped 15,223 [M]MLV proviral integrations onto the zebrafish genome
resulting in 3,776 predicted mutations in 3,054 genes (see Supplementary Table 1). By
adapting the mapping pipeline from capillary sequencing to the HiSeq 2000, the number
of sequences per F; fish increased from 4 sequences per fish to 390,000 sequences
per fish. The extreme oversampling results in essentially saturating our ability to identify
existing integrations (because of limited sampling and cost considerations, our previous
approach only recovered approximately 20% of the existing integrations). Approximately
24% of all integrations are either in exons (6%) or in the first intron (18%) (Table 1).
There were multiple examples of genes with more than one unique integration,
suggesting that as number of identified integrations increases we will eventually reach a
point where we will need to shift to an insertional DNA element with a different
integration bias to reach genomic saturation.

We successfully recover nearly 80% of the retroviral integrations from the frozen sperm
samples. The failures to recover mutations could reflect mistakes in the genome
assembly, gaps in the genomic sequence where the integration would have mapped, or
polymorphisms that result in a mis-alignment. In addition, some rate of human error
cannot be discounted. We expect the recovery rate to improve as updated versions of

the zebrafish genome are released.
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It is important to note the differences between our mapping approach compared to
mutagenesis projects using [M]MLV previously undertaken in mouse embryonic stem
cells. The mouse projects were very large-scale efforts, however, they relied on gene
trap constructs and reporter expression (typically antibiotic resistance) to select for gene
trap events. Thus the number of genes ultimately trapped by this approach cannot
exceed the number of genes expressed at the time of retroviral infection and traps
require both correct orientation and in-frame splicing events. Because of these
limitations, typically gene traps do not end up trapping more that 50% of all genes in the
genome. Because our approach does not rely on gene expression, but only on
identifying the exact site of integration, it is likely that we will be able to mutagenize a
significantly larger number of genes before the approach reaches saturation. Based on
the vast majority of mutations we have identified so far having only one integration
event (Figure 4 C), we believe we are still very far from saturation for this approach and
we can continue to generate new mutations for several years. All frozen sperm samples
are transferred to the Zebrafish International Resource Center. Each F; fish has four
frozen samples. If particular mutations are requested multiple times, ZIRC will use one
sample to raise multiple fish and re-freeze the samples. Making this a durable mutant
resource.

Recently, transcription activator-like effector nucleases (TALENS) are being used as an
alternative method for knock out genes in zebrafish (Huang et al. 2011; Bedell et al.
2012). While TALENs are an effective tool in for targeted mutagenesis, scaling this
method to mutagenize thousands of genes would be very difficult, and no genome-wide

resource utilizing TALENS is currently available.
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One of the key aspects of generating a defined collection of mutations in a broad
spectrum of zebrafish genes is the utility of these alleles for generating models for
human disease. Approximately 1/3 of the integrations we predict to be mutagenic were
in exons (Table 1 and Figure 4 B), these are pure disruptions at the site of integration.
The remaining alleles were in the first intron are typically severe hypomorphs based on
measured mMRNA levels. Extensive literature in C. elegans, Drosophila, and even
mouse, have demonstrated that “weaker” alleles are often, if not in the majority of
cases, superior to a null allele when analyzing gene effects in a multi-cellular organism.
It is also worth mentioning that most human genetic diseases are hypomorphic
mutations and pathology is identified well after the embryonic stage.

The indexing technique and mapping pipeline we developed for pooling samples into a
single lane of the lllumina HiSeq2000 have important utility in a variety of research and
clinical settings. The main advantages are: 1) a greater than ten-fold reduced cost
compared to capillary sequencing with an =58% improvement in identifying integrations,
2) simple sample preparation that is amenable to scaling and automation. The
technique does not require sonication of samples (Williams-Carrier et al. 2010) and has
deeper sampling than 454 (Ciuffi et al. 2009). It is likely that the deeper sequencing is
compensating for distortions caused by PCR amplification and other site cloning biases
that may occur. The technique can be readily modified to map any DNA element being
inserted into any sequenced genome. It has utility for mutagenesis using transposons
such as Tol2 or Piggyback, or in gene therapy experiments with any vectors that stably

integrate into the genome.
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METHODS

