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Abstract

We have created a library of 2,007 mutagenized C. elegans strains, each sequenced
to a target depth of 15-fold coverage, to provide the research community with
mutant alleles for each of the worm’s more than 20,000 genes. The library contains
over 800,000 unique single nucleotide variants (SNVs) with an average of 8 non-
synonymous changes per gene and more than 16,000 insertion/deletion (indel) and
copy number changes, providing an unprecedented genetic resource for this
multicellular organism. To supplement this collection, we also sequenced 40 wild
isolates, identifying more than 630,000 unique SNVs and 220,000 indels.
Comparison of the two sets demonstrates that the mutant collection has a much
richer array of both nonsense and missense mutations than the wild isolate set. We
also find a wide range of rDNA and telomere repeat copy number in both sets.
Scanning the mutant collection for molecular phenotypes reveals a nonsense
suppressor as well as strains with higher levels of indels that harbor mutations in
DNA repair genes and strains with abundant males associated with him mutations.
All the strains are available through the Caenorhabditis Genetics Center and all the
sequence changes have been deposited in WormBase and are available through an

interactive web site.

Introduction

A powerful approach to understanding the function of a genome has been to
alter it and observe the effects on the organism. Classical genetics achieves this by
generating a random collection of variants, often enhanced by the use of mutagens,

and then selecting for organisms with the desired alterations in phenotype.
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Although this approach has led to fundamental discoveries about many biological
processes, one limitation is that loss-of-function alleles of an estimated 60 to 80% of
genes result in no readily detectable change of phenotype under normal growth
conditions in a wide variety of organisms (see, for example, (Hillenmeyer et al.
2008)). This problem was dramatically illustrated with the sequencing of the
genome of the baker's yeast, Saccharomyces cerevisiae (Goffeau et al. 1996), where
only a fraction of the resulting 6,000 annotated open reading frames were already

known, even after decades of intensive investigation by geneticists.

As an alternative approach to classical genetics, investigators have exploited
advances in molecular-genetic techniques and available genome sequences to alter
selected sequences and examine the resultant organisms for phenotypic changes.
This approach has been particularly powerful in organisms where homologous
recombination can be used readily and specifically to alter genomic sequences. In
yeast, these approaches have been used to create catalogs in which all known genes
are deleted or tagged to facilitate exploration of their function (Winzeler et al. 1999;
Giaever et al. 2002). In particular, the deletion collection has allowed the systematic
construction of double mutants, with the resultant synthetic genetic interactions
revealing functions for most genes in the yeast genome (Tong et al. 2001; Tong et al.
2004). A companion approach, placing individual deletion strains under chemical or
environmental stress, has revealed a role in optimal growth for 97% of the genes in

yeast (Hillenmeyer et al. 2008).
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Creating complete collections of mutated genes in multicellular organisms has been
more challenging because effective methods to specifically and efficiently
manipulate their genomes are lacking. Instead, investigators have relied on random
mutagenesis followed by molecular screening. For example, large transposon
collections have been generated in Drosophila melanogaster, Arabidopsis thaliana
and Caenorhabditis elegans (Kuromori et al. 2004; Bellen et al. 2011; Vallin et al.
2012). These impressive collections are still incomplete and involve the storage of
large numbers of strains. In most cases they also require as a second step the
mobilization of the transposon to generate a loss-of-function mutation (see, for
example, (Robert and Bessereau 2007; Frokjaer-Jensen et al. 2010)). Alternatively,
large collections of mutagenized animals can be screened for mutations in desired
genes (reviewed in (Moerman and Barstead 2008)). Tilling has been a particularly
useful implementation in Arabidopsis and has also been used to a limited extent in
other organisms (McCallum et al. 2000; Till et al. 2003; Gilchrist et al. 2006; Till et al.
2007).In C. elegans, PCR/deletion screening of mutagenized populations for
deletions in specific genes has been carried out both by individual labs and
systematically by the C. elegans Deletion Mutant Consortium to create a collection of
more than 6,841 deletions in 6,013 genes (C. elegans Deletion Mutant Consortium
2012). These strains have been widely used by the community, but after more than
a decade the collection covers only about 1/3 of the 20,377 protein-coding genes of
this organism. Engineered zinc-finger containing DNA binding proteins (Urnov et al.
2010), and transcription activator-like effector domain nucleases (TALEN) (Boch

