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ABSTRACT The generation and analysis of mutants in zebrafish has been instrumental in defining the genetic regulation of vertebrate
development, physiology, and disease. However, identifying the genetic changes that underlie mutant phenotypes remains a significant
bottleneck in the analysis of mutants. Whole-genome sequencing has recently emerged as a fast and efficient approach for identifying
mutations in nonvertebrate model organisms. However, this approach has not been applied to zebrafish due to the complicating factors of
having a large genome and lack of fully inbred lines. Here we provide a method for efficiently mapping and detecting mutations in zebrafish
using these new parallel sequencing technologies. This method utilizes an extensive reference SNP database to define regions of
homozygosity-by-descent by low coverage, whole-genome sequencing of pooled DNA from only a limited number of mutant F, fish. With
this approach we mapped each of the five different zebrafish mutants we sequenced and identified likely causative nonsense mutations in
two and candidate mutations in the remainder. Furthermore, we provide evidence that one of the identified mutations, a nonsense mutation

in bmp1a, underlies the welded mutant phenotype.

A major strength of the zebrafish (Danio rerio) model is
the feasibility of performing large-scale genetic screens
as a means to isolate mutants to study gene function. Such
forward genetic screens have led to the identification of
a large collection of mutants defective in a variety of biolog-
ical processes. The standard approach for identifying the
responsible mutation underlying a mutant phenotype is to
perform bulked segregant analysis with simple sequence
length polymorphisms (SSLPs) (Geisler et al. 2007), followed
by fine mapping using individual fish to define the region in
which the mutation lies. Candidate genes within the mapped
interval are then screened for the presence of mutations, typ-
ically by sequencing cDNA or genomic DNA. This approach is
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time and labor intensive, requiring large numbers of mutant
fish and often years to successfully clone a mutant. To date
this is a major limitation in zebrafish research, and large
numbers of mutants have not yet been mapped or cloned.
Whole-genome sequencing (WGS) has the potential to
expedite the process of mutation detection in zebrafish. In
Caenorhabditis elegans and Arabidopsis thaliana, multiple
studies have shown that, by pooling from 10 to 500 recombi-
nant progeny and sequencing to a relatively high depth,
a linked region between 0.5 and 5 Mb in size as well as the
responsible mutation can be identified (Schneeberger et al.
2009; Cuperus et al. 2010; Doitsidou et al. 2010; Zuryn et al.
2010; Austin et al. 2011; Uchida et al. 2011). Similarly, WGS
of individual mutant mice (Arnold et al. 2011) or human
patients with genetic disorders (Sobreira et al. 2010) has
led to the identification of causative mutations. However, in
the case of mice and humans, prior knowledge of linkage was
necessary to determine which of the many sequence variants
identified in the genome were associated with the phenotype.
Mapping mutants by performing WGS has not yet been
applied to zebrafish. One prohibitive factor has been the high
cost of sequencing an entire zebrafish genome (~1.5 Gb,
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compared to 100 Mb for C. elegans and 120 Mb for A. thali-
ana). However, new sequencing platforms have increased the
throughput of sequencing and reduced its cost, now making it
practical to obtain low-coverage sequence data of an entire
zebrafish genome. A second prohibitive factor for applying
WGS for mutation detection in zebrafish is the high level of
inter- and intrastrain variation (Stickney et al. 2002; Guryev
et al. 2006; Bradley et al. 2007; Coe et al. 2009) and the
absence of a well-annotated catalog of natural variation; con-
sequently, this makes it more difficult to determine whether
a novel homozygous variant is a causative mutation or a low-
frequency single-nucleotide polymorphism (SNP). This con-
trasts with the inbred organisms for which WGS has been
successfully applied (Schneeberger et al. 2009; Cuperus
et al. 2010; Doitsidou et al. 2010; Zuryn et al. 2010; Austin
et al. 2011; Uchida et al. 2011). Here, we describe the estab-
lishment of an extensive zebrafish SNP database. Using this
database in combination with low-coverage (~3x) WGS, we
developed a rapid and inexpensive method to efficiently map,
and frequently clone, recessive mutations in zebrafish. Fur-
thermore, the methodology described here can be used to
identify genetic loci in other model organisms with larger
and highly polymorphic genomes that have annotated
genomes, such as rats, mice, dogs, chickens, and other fish
species.

Materials and Methods
Zebrafish husbandry and strains

Zebrafish were raised and maintained as described (Niisslein-
Volhard and Dahm 2002). Mutants were identified in the 2004
ZF-MODELS screen performed at the Max-Planck Institute for
Developmental Biology (MPI-EB) in T{ibingen, Germany. Mu-
tant and wild-type strains were obtained from stocks at Child-
ren’s Hospital, Boston (Tii®, WIKB, AB, and TLF) and at the
MPI-EB (Tii€ and WIKS). The minamoto (motot31533), welded
(wdd®31169) | hollow (hIw'3373), fruehrentner (frntt31786), and
schrumpfkopf (sump'36%>) mutants were generated in the Ti
background. For mapping, the majority of mutants were out-
crossed to the WIK line, except for sump, which was crossed to
TLF. F, crosses were screened for the phenotype and identified
mutants and siblings were frozen.