Generation of Virus-infected Fish and Cryopreservation

Founder production, F; fish husbandry, and cryopreservation of sperm samples were
performed as previously described (Wang et al. 2007). In brief, retroviral stocks were
prepared according to Jao et al.(Jao and Burgess 2009), and synchronized embryos
were obtained from wild-type T/AB-5 fish. The concentrated viral stock was injected into
blastula stage embryos (1000-2000 cell stage). Injected embryos were tested for the
efficiency of proviral infection using gPCR-based assays to determine the copy number
of the provirus (embryo assay values, EAV). High-quality founder fish with high EAVs
were raised and F; fish were generated by outcrossing with wild-type fish. 5-10 F; male
fish per founder were selected for cryopreservation and to map the retroviral
integrations. The sperm from each F; fish line was collected and frozen, and the

corresponding tail-cut was used to isolate genomic DNA for mapping.

Genomic DNA Preparation and Fragmentation

Genomic DNA was isolated from F; fish tail biopsies. In 96-well plates, each F; tail
sample was lysed with 100pl of lysis buffer (10 mM Tris/HCI pH 8.0, 1mM EDTA, 50mM
KCI, 2mM MgCl,) 20 pg/ul proteinase K (Invitrogen, Inc. USA). After digestion at 55°C
for 3 hrs, the DNA was precipitated with isopropanol, and washed with ethanol. The
DNA pellet was dissolved in 50 pl of distilled water. We used approximately 500ng of
genomic DNA for fragmentation using 3 pairs of restriction enzymes (Msel/Pstl,

Bfal/Banll (New England Biolabs, Inc. USA) and Csp6l/ ECo024| (Fermentas, Inc. USA))

14
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in parallel. The restriction digestion was done at 37°C for 8 hours and heat inactivated

at 80°C for 10 minutes.

Preparation of Barcoded Linkers

The barcode linkers followed a “splinkerette” design (Devon et al. 1995) with a 31
nucleotide long upper strand and 49 nucleotide long lower strand including a 6-nt
barcode and a TA overhang. They were synthesized on 10 nm scale by IDT DNA Inc.
The synthesized oligonucleotides were reconstituted in TE buffer to a 200uM
concentration master stock. A 2 uM working concentration was prepared in STE buffer
(TE with 50 mM NacCl). Barcode linkers were annealed at 70°C for 3 minutes, and 65°C
for 10 minutes. A final concentration of 0.2 UM was used to ligate onto the restriction
enzyme digested genomic fragments. The digested samples from each enzyme pair
were pooled with pre-aliquoted barcoded linker in individual wells. The T4, DNA ligase
(New England Biolabs, Inc. USA) was added, and the reaction mix was incubated at

16°C for 6 hours.

Linker Mediated PCR

The linker mediated PCR was performed in two steps. In the first step, PCR was done
with one primer specific to the 3- LTR (5-GACTTGTGGTCTCGCTGTTCCTTGG-3)
and the other primer specific to linker sequences (5-GTAATACGACTCACTATAGGGC-
3’) using the following conditions: 95°C for 2 minutes, 7 cycles of 95°C for 15 seconds,
72°C for 1 minute and then 32 cycles of 95°C for 15 seconds, 67°C for 1 minute and a

final step for 4 minutes at 67°C. The PCR products were diluted to 1:50 in dH;0, and a

15
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second round of PCR was performed using LTR (5'-
GAGTGATTGACTACCCGTCAGCGGGGGTCTTTCA-3) and Linker specific (5° -ACT
ATAGGGCACGCGTGGTCGACTGCGCAT-3’) nested primers to increase sensitivity
and avoid non-specific amplification. The nested PCR products from each 96-well plate
were pooled together and processed for lllumina library preparation as per

manufacturer’s instructions.