2011; Bogdanove and Voytas 2011; Li et al. 2011) extend these genome-wide
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approaches to additional organisms, albeit with lower efficiency. Successful
application of these two technologies was recently reported for C. elegans (Wood et
al. 2011). Theuse of RNAI technology can circumvent some of these limitations as
evidenced by gal-4 regulated tissue specific RNAI in Drosophila melanogaster and
genome-wide whole animal RNAI screensin the nematode (Fraser et al. 2000; Kamath et
al. 2003; Dietzl et al. 2007; Ni et al. 2008). However, RNAI often failsto yield anull

state, to provide other variant alleles, or to determine complex epistastic interactions.

The advent of inexpensive whole genome resequencing provides a new path to
genome-wide collections of mutated genes by identifying a wide variety of
mutations across the genome using random mutagenesis. In pilot experiments we
and others have shown that after standard ethyl methanesulfonate (EMS)
mutagenesis a C. elegans strain contains several hundred point mutations and that
these can be identified in a cost effective manner through whole genome sequencing
(Sarin et al. 2008; Flibotte et al. 2010; Sarin et al. 2010). Based on these experiments
we reasoned that systematic sequence characterization of a collection of 2,000
mutagenized strains would identify multiple mutations in virtually every gene. This
would provide the community with a resource where obtaining mutations in a gene
of interest would be as simple as ordering a few strains from the stock center.
Mutations of interest could then be placed in a reference background through
simple outcrossing that takes only a week or two in C. elegans. At the same time, the
large number of mutations in each strain allows comprehensive coverage of the

genome in a relatively small number of strains, simplifying phenotypic screening
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and other manipulations. For example, the collection as a whole might also be
screened using secondary treatments such as pharmaceutical reagents or RNAi to

look for interacting genes.

We present here the results of our 2 year project, in which we obtained the genome
sequences for 2,007 mutagenized strains. These contain more than 800,000 single
nucleotide variants (SNV), 14,800 insertions and deletions (indels) and 1,400 larger
chromosomal rearrangements. In addition, we sequenced 40 different wild isolates,
with a distinct mutational spectrum. Combined, the collection contains more than
1,450,000 substituted bases, as well as deletions that remove more than 5 million

bases (Mb).
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Results

Mutagenesis, sequencing and variant detection. To generate a stable set of
mutagenized strains, wild type animals (VC2010, a derivative of the N2 strain of
Brenner (Brenner 1974)) were exposed to mutagen and independent clonal lines
were allowed to self-fertilize over 10 generations, driving the diploid genome to
homozygosity (Figure 1). This clonal growth may allow the fixation of modifier
mutations that improve growth or even mask phenotypic effects of other mutations.
Each F10 clone was expanded and used both to create a frozen stock and to prepare

DNA for whole genome sequencing.

The mutagen was predominantly either ethyl methanesulfonate (EMS) (737
strains), N-ethyl-N-nitrosourea (ENU) (260 strains) or a combination of both (1,000
strains) (Suppl. Table 1). EMS alone produced more SNVs on average than ENU, but
with a highly biased distribution (90% GC->AT) that limited the range of amino acid
substitutions. The combination of EMS and ENU yielded a higher number of SNVs
than either mutagen alone and a less biased distribution of substitutions (80% GC ->

AT; Suppl. Table 2).

Each genome was sequenced to a target depth of 15-fold redundancy using paired
end reads and massively parallel (Illumina) sequencing (MPS) (Suppl. Table 3;
Suppl. Fig. 1). The resultant sequence reads were aligned with phaster (P. Green,
personal communication), which yielded slightly higher fractions of aligned reads