Linkage analysis

Linkage was assessed by analysis of microsatellites (SSLPs)
and SNP markers on genomic DNA from single fish using
standard PCR amplification and, in the case of SNPs, analysis
by dideoxy capillary sequencing.

Morpholino injections

A morpholino directed against the translation initiation site of
bmpla (MO1) (Jasuja et al. 2006) was injected at a concen-
tration of 0.3 mm into one-cell stage Tii embryos. The pheno-
type was assessed at 3 days postfertilization (dpf).
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Genomic DNA library construction and
lllumina sequencing

For each mutant or parental strain, genomic DNA from 20
adult fish was pooled (150-250 ng from each fish—also
easily obtainable from larvae), and 3-5 g was sheared to
an average size of 200 bp, using Adaptive Focused Acoustics
following the manufacturer’s protocol (Covaris). For three
samples (wdd, sump, and frnt), the shearing step was omit-
ted, since the genomic DNA appeared degraded, with most
fragments being <250 bp in size as assessed by electropho-
resis on a 4% agarose gel. To construct DNA libraries, the DNA
fragments were blunt-ended, 5’ phosphorylated, A-tailed, and
ligated to adaptors as previously described (Bowen et al
2011), with the exception that adaptors did not have a 3-bp
barcode sequence, and the volume of AMPure XP beads used
for purification was 1.4x rather than 3.0x. Phusion High-
Fidelity DNA polymerase (Finnzymes) was then used to am-
plify 12 pl (30%) of each library, in a total of four 50-ul PCR
reactions, using the “postcapture” primers described in Bowen
et al. (2011). Eight cycles of PCR were used for wdd and six
cycles for all other samples. Each amplified library was se-
quenced on one lane of an Illumina HiSeq2000, using 100-bp
single-end sequencing. Since the number of reads obtained
for frnt, Tii%, WIKS, and sump was lower than expected, one
lane of GAII 100-bp single-end sequencing was also per-
formed for each of these samples.

Hllumina data analysis

Mlumina sequence reads were aligned to the reference genome
(version Zv9/danRer7), using Novoalign software (http://
www.novocraft.com/main/index.php) with default settings
and including 3’-adaptor trimming. PCR duplicates were re-
moved using the MarkDuplicates command in Picard (http://
picard.sourceforge.net/). Multisample variant calling was per-
formed for each chromosome on all samples simultaneously,
using SAMtools and BCFtools. The SNPs were then filtered
using the GATK VariantFiltrationWalker to exclude the following
variants: (1) SNPs lying in low-complexity sequences or inter-
spersed repeats, classified by RepeatMasker; (2) SNPs lying
within 10 bp of an indel; (3) SNPs lying in a cluster of =3
SNPs per 10 bp; (3) SNPs with a quality score <30; (4) SNPs
with a root-mean-square mapping quality of covering reads
<40; and (5) SNPs with a total read depth <15 or >120. A
perl script was used to exclude variants seen in <3 reads,
variants not seen in both the forward and the reverse direction,
variants with a tail bias <0.05, and variants that were not
biallelic. Only the 7.6 million SNPs that passed these filtration
steps were used for downstream analyses; of these, only a small
percentage (0.25%, 18,978 SNPs) were found solely in one
mutant and may represent ENU-induced variation. A perl script
was written to classify the genotype of each mutant or reference
strain at each of the 7.6 million “pass filter” SNP sites. Geno-
types were classified as heterogeneous or homogeneous on the
basis of the “BCFtools phred scaled genotype likelihood score.”
Sites covered by <2 reads were considered uninformative.
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Table 1 Characteristics of linked intervals identified by whole-genome sequencing

Zebrafish mutant? moto wdd hiw frnt sump
Whole-genome sequencing
No. reads (10°) 61 81 60 79 83
Genome coverage 2.6x 2.7% 2.8% 3.9x 4.1%
Size of the linked interval?
Region of reduced heterogeneity©
Physical size (Mb) 35 4 26 46 19
Genetic size (cM) <25 <30 <25 <18 <18
Region of homogeneity?
Physical size (Mb) 19 4 5 5 8
Genetic size (cM) <14 <30 <4 <3 <N
Coding sequence coverage in linked interval®
=1 read 93% 92% 87% 95% 88%
=2 reads 83% 77% 76% 92% 85%
Homogeneous SNPs in linked interval’
Total 7640 225 1071 7783 9518
Not in dbSNP9Y 5984 223 1023 6431 9110
Noncoding 5663 207 997 6303 8687
Synonymous 229 12 17 89 287
Nonsynonymous 92 4 9 39 136
Unique”
Noncoding 38 12 21 79 106
Synonymous 0 0 0 0 2
Nonsynonymous 2 (63) 1(119) 0(22) 0 (4) 0(7)

¢ minamoto (motot7533), welded (wdd®?'769), hollow (hiw'3373), fruehrentner (frntt3778%), and schrumpfkopf (sumpt362%),
% Intervals identified by a high mapping score; linkage was confirmed by analysis of SSLP or SNP markers.