lllumina Library Preparation

[llumina libraries were prepared from 1 pug of pooled PCR products. lllumina paired-end
adaptors were ligated onto LTR-gDNA-linker amplicons generated from the nested PCR
reactions following Illumina’s sample preparation guide. In brief, the PE adaptor oligo
mix was incubated with PCR amplicons using T, DNA ligase at RT for 20 minutes. The
ligation reaction was cleaned up using a QIAquick Min-elute column (QIAGEN) and
eluted with EB buffer. The purified library was PCR-enriched with Phusion High-Fidelity
polymerase in HF buffer. PCR was performed using primers (PE primer 1.0 and PE
primer 2.0) supplied with the lllumina paired-end kit with the following conditions: 30
seconds at 98°C, 15 cycles of 98°C for 10 seconds, 65°C for 30 seconds, 72°C for 30
seconds, followed by a 5 minute at 72°C, and a final hold at 4°C. The PCR enriched
library was purified using a QIAquick Min-elute column, and eluted in 20 ul of EB
solution. An equi-molar concentration of different barcoded libraries were pooled
together, and the final concentration was determined using quantitative PCR prior to

loading onto the lllumina sequencer flowcell.

16
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Retroviral Integration Mapping

Paired-end sequencing of multiplexed samples was performed on the lllumina GAlIx or
HiSeq 2000 platforms. Sequence reads were extracted from the ELAND or BAM files
generated by the sequencer. Non-zebrafish sequences were trimmed from each read.
The six-base nucleotide "barcode" sequence was then identified and compared to a
database of indexed sequence codes. The resulting trimmed sequences were mapped
to the zebrafish genome (Ensembl Zv9 assembly build e65) using Bowtie. In order to
increase confidence in the ability to recover a specific integration, integration sites with
230 redundant mappable sequence reads were selected as higher confidence. Two

bioinformatics methods for processing and mapping sequences were used.

Mapping method one

Pre-processing and alignment of proviral insertion sites

We assembled a curated, single-ended library from the original paired end reads
(Supplemental Figure 1). Each of the single sequences is assembled in the form 5'-
Linker-barcode-flanking genomic sequence-LTR-3'. A brute force exact alignment
algorithm (Castruita et al. 2011) was used to align the paired reads along their
overlapping regions and to find the location of both the linker and LTR sequences. All
sequences are then stored in the form: 5'-linker-barcode/ flanking genomic sequence/
LTR-3’ for downstream analysis. Flanking sequences were extracted and aligned to the
zebrafish genome assembly Zv9 using Bowtie (Langmead et al. 2009) with a tolerance
of one mismatch. Only reads longer than 11 nt and with unambiguous alignments were

used to pinpoint the insertion locus.
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Some flanking sequences were sufficiently long that the paired reads did not overlap. In
these cases, an oriented pseudo single end sequence was generated in the form 5'-
Linker-barcode/ flanking genomic seql/ N-flanking genomic seq2/ LTR-3'. The resulting
flanking sequences were separately mapped to Zv9 using Bowtie (Langmead et al.
2009). Multiple hits were filtered to keep a maximum of 20 hits per read. In our model,
the paired flanking sequences have a unique alignment if hits from both sequences are
aligned to the same chromosomal region, same strand orientation, are at a distance of
less than 1kb between hits, and there is only one hit-pair that meets the above

requirements.

Identifying insertion sites

All unique hits (i.e. unambiguously mapped to a single location in the genome) from the
pre-processing step were pooled, and integration coordinates were extracted from the
Bowtie mapping output. The integration site was defined as the genomic coordinate
immediately adjacent to the portion of the read to which the 3' LTR had been attached.
The 3'-LTR end position was used to determine redundant sequences for each barcode
or sample, and the longest fragment was used as representative to report and display
the insertion locus.

For reporting and viewing the data, a bed-formatted file was produced, which give the
chromosome, flanking sequence start, flanking sequence end, barcode, frequency
(number of reads per integration site) and orientation of each integration and is

available as a download from http://research.nhgri.nih.gov/ZInC/ (Varshney et al. 2013).
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Annotation of integration loci

The gene annotation file Ensembl ZV9 e65 was used to build a “One gene, One
transcript” gene structure model (see Supplementary Figure 2) as the exonic union of all
the annotated transcripts. Finally, bedtools was used to determine the overlap between
the integration and the gene model, and integration sites were annotated as explained

above.