than BWA (Li and Durbin 2009) (Suppl. Table 4), and importantly also provided
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gapped and split reads flanking candidate deletion and insertion sites (see
Methods). Homozygous SNVs were called from mpileup files generated by SAMtools
(Lietal. 2009), requiring high quality base calls and mapping alignments. Regions
consisting of identical repeated sequences yielded only low mapping quality reads,
an inevitable consequence of the short-insert/short-read strategy associated with
MPS. Regions of apparently collapsed repeats with an excess of coverage also failed
to yield variants. This effectively excluded regions covering ~5% of the genome
(see Methods for details; also Suppl. Fig. 2) from variant detection (false negatives).
To reduce false positives we removed sites from consideration (see Methods for
details) where 1) the called sequence differed consistently from the reference
across all strains (suggestive of either errors in the reference or differences between
the starting strain and the reference) (Suppl. Table 5); or 2) there was a high
background of high-quality non-reference base calls (>1%) across our first 1,546
completed strains, suggestive either of collapsed repeats within the reference or
other alignment problems (Suppl. Fig. 3; Suppl. Table 6). These 111,866 broadly
distributed sites, predominantly in intergenic and intronic regions (Suppl. Table 7),
had the potential to yield apparent (false positive) SNV calls, presumably because by
chance a strain might contain reads predominantly reflecting the non-reference
base. After removing these “blacklisted” sites from consideration, the number of
multiply hit sites was in much closer agreement with a Poisson distribution (Suppl.
Fig. 4) and the percentage of GC->AT changes with EMS mutagenesis was close to

the expected 90% (Coulondre and Miller 1977) (Suppl. Table 2). This agreement
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with the expected suggests that the false positive rate is low, since false positives

would not be expected to have this strong GC->AT bias.

We next created custom tools to analyze the phaster alignment data in order to
identify insertions, deletions and rearrangements from single base to chromosomal
scale events. We used three different approaches that allowed detection of the full
size range of indels (See methods for details). In the first, we exploited the gapped
read feature of phaster to detect small indels (1-200 bases), again removing sites
where the parent differed from the reference (Suppl. Table 8) and other frequently
occurring events (Suppl. Table 9). In the second, we used the split read feature of
phaster combined with read coverage to detect a larger class of indel events as well
as densely clustered substitution events (See Methods for details). We combined
these with the first class to produce a list of indels with defined end points. Finally,
in a third approach, we used predominantly variation in read coverage as been done
in other studies (Bailey et al. 2002; Alkan et al. 2011) to detect large Copy Number

Variants (CNVs) (>5kb) and likely chromosomal rearrangements.

For comparison, 40 wild isolates from around the world (Suppl. Table 10) were
sequenced to a depth of >25-fold redundancy (Suppl. Table 3) and analyzed using

the same tools.

By several tests, the alignment and filtering steps described resulted in a false

positive rate of less than 1% and a false negative rate of about 7% for SNV calls. To
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examine the false positive rate we exploited available random Sanger sequence
reads from the Hawaiian isolate CB4856 to see if SNV calls were validated by the
Sanger reads (Wicks et al. 2001) (Moerman, unpublished). Of the SNVs identified in
this strain by our pipeline, 25,902 have at least one long read with a high quality
alignment and base call; for 25,658 sites (99.1%), all the Sanger reads supported the
SNV call. Only for 106 sites (0.4%) did all of the Sanger reads fail to support the SNV
call. A similar analysis of short indels confirmed 3,189 of 3,212 called indels
(99.2%). These results suggested a false positive rate of less than 1% for both SNVs
and short indels. We also tested a sample of SNVs and indels by PCR and Sanger
sequencing with results consistent with these low rates of false positives (see

Methods and Supplemental Materials for additional detail).

To determine a false negative rate we used two different approaches. To examine
the impact of coverage on variant detection, we randomly subsampled reads from
10 strains with very high coverage (38 to 79X) and compared the detected SNVs at
15X coverage, iterating the procedure 100 times for each strain. The 15X
subsampled projects detected on average 1.4% fewer SNVs than the full projects
(Suppl. Table 11), indicating that false negatives due to insufficient coverage were
less than 2%. Examining the effects of different levels of coverage also suggests that

there is little fall off in detection of SNVs at 12X coverage (Suppl. Fig. 5).

The above approach only measures the loss of SNVs detectable by the short reads of

MPS. To look more broadly at false negatives we simulated 10 sets of mutated

10
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genomes containing a total of 5,003 simulated SNVs. Mapping reads from 10
random projects against each of the mutated genomes, we detected 46,371 of the
50,003 simulated SNVs (92.7%). Of the SNVs not detected, two-thirds fell in
duplicated regions, where the MPS approach failed to yield high mapping quality
reads. Most of the remaining 1,032 events (2% overall) were not detected because

of low coverage, in good agreement with the subsampling approach.