“Region with a reduction in heterogeneity of at least 30% compared to the genome-wide average.

9 Defined as a region with a >90% reduction in heterogeneity compared to the genome-wide average.

€ Coding sequence of RefSeq and Ensembl genes.

fDetected homogeneous variants covered by at least two sequencing reads.

9 Homogeneous variants not present in the publicly available SNP database (dbSNP) downloaded from Ensemble.
" Homogeneous variants not present in the reference strain database established in this study.

'The number of unique nonsynonymous mutations covered by only one sequencing read.

To determine the physical size of the 20-cM windows used to
calculate the mapping score, the MGH mapping panel was
downloaded from ZFIN (http://zfin.org/zf info/downloads.
html#marker). A script was written to obtain the Zv9 genomic
coordinate of each marker from Ensembl (http://useast.
ensembl.org/index.html). A genomic coordinate could be ob-
tained for 2100 of the 3845 markers. Seventy markers mapped
to more than one location and were excluded from the analysis.
In addition, a BLAST search was performed to find the coordi-
nates of some markers that did not have genomic coordinates
listed in Ensembl. These markers were then used to approximate
the genomic coordinate of sliding 20-cM windows throughout
the genome, with a new window starting every 0.25 cM.

Annovar (http://www.openbioinformatics.org/annovar/)
was used to classify variants as noncoding, synonymous, or
nonsynonymous and to determine whether variants were
listed in the publically available SNP database, downloaded
from Ensembl (http://useast.ensembl.org/info/data/ftp/
index.html). To identify variants present in only one read
(which would not have been identified using SAMtools/
BCFtools multisample variant calling), the SAMtools mpi-
leup command was performed on all mutants and reference
strains, for all coding exons, and a perl script was used to
select variants unique to each mutant. All perl scripts, as
well as aligned sequence files for each wild-type strain, are
available online at http://www.fishyskeleton.com.

Results
Sequencing libraries generated from pooled DNA

We performed WGS on five previously uncharacterized mutants
isolated in an ENU mutagenesis screen for adult phenotypes
(ZF-MODELS; Tiibingen, Germany, 2004). These recessive
mutants, generated in the Tii background, were outcrossed to
a polymorphic mapping strain (WIK or TLF) (Supporting In-
formation, Figure S1); progeny from F; intercrosses were phe-
notyped and frozen for analysis. We pooled DNA from 20
affected F, fish from each mutant, mixing, when possible, indi-
viduals from several independent F; intercrosses. The F, fish
used often stemmed from either one or two parental (Py)
crosses for a particular mutant, thus limiting the total genomic
variation within a pool. Whole-genome sequencing was per-
formed on genomic DNA libraries constructed from each mu-
tant pool, resulting in between 60 and 83 million 100-bp reads
per library (Table 1). We obtained between 2.6x and 4.1x
coverage of the genome per mutant, after excluding 2-9% of
the reads that were potential PCR duplicates (reads with iden-
tical 5'-end coordinates) and ~25% of reads that failed to map
to unique locations in the reference genome (Zv9).

We also sequenced the genomes of four routinely used
wild-type strains to establish a database of existing SNP
variation. This information enabled us to predict the parental
origin of SNP alleles in our mutant pools. Tii and WIK strains
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are commonly used in laboratories around the world. To as-
sess the diversity among parental strains, we generated WGS
from lines maintained at Children’s Hospital Boston (Tii® and
WIKB) and the Max Planck Institute in Tiibingen, Germany
(Ti® and WIKS®). DNA libraries, constructed from pooled
DNA from 20 fish for each of the TiiB, WIK®B, TiC%, WIKE,
TLF, and AB lines, were sequenced and 3.8x to 5.1x average
genome coverage was obtained (Table S1).

Establishment of a reference SNP database

With low-coverage sequencing of pooled DNA, it is challeng-
ing to distinguish true SNPs from sequencing errors as many
variants are represented by only a single sequencing read.
However, if the same variant is observed in more than one
strain, it is more likely to be a real SNP than a sequencing
error. Therefore, to enhance the accuracy of SNP detection we
combined the WGS data from all wild-type strains and
mutants, resulting in 50x genome coverage, and then selected
only the variants that were present in at least three reads for
inclusion in our SNP database (see Materials and Methods for
filtering criteria). Although variants present in only one or two
reads in the combined data could also represent real SNPs,
many are likely to represent sequencing errors or alignment
artifacts and therefore were not included in the database.