Mapping Method Two

Trimming and orienting retroviral tag sequences, and barcode identification

Prior to mapping the reads, a custom script was run through to trim off the 3’ retroviral
LTR and linker cassette (LC) sequences and identify the barcodes. Sequence reads
were discarded if they did not contain either the 3’ LTR or the LC primer sequence in
their 5° end. The six nucleotides directly adjacent to the LC primer sequence
represented the barcode. Sequences were trimmed of the 3' LTR and/or LC sequence
as well as the barcode, the barcode was noted for sample identification, and the

trimmed sequence was used for mapping integrations.

Mapping retroviral tags

Bowtie (Langmead et al. 2009) was again used to map the trimmed retroviral sequence
tags to the Zv9 zebrafish genome assembly, allowing for one mismatch. Since the site
of retroviral integration and the sample barcode could occur on separate mate pairs, it
was important to perform paired-end sequencing. However, sequence ends were

mapped separately due to wide variation in both the trimmed sequence lengths and the
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distances between the mate pairs. As above, the integration site was defined as the site

of LTR insertion.

Pairing mapped sequence ends, collapsing redundant sequences, and identifying
integration sites

After mapping, corresponding ends were paired and uniquely mapping read pairs were
used to identify insertion sites. The following criteria were used for pairing and
determining uniquely mapped insertion sites: both ends must map to the same
chromosome within 1 kb of each other, and with the correct orientation (the 3’ ends of
the reads should point towards each other). Priority was given to the mapping that
resulted in the smallest number of mismatches (supplemental figure 1B). The number of
redundant sequences was recorded. Integration sites with 260 redundant sequence

reads were used for downstream analyses.

Annotation of retroviral integration sites

The genomic position of retroviral integrations was compared to those of zebrafish gene
models obtained from Ensembl Zv9 e65. A custom perl script(Hu et al. 2008) was run to
identify those retroviral insertions that occurred within a gene or 1 kb upstream or

downstream of a gene.

Data Access
All the sequence data from genomic DNA adjacent to the insertion sites used for
mapping has been deposited in the public NCBI GSS database (BioSample ID:

LIBGSS _038780). The detailed insertion data are also incorporated into ZFIN
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(http://zfin.org), the zebrafish model organism database as transgenic insertions. To
help researchers from other fields, we created a database, the Zebrafish Insertion
Collection (ZInC) that can be searched using different search inputs such as human,
mouse gene symbols or KEGG pathway terms

(http://research.nhgri.nih.gov/ZInC)(Varshney et al. 2013). Insertion data can also be

downloaded in bed file format to be used with the UCSC and Ensembl genome browser.
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Figure legends

Figure 1. Overview of the retroviral mutagenesis pipeline

The pseudotyped Murine Leukemia Virus (MLV) is injected into 1000-2000 cell stage
blastula embryos. The infection rate is determined by quantitative PCR (qPCR) and
founder fish with high infection rates are raised to adults. The founders are crossed to
wild-type (T/AB) fish and F; male fish are used for sperm cryopreservation and fin
biopsies. Integrations are amplified and mapped from gDNA isolated from the fin
biopsies. Mapped integrations are assigned to the corresponding sperm samples, and

desired mutations are recovered by in vitro fertilization.

Figure 2. Overview of high-throughput strategy to identify retroviral integrations
using a next-generation sequencing platform

Genomic DNAs corresponding to individual F; fish were digested with three sets of
restriction enzymes in parallel. After heat-inactivation of the restriction enzymes, the
digested samples were then pooled together and ligated with DNA linkers, each
containing a unique 6-bp barcode that indexes the F; fish. The linker ligated DNA
fragments were amplified by linker-mediated PCR using linker and viral LTR specific
primers to amplify the adjacent genomic DNA sequences. The LTR/gDNA/linker
amplicons are subsequently ligated to Illlumina paired end adapters and sequenced

using the lllumina sequencing platform.

Figure 3. Strategies for mapping retroviral integrations
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Paired-end sequencing was performed to capture the site of the retroviral integration
(designated by LTR — retroviral 3’ long terminal repeat) and the linker cassette (LC) that
contains the “barcode” identifier for the specific sample. Two strategies were used to
map the integrations as this proved to be less error-prone than either strategy alone. In
Strategy A, pairwise alignment of paired-end reads was performed to create contigs,
and the resulting contigs were mapped to the zebrafish genome. Only contigs that
mapped unambiguously were considered for identifying integrations. In Strategy B, each
read from corresponding paired-ends was mapped independently and co-localization in
the correct orientation (pointing at each other) was used as the criterion for correct
mapping. Integrations that mapped to the same genomic coordinates by both strategies

were used for identification of integration events.