To evaluate the large CNVs detected by variation in read depth, we compared our
calls with results from array-CGH for 16 deletions and 35 duplications in 24 strains.
The array data was in agreement with 15/15 of deletions (the array lacked probes
in the region of one deletion) and 26/31 duplications were supported (4 regions
lacked probes). Some of the duplications not supported by the array-CGH data do
have other supporting evidence. Further experiments will be required to resolve

these few discrepancies.

The final result is a comprehensive description of each genome, within the limits of
the technology, for 2,007 mutant strains and 40 wild isolates (See Suppl. Table 12

for full description of events in each strain).

Observed changes in the nuclear genome. In toto the 2,007 mutagenized strains
contain 840,429 SNVs, representing 826,810 different mutational events, with an
estimated false positive rate of <1% (Table 1; Suppl. Material). These sites were

almost uniformly distributed across the genome with a base change on average

11
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about every 120 bases (Figure 2a). The only regions lacking SNVs were those
repeated regions with only low mapping quality reads or no read coverage. Thus,
the 2,007 mutagenized strains harbor an average of more than 400 SNV mutations
per strain, with a range from 7 to 982 (strains treated with ultra-
violet/trimethylpsoralen had a much lower mutation rate compared to EMS or ENU;

Suppl. Fig. 6).

The distribution along the chromosomes of naturally occurring SNVs from the wild
isolates differs dramatically from the induced mutations. We detected 3,789,728
SNVs in toto across the 40 wild isolates, but these consist of only 630,541 unique
events, presumably reflecting the shared ancestry of these strains and selective
sweeps (Andersen et al. 2012)(Table 1). These SNVs are up to ten-fold more
frequent on the chromosome arms compared to the centers (Figure 2b). This bias
was not seen for the X chromosome. The very different distribution between
mutagenized strains and wild isolates likely results in part from background
selection (Cutter and Payseur 2003; Rockman et al. 2010), but also may reflect
elevated rates of mutation associated with higher recombination, difficulties in
alignments on the arms, and selective sweeps. These data provide a rich source for

analysis of population genetics in C. elegans.

In addition to SNVs in the mutagenized strains, we identified, (1) 17,333 total indels
with defined end points (12,321 deletions, 5,012 insertions), reflecting 14,881

unique changes (10,420 deletions, 4,461 insertions)(see Suppl. Fig. 7 for length

12
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distribution); (2) 1,483 large CNVs, of which 1,222 are distinct, in 887 strains.
(Suppl. Table 1; see Figure 3 for an example). The indels were distributed
throughout the genome but with an overrepresentation on the autosome arms
(Figure 2b). A large fraction of the indel events involved homopolymer runs, which
are overrepresented on the arms in the reference sequence. If these are removed,
the remaining indels show a more uniform distribution (Figure 2b). Similarly,
normalizing for the number of target homopolymer runs removes the bias (data not
shown). The large CNVs also showed a relatively uniform distribution (Suppl. Fig.
8). We also detected several strains with underrepresentation of the X chromosome
relative to autosomes, which proved to result from an abundance of males (XO)
animals in the populations (see details below). The homozygous indels remove a
total of more than 2 Mb across the 2,007 mutagenized strains. The large CNVs
impact even more of the genome - more than 300 Mb were duplicated and more
than 35 Mb deleted, although many of the deletions are not homozygous (see below:

Heterozygous Regions).

The indel and large CNV events were much more extensive in the wild isolates. The
40 wild isolates each had thousands of indels relative to the reference sequence,
totaling more than 1.2 M events. However, reflecting the common origins, this
represented just 222,004 distinct indels, and even these were often overlapping,
with slightly different end points. Accounting for this redundancy, the deletions

removed a total of 3.7M in 107,417 blocks. As with the SNVs, these were most

13
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frequent on the arms, removing more than 40% of some 1Mb windows on

chromosomes I and V.

Inferred effects of the variants in the mutant set. We mapped the observed mutagen-

induced events to the annotations of the worm genome derived from WormBase
(version 230) (Yook et al. 2012) to infer their likely effects. Of the 826,810 unique
SNVs, 257,379 (31.0%) fall in protein coding sequence with 175,257 (21.2%) of
these altering the encoded amino acid (Table 1; Figure 4). Notably, 7,934 (0.96%)
mutations represent chain-terminating (nonsense) mutations and 4,660 (0.56%)
affect the canonical GT/AG splice junction sites, together providing potential null
alleles in a total of 8,150 protein coding genes. Altogether, 20,115 genes have at
least one SNV. Of this total, 19,666 genes contain one or more non-synonymous (NS)
changes or an altered splice site across the 2,007 strains and 18,644 genes have two
or more such events. On average, there are more than 8 nonsynonymous SNVs per

gene.