In total, we identified a set of 7.6 million SNPs (http://
www.fishyskeleton.com), which is substantially greater than
the 0.7 million zebrafish SNPs currently annotated in publi-
cally available databases. Of the SNPs in public databases,
85% were detected in at least one read in our sequence data,
and 45% had been included in our SNP database since they
met all filtering criteria (such as being present in at least three
reads). Importantly, 7.3 million of the SNPs we identified
were not previously annotated, thus vastly expanding our
knowledge of genetic variation in zebrafish. Using the indi-
vidual WGS data from pooled DNA for each mutant and wild-
type strain, we were then able to classify each SNP within
that sequence as being either heterogeneous (at least one
read representing each SNP allele was observed) or homoge-
neous (all reads represented the same allele). In each pool,
an average of ~2 heterogeneous and ~3 homogeneous SNPs
were observed per kilobase of genomic sequence (Table S2).

Identification of strain-specific diversity

To allow us to predict the parental origin of alleles in mutant
pools, which facilitates mapping based on homozygosity-by-
descent, we identified alleles that differed between parental
strains. In the 7.6 million total SNPs identified, an alternate
allele (with respect to the Zv9 reference genome, which is
based on the Ti strain) was observed at 3—4 million sites in
each wild-type line (Table S1). Consistent with previous
reports noting a high degree of variation within each zebra-
fish strain (Stickney et al. 2002; Guryev et al. 2006; Bradley
et al. 2007; Coe et al. 2009), the vast majority of these sites
were heterogeneous (i.e., had reads representing both the
reference and the alternate alleles) (Table S1). Thus, to
identify SNPs that differed between lines, we selected SNPs
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at which all reads represented the reference allele in one
line, while the other line had at least one read representing
an alternate allele. When only the SNPs with sequence cov-
erage in all six lines (5.2 million) were considered, any two
lines differed at ~40% of loci (Figure S2A), which is in
agreement with previous estimates of interstrain diversity
(Stickney et al. 2002). The majority (72%) of SNPs were
shared by at least three lines, while only 11% were unique
to a single line (Figure S2B). For use in our mapping studies,
we selected all sites at which alternate alleles were present
in the strain used for outcrossing (TLF or WIK), but not in
the strain used for mutagenesis (Tii). These alternate alleles
were referred to as “mapping strain alleles” and consisted of
0.74 million and 1.2 million alleles for the TLF and WIK
strains, respectively (Figure S2, C and D). In each mutant
pool, these sites were analyzed for the presence or absence
of the mapping strain allele (Table S2).

Mapping mutants using homozygosity-by-descent

We next mapped each mutant on the basis of homozygosity-
by-descent. For each mutant pool, we scanned the WGS data
for regions with two characteristics: having a reduced level
of heterogeneity and a reduced level of SNPs originating from
the outcrossed strain, relative to the genome-wide averages of
these measures. To quantify these characteristics, we designed
an algorithm that produced a “mapping score,” using sliding
windows throughout the genome (Figure 1). Since we ex-
pected a characteristic footprint to span at least 10 cM on
either side of the causative mutation (Figure S1), a window
size of 20 cM, tiled at 0.25-cM intervals, was utilized. We
based the window size on genetic distance (centimorgans)
rather than physical distance (megabases), to take local re-
combination rates into account. This makes the analysis more
accurate in regions close to centromeres and telomeres. Once
regions with high mapping scores were identified for a partic-
ular mutant, we independently tested linkage to these regions
by the use of SSLP or SNP markers on DNA pools as well as in
individual progeny (Table S3). In each of the five mutants
analyzed, we confirmed that the region with the highest map-
ping score was linked to the mutation (Figure 1).

In some cases, other unlinked areas exhibited relatively
high mapping scores. We postulate that these regions
represent haplotype blocks that were, by chance, shared
by the two parental fish used for the initial mapping cross.
We asked whether these shared haplotype blocks could have
been predicted on the basis of the WGS of the parental
strains, but found that each block occurred in a region in
which heterogeneous SNPs (and therefore more than one
haplotype) were observed in each of the parental strains.
Furthermore, these blocks occurred in different locations in
each mutant analyzed. Thus, if multiple regions with a high
mapping score are obtained, independent tests for linkage
will be needed to distinguish shared haplotype blocks from the
region linked to the causative mutation. The presence of
multiple high mapping scores in the genome could also
represent second-site modifiers of the phenotype. These regions
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could then be analyzed for sequence variants that alter the
expressivity of the mutant phenotype.

Our approach has two major differences from those
previously used to map C. elegans and A. thaliana mutants
(Schneeberger et al. 2009; Cuperus et al. 2010; Doitsidou
et al. 2010; Zuryn et al. 2010; Austin et al. 2011; Uchida
et al. 2011). First, our analysis is based on genetic rather
than physical distance. Second, we combine the levels of
homogeneity and strain-specific SNP signatures to map the
locus. We find that this analytical method provides a robust
and reliable means to correctly map the region linked to the
mutation in zebrafish (Figure S3 and Figure S4).