Figure 4. Summary of proviral integrations from 6,144 F; fish

(A) Distribution of the 6,933 retroviral integrations in introns; 40% of integrations
(2,813/6,933) integrations are in the first intron. (B) Distribution of 963 integrations in
exons. (C) Number of hits per gene based on integrations with uniqgue genomic
coordinates, 72% of genes have only one integration. (D) Distribution of 15,223

integrations across all chromosomes.

Figure 5. Representative embryonic, larval and adult phenotypes from selected

retroviral insertional alleles.
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(A) Insertion in the weel gene led to an early phenotype of cellular necrosis starting at
the gastrulation stage. Images here show a wilt type and mutant embryo at the 12
somite stage.

(B) Insertion in the eif3s2 gene led to a vascular defect in homozygous mutants. The
upper panel shows bright field images and the lower panel shows the lack of
intersegmental vessels labeled by the flk-gfp transgenic marker in the eif3s3”
background at 1dpf. (C) An insertion in the snapclb gene causes embryonic
phenotypes including jaw defects and a small liver visible at 5dpf. Arrows point to the
reduced jaw structures in the mutant, dashed lines demarcate the liver. (D)
Homozygous rpal mutants at 2dpf have small and necrotic heads, small eyes, and tails
curling dorsally. These homozygous phenotypes are weaker but observable at 1 dpf. All
homozygotes die at approximately 5 dpf. (E) Insertion in a novel gene (zgc:194470) led
to the larval phenotype of a larger body at dayl2 of development. The mutant is
homozygous viable and the body sizes become same as that of wild type when
reaching the adult stage. 100% of the homozygous mutants show the larger larval
phenotype (N=200). (F) Slc7a5" fish showed no observable embryonic defects but
they are 40% smaller than their wild-type or heterozygous siblings at 4 months of age.
Slc7a5 is a small subunit of the L-type amino acid transporter 1. (G) 6-month old adult
tg”" (thyroglobulin) fish showed red swelling under the chins (black arrows), a phenotype
reminiscent of human thyroid goiters. Tg” fish are fertile and showed no observable

embryonic defects.
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Supplementary Figure 1. Workflow of two mapping methods.

(A) The assembly of a single-end curated library from an insertional paired-end library.
Given the original paired end library, we seek to build a single end library of reads with a
fixed Linker-LTR orientation and barcode identification. A brute force exact alignment
method is employed to compute the best overlap between the first and second end of
each pair, and for the location of linker and LTR sequences. In short, each sequence is
transformed into a matrix representation so that their convolution provides the number
of common bases for any possible overlap between them. Those assembled single-end
sequences that with a length of less than 11nt were discard.

(B) Each sequence read from paired-end sequencing was mapped independently. The
genomic position and the alignment quality for each corresponding paired reads were
then used to determine unambiguously mapping events. For paired reads where both
ends had alignment hits, if those reads mapped on the same chromosome, within 1 kb,
and in the correct orientation at a single locus, the read was considered uniquely
mapping. If read pairs failed to map unambiguously according to these criteria, single-

end reads that mapped uniquely were also retained for identifying potential integrations.

Supplementary Figure 2. Annotation of integration events.

To determine the location of integration within a gene, a composite transcript was
created from the annotated zebrafish transcripts from ENSEMBL (e65). All transcripts
annotated in a given locus are consolidated into a single model transcript. The final
representative gene model A’ is the exonic union of all the annotated transcripts for

gene A and is used for mutagenesis prediction.
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Table 1. Distribution profile of 15,223 retroviral integrationsin 6,144 F; fish

Number of integrations Per centage of Total

Integration
Exon hits 963 6.3%
Total Intron hits 6,933 45.5%
First Intron hits 2,813 18.4%
500 bp upstream/downstream hits 780 5.1%
1000 bp upstream/downstream hits 1,293 8.4%
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