The genetic architecture of linked regions

We further refined the linked interval by identifying an area
of homogeneity within the broader region defined by our
mapping algorithm. Since 20 fish were pooled for each
mutant, we expected the region of homogeneity to span, on
average, 2.5 cM on either side of the causative mutation (one
recombinant per 40 meioses). Because of the low resolution
of the genetic map, we utilized 100-kb windows (rather than
centimorgans) to facilitate fine mapping of the interval.
Assuming random sampling of alleles with only ~3x cover-
age, we expected and confirmed that linked regions contain-
ing two recombination events had an ~81% reduction in
heterogeneity compared to unlinked regions, while regions
containing one recombination event had a reduction in het-
erogeneity of ~90% (Figure 2 and Figure S1). We found that
regions without recombination events were almost, but not

(# mapping strain alleles)

completely, homogeneous, likely due to false positive variants
resulting from sequencing errors or alignment artifacts.
Therefore, we defined a candidate region of homogeneity
as having a reduction in heterogeneity >90%. This approach
allowed us to narrow down the candidate interval in each
mutant to a region between 4 and 19 Mb in size (Table 1).

Identifying candidate phenotype-causing mutations
within linked intervals

One of the powerful aspects of WGS is that it provides a large
amount of sequence information throughout the candidate
interval, allowing for the exclusion of much of the sequence in
the interval as harboring the causative mutation. Additionally,
the sequence allows the potential to identify the causative
change. In the five mutants analyzed, between 76% and 92%
of the coding sequence within the candidate interval was
covered by at least two sequencing reads (Table 1). We iden-
tified hundreds to thousands of homogeneous variants in each
candidate interval, of which between 4 and 136 were pre-
dicted to be nonsynonymous. However, we could exclude
most of these variants as being causative for the phenotype
since we also observed them in the WGS from the other un-
affected strains (Table 1). In two of the five mutants we iden-
tified the likely causative mutation as a nonsynonymous
change covered by at least two reads; these particular changes
are predicted to encode nonsense alleles. In the three other
mutants, unique nonsynonymous changes covered by two or
more reads were not detected, but between 7 and 22 non-
synonymous changes were present in sequences covered by
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below the graphs indicate genetic distances, with lines spaced at ~1-cM intervals. The position of the centromere is indicated by black triangles.

one read (Table 1). Further studies will be required to de-
termine whether these single-read variants represent sequenc-
ing errors, normal variation, or phenotype-causing mutations.

A benefit of having performed WGS is, apart from being
able to map the mutation in all mutants analyzed and to
identify candidate coding mutations, that >87% of the cod-
ing sequence within the interval could be excluded because
it did not differ from the reference data set. A second benefit
of having performed WGS is that homogeneous SNPs iden-
tified in the candidate interval can serve as markers to test
for linkage in additional F, fish, which will allow one to
further refine the candidate interval.

The nonsynonymous changes we identified in the welded
(Wdd®3116%) and the minamoto (moto3>33) mutants exemplify
the value of the WGS method. For the moto mutant, charac-
terized by defective spermatogenesis, two nonsynonymous
mutations (Table 1), covered by two and three reads respec-
tively, were identified within the linked interval, one missense
and one nonsense mutation. The nonsense mutation was con-
firmed to be homozygous in all 20 fish sequenced. This muta-
tion lies within a novel gene (ENSDARG00000090664) that is
conserved in vertebrates. Consistent with the observed sper-
matogenesis defects in the mutants, this gene is expressed in
testes among vertebrates (http://www.ncbi.nlm.nih.gov/unig-
ene) and thus is a strong candidate for causing the moto phe-
notype. For the wdd mutant, characterized by its adult
craniofacial phenotype, only one nonsynonymous change,
which was supported by eight reads, was detected in the linked
interval (Table 1). This change creates a nonsense mutation (p.
R227X) in the gene encoding Bone morphogenetic protein la
(Bmpla). PCR amplification and capillary dideoxy sequencing
of the genomic region in individual F, mutants and siblings
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confirmed the mutation and linkage to the mutant phenotype
(0 recombinants in 66 meioses). It previously had been shown
that morpholino-mediated reduction of Bmpla function in
zebrafish impairs larval development, leading to a wavy fin fold
phenotype (Jasuja et al. 2006). We detected a similar larval fin
phenotype in wdd mutants and confirmed that this phenotype
occurs in wild-type embryos injected with a morpholino target-
ing the translation initiation site of bmpla (Figure 3). Thus we
show that the nonsense mutation in bmpla is the likely caus-
ative mutation underlying the wdd phenotype. With a causative
mutation in hand, it is now possible to investigate the mecha-
nistic basis of this skeletal phenotype.

Minimum genome coverage needed for mapping

Our analysis showed that ~3x genome coverage was suffi-
cient to correctly map each mutant to a defined interval, to
cover >87% of coding sequence within the candidate inter-
val, and to identify a manageable number of variants as
being potential causative mutations. To determine whether
lower genome coverage would be sufficient for mapping and
mutation detection, we applied the same mapping algorithm
to randomly selected subsets of the total sequence reads
obtained for each mutant. Utilizing only 5 million reads,
which is equivalent to ~0.2x genome coverage, we could
still reliably identify the linked regions (Figure 4 and Figure
S5). However, with 0.2x genome coverage, only 5% of cod-
ing sequence in the linked interval was covered by =2 reads,
and 73% was not sequenced at all (Figure 4). Thus, using
this method, it is feasible to map multiple mutants simulta-
neously by barcoding ~14 mutant DNA libraries and then
sequencing a pool of these libraries on a single lane of an
Illumina HiSeq apparatus. However, with this “bulk


http://www.ncbi.nlm.nih.gov/unigene
http://www.ncbi.nlm.nih.gov/unigene
http://www.genetics.org/cgi/data/genetics.111.136069/DC1/6
http://www.genetics.org/cgi/data/genetics.111.136069/DC1/6

>
m@

Chr8, wdd

Mapping
score

w
>
o
@ 4
®
X o 20 bmpia
e~ pR227X
g .
]
o . ‘;t
— L
835 80
£3
%g 40 i
2 'a ﬂ
®E
T ? oy | e

CI"'II!

||| |||I||I|HI|I|| |

mapping” approach it would be unlikely to identify the caus-
ative mutations using the generated sequence alone.

Discussion

We show that recessive zebrafish mutations can be efficiently
mapped and cloned using low-coverage WGS of only 20

Figure 3 Identification of a loss-of-
function allele of Bmp1a that underlies
the wdd mutant phenotype. (A) The
mapping-score plot for wdd is shown
for Chr8, which contained the highest
mapping score in the genome. In the
graphs below, the genetic architecture
of the linked region is shown. Annota-
tion is similar to Figure 2. The location of
the nonsense mutation within bmpTa
that lies in the candidate interval is in-
dicated (arrow). (B) Lateral view of adult
wild-type and homozygous wdd mutant
fish. Mutant fish are characterized by
frontonasal shortening of the skull and

— — deformed tailfins (red arrows). (C) Lat-
WT eral view of wild-type, wdd mutant,

and bmp7a morpholino-injected larvae.

- Mutant and morphant larvae show

a similar characteristic wavy appearance
| of their fin folds (red arrowheads) at 3
dpf, which is not observed in wild-type
larvae. Insets show a higher magnifica-

tion of the distal part of the finfold.
bmp1a Mo ®

pooled mutant progeny. While WGS has been used in other
experimental models, such as C. elegans and A. thaliana
(Schneeberger et al. 2009; Cuperus et al. 2010; Doitsidou
et al. 2010; Zuryn et al. 2010; Austin et al. 2011; Uchida
et al. 2011), the size and polymorphic diversity of the zebrafish
genome posed unique challenges. By constructing an extensive
SNP database using WGS from six different wild-type lines, we
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Figure 4 Mapping of mutants using only ~0.2x genome coverage. (A) Graph depicting the genome-wide mapping score plot for the moto mutant
generated with a randomly selected subset (5 million) of the total sequencing reads, which results in a genome coverage of 0.2x. (B) Graph depicting the
percentage of SNPs that were classified as heterogeneous in nonoverlapping 100-kb windows along Chr3. The arrow indicates the location of a SNP
marker that was used to confirm linkage (0 recombinants in 40 meioses). While the overall number of detectable heterogeneous SNPs is reduced with
a genome-wide coverage of only 0.2x%, the boundaries of the linked interval can be identified just as well as with 2.6x coverage. The black bar underlies
the region of homogeneity. (C) Graph depicting the loss in coverage of coding sequence that occurs as genome-wide coverage decreases.
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increased the accuracy of mapping as well as the ability to
distinguish phenotype-causing mutations from previously un-
annotated SNPs. This newly identified SNP database, contain-
ing millions of SNPs, is an order of magnitude larger than the
SNPs previously annotated within publically available data-
bases. This large database allowed us to identify strain-specific
SNP signatures, which facilitated our detection of intervals that
were homozygous-by-descent.

An alternative strategy of mapping mutants using WGS
would be to separately sequence pools of mutants and
unaffected siblings, rather than using a comparison to wild-
type strains. With the limited recombination rate within the 20
fish sequenced, both strategies would provide similar resolu-
tion of the mapping interval. Using a sequence data set
representing ~50x coverage, we increase the accuracy of iden-
tifying SNPs within the mapping interval without the need for
low-coverage sequence data from siblings. Additionally, analy-
sis of the siblings for each mutant would double the cost per
mutant analyzed. We think that the strain-specific and refer-
ence SNP databases we created provide a more efficient means
of analyzing sequence data from multiple mutants in parallel.
This SNP data set can be utilized by a large number of
researchers to facilitate mapping of mutants (data and scripts
available at http://www.fishyskeleton.com).

It is important to note that the detection of candidate
mutations depends not only on the genome coverage obtained
by WGS, but also on the quality and extent of the genome
assembly that is used as a reference; in regions with poor
genome assembly; lack of detection of a causative mutation will
not be remedied by higher sequencing depth. Further improve-
ments in assembly of the zebrafish genome, in the SNP
database, and in massively parallel sequencing will enhance
the sensitivity and specificity of our mapping approach. At
present, low-coverage WGS using pooled DNA samples pro-
vides a fast and efficient means for mapping and identifying
recessive mutations in zebrafish, allowing for more timely
determination of altered gene function and systematic analysis
of genetic regulation of vertebrate development and physiology.
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Figure S1 Outline and predicted sensitivity of the approach. (1) The generation of fish used in mapping is accomplished by
crossing identified mutants carrying a recessive ENU-induced mutation (*) within the Tl background, to a polymorphic mapping
strain, (e.g., WIK). Mutant carriers (Ti*/WIK) of the F1 generation are then intercrossed to generate F2 progeny. These F2 fish
are sorted based on the presence or absence of the mutant phenotype. (2) DNA is prepared from 20 F2 mutant progeny
(TU*/Tu*) and pooled in equal quantities. The diagram depicts the 40 chromosomes containing a phenotype-causing ENU-
induced mutation (red asterisk) among the 20 mutant fish. The mutation is linked to genomic sequence originating from the T
strain used for mutagenesis (grey fragments). Recombinants having sequence originating from the outcross strain (black
fragments) can be observed at different distances from the causative mutation as a result of meiotic recombination during
meiosis in the F1 generation. In a SNP located ~10 cM from the causative mutation, we expect by definition, 4 of the 40
mutation-containing chromosomes to show a mapping strain allele (G in WIK; black square) as a result of meiotic
recombination. (3) Physical fractionation of DNA from the 20 mutant fish produces DNA fragments, that contain the
aforementioned SNP (boxed C for the Tl and G for the WIK alleles), (4) Whole genome sequencing of the fragmented DNA
library is performed on a single lane of an lllumina HiSeq platform resulting in ~3x genome coverage. (5) Probability for
detecting a SNP as being homogenous or heterogeneous in pooled DNA from 20 mutant fish sequenced to 3x coverage. SNPs
are classified as homogeneous if all 3 reads covering the SNP represent the same allele (probability = p3 + q3) and as
heterogeneous if both alleles are represented (probability = 3p2q + 3pq2). In an unlinked region, where both alleles are equally
represented (q = 0.5; p = 0.5), the probability of a SNP being detected as heterogeneous is 0.75. Likewise, in regions where 10%
of the chromosomes are recombinant, as in our example, statistically 4 out of 40 (q = 0.1) reads would show the mapping-strain
allele (G), while 36 out of 40 (p = 0.9) would show the reference allele (C; Tu). Thus the probability of detecting the SNP in a
heterogeneous state is 0.27. Therefore, the number of heterogeneous SNPs identified in such a region is expected to be ~64%
lower than in an unlinked region (0.27/0.75 = 64%). Similarly, a ~90% reduction in heterogeneity is expected for regions
containing 1 recombinant chromosome, while a ~25% reduction is expected for regions with 10 recombinant chromosomes.
According to this analysis using low genome coverage, it would be of no added benefit to pool larger numbers of fish to
increase the resolution of mapping. As the probability of detecting a single recombinant in, for example, 40 fish (80
chromosomes) would be lower than the level of detecting false positive heterogeneous SNPs and thus indistinguishable from
noise.
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Figure S2 Genetic variation in zebrafish strains detected in low coverage WGS data of pooled DNA from 20 fish. (a) Pairwise
comparison of SNP genotypes between parental lines showing the percentages of SNPs that are polymorphic and thus could be
used to predict the parental origin for mapping based on homozygosity-by-descent. SNPs were classified as polymorphic if only
the reference genome allele was observed in one line, while at least one alternate allele was observed in the second line. (b)
Graph showing the number of polymorphic SNPs (in millions) identified in each parental line, as well as the number of lines with
which these SNPs are shared. For (a) and (b), only sites with sequence coverage in all lines were considered (5.2 million sites out
of the 7.6 million total SNP sites). (c, d) Venn diagrams showing the SNPs that were classified as mapping strain SNPs. This
includes 0.74 million SNPs found in TLF but not in either of the T lines, and 1.2 million SNPs found in either of the WIK lines but
not in either of the Tii lines. For (c) the two T lines are shown separately, while in (d) the data from these two lines were
combined. Interestingly, due to high levels of intra-strain variation, there is a high number of SNPs that are not shared between
the two Tii lines (c), and a similar number of SNPs that are not shared between the two WIK lines (d).
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Figure S3 Mapping by combining both the frequency of heterogeneous SNPs and the frequency of mapping strain SNPs helps
to eliminate false positives. Graphs show the comparison between the ratio of homogeneous to heterogeneous SNPs (red lines)
to the ratio of reference genome alleles to mapping strain alleles (gray bars), for the five mutants analyzed (moto, frnt, hiw,
wdd, sump). Ratios were calculated for all 25 chromosomes using sliding windows of 20 cM in size, with an overlap of 19.75 cM
between adjacent windows. Genetic distances were defined by the MGH meiotic map. The arrow indicates the linked region for
each mutant. For three mutants (moto, frnt, wdd), both approaches independently predict the linked region as the region in the
genome with the highest ratio. In the hlw and frnt mutants, other regions show the highest ratio of reference alleles to
mapping strain alleles (arrowheads). These regions do not have a high ratio of homogeneous to heterogeneous SNPs. Similarly,
for the sump mutant, region on Chr21 shows the highest ratio of homogeneous to heterogeneous SNPs, but this region does
not have a high ratio of reference alleles to mapping strain alleles (arrowhead). Accordingly, these false positive regions would
result in a lower mapping score in our combined analysis and thus would be ranked as less likely to be linked to the mutation.
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Figure S4 The sensitivity and specificity of mapping is affected by the size of the window used to calculate the mapping score.
Graphs showing the genome-wide mapping scores using a sliding window of 15 Mb in size for all mutants (above), or a sliding
window of 3 Mb in size for wdd (below), rather than the 20 cM windows used in our analysis. When 15 Mb sliding windows are
used, in only three of the five mutants (moto, frnt, sump) the linked region is contained within the window with the highest
mapping score in the genome (red arrows). In hiw the linked region is contained within the peak with the third highest
mapping score (red arrow). In wdd, the linked region is not detected by an increase in the mapping score (asterisk), because the
linked interval on Chr8 spans only 4 Mb. When a 3 Mb window was used for wdd, which should be small enough to detect the
linked region, a mapping score peak appears at the linked interval (red arrow), but it is only the 5t highest peak.
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Figure S5 Minimum coverage needed for efficient mapping of zebrafish mutants. Graphs depicting the genome-wide mapping
scores calculated for each mutant in 20 c¢M sliding windows, using either only 5 million (top) or 1 million (bottom) randomly
selected Illlumina sequencing reads. The actual map positions for each mutant are indicated (red arrows). When 5 million reads
are used, the mapping score plots are not significantly different from those generated using all reads (>60 million) (Figure 1).
The only exception is that, for sump, the linked region has only the 2" highest mapping score. Even when only 1 million reads
are used, in three mutants (moto, frnt, hlw) the linked region has the highest mapping score in the genome. For two other
mutants (wdd, sump), the relative heights of the false positive peaks are significantly increased.
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Table S1 Whole genome sequencing of pooled DNA from wild-type zebrafish strains

Wild-type pool # reads’ Genome # SNPs® % het*
(millions) coverage (per kb)
Tu® 97 5.1x 2.6 88
Ti® 81 4.1x 2.5 89
wik® 96 4.1x 2.9 64
wiK® 81 4.0x 35 73
AB 90 4.6x 33 79
TLF 91 3.8x 2.9 56

®Number of 100 bp reads obtained by lllumina single end sequencing. ®Number of positions at which at least one read
representing an alternate allele was observed. Only positions at the 7.6 million SNP sites identified in this study were
considered. dPercentage of SNPs that were heterogeneous (i.e., both reference-genome and alternate alleles were represented)
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Table S2 Classifying SNPs identified by whole genome sequencing of pooled DNA from zebrafish mutants

SNP genotype® Parental origin of alleles”

(average per kb) (average per kb)
Hom Mapping
strain Reference
Mutant pool Het Non-ref Ref n/d allele genome allele

moto 1.6 0.9 1.8 1.3 0.6 0.6
wdd 1.0 0.4 2.1 2.2 0.3 0.3
hiw 1.7 0.4 2.4 1.0 0.4 0.8
frnt 2.1 0.6 2.1 0.7 0.6 0.7
sump 1.8 1.1 2.0 0.6 0.7 0.6

®Calculated for the 7.6 million SNP sites identified in this study. SNPs were defined as heterogeneous (Het) for sites at which
both a reference genome allele (Zv9) and an alternate allele were observed in the WGS of pooled DNA. SNPs were defined as
homogeneous (Hom) for sites at which only the alternate allele (non-ref) or the reference genome allele (ref) were observed;
sites that were covered by less than 2 sequencing reads were deemed uninformative (n/d). ®Calculated for all SNP sites at which
an alternate allele was present in the TLF or WIK mapping strain, but not in the T strain (0.7 million and 1.2 million sites
respectively); Mapping strain allele = at least one read representing the alternate allele was observed in a mutant pool;
Reference genome allele = all reads in a mutant pool represented the reference genome allele. Note that the reference genome
is based on the T strain.
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Table S3 SSLP and SNP marker linkage data

Zebrafish Chr® Region of homogeneity Marker® Position® Recombinants/meiosis®
mutant (Mb)° (Mb)
moto 3 19-36.6 29964 34.3 2/90
wdd 8 51.8-55 bmpla 53.5 0/66
hiw 8 43-47 225210 43 2/44
27130 45.6 1/46
frnt 4 15-27.8 211538 23.1 3/44
220450 24.4 2/44
sump 16 41.8-51.2 28819 41.3 2/56
215739 43.9 0/56
24670 50.8 1/40
26854 50.6 1/40

®Chromosome showing the highest mapping score. ®Interval on the chromosome showing homogeneity. “Marker used to
confirm linkage. IMarker position on the Chromosome in Mb. *Recombinants identified for each marker in the number of
meiosis tested.
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