To determine which classes of mutational events may have been selected against in
our mutation protocol, we compared the frequency of observed events to a model of
expected events. For our model of expected events we focused on GC->AT changes,
because these comprise about 80% of all SNVs and the effects are readily
determined. Most obviously, the frequency of observed nonsense mutations was
depressed compared to expected (Figure 5a). This depression (~45%) is greater

than predicted based on essential genes (about 15-25% of all genes), perhaps

14
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reflecting the fact that we avoided animals with obvious visible phenotypes, e.g.,
strong Unc’s or Dpy’s, in our mutagenesis protocol, or the deleterious effects of
nonsense mutants in additional genes in these mutagenized backgrounds. In
agreement with this we see a small decrease in the fraction of highly conserved
genes with nonsense alleles compared to genes overall, but no difference at other
levels (see Suppl. Fig. 9). Remarkably, there is little difference from expected in the
other categories of events, suggesting that only rarely are mutations of these classes

incompatible with life.

The indels in the mutant strains, although much less common than the SNVs, also
impact the protein coding genes. Of the 14,881 indels, 1,062 overlap protein-coding
genes, with 869 (5.8%) altering the reading frame, deleting a splice junction,
introducing a stop codon, or removing a large portion (>= 20 amino acids) of the

gene (Table 1).

Inferred effects of the variants in the wild isolates. The naturally occurring SNVs

have a distinct spectrum when compared to the mutagen-induced spectrum. Of the
630,541 different events, 137,528 (21.8%) fall in protein coding sequence, but only
65,360 (10.37%) change the encoded amino acids (Table 1; Figure 4). Only 1,015
(0.16%) result in nonsense mutations and 545 (0.09%) alter splice junction
sequences. In turn, only 14,602 genes have at least one NS change or an altered
splice site and 9,735 have two or more events. The distribution of NS mutations

across the chromosomes in the wild isolates mirrors that of the total mutations, as

15
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does that of synonymous sites. Since alignment to genes is generally more reliable
these results suggest that alignment problems are not a major contributor to the

overrepresentation of SNVs on the arms in the wild isolates.

Comparing the wild isolates to the expected set highlights the differences with the
mutant set (Figure 5a). Nonsense mutations are depressed by 90%, suggesting that
nonsense alleles in most genes, while compatible with life in the lab, are strongly
selected against over evolutionary time. This difference may be even greater than
shown here since inspection of several of the nonsense alleles in the wild isolates
reveals that they fall towards the ends of genes, in alternatively spliced exons or
exonic portions of WormBase models that are not supported by RNA-seq data
(Gerstein et al. 2010) (Hillier and Waterston, unpublished). Concordant with this
observation, genes with nonsense alleles in the wild isolates are strongly biased
toward genes without conservation and away from conserved genes (see Suppl. Fig.
9a). This does not result only from the overall biased distribution of SNVs, since the
bias is observed in comparison of just genes on the arms (see Suppl. Fig. 9b). Also in
contrast to the mutant set, splicing variants are strongly depressed and missense
changes are only about 60% of expected reflecting the selective importance of these
features. Both UTR and intergenic sequences also show mild depressions,
presumably reflecting the presence of important regulatory signals and other

functions in these features.

16
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The wild isolate indels are relatively more abundant compared to their counterparts
in the mutant strains. They change the reading frame, disrupt splice junctions,
introduce stop codons, or remove large portions or all of 2,466 genes. Given their
distribution, these affect primarily genes on the chromosome arms, with many
members of the 7-TM families, math, bath and other rapidly evolving gene families

heavily impacted.

Essential and non-essential genes. The failure to find a reduction in the frequencies

of classes of events other than nonsense mutations in the mutant set could reflect
the high proportion of non-essential genes, effectively masking signals from
essential genes. To examine this we compared the frequencies of classes in essential
versus non-essential genes. We used known deletion alleles as the source of both
essential and non-essential genes, reasoning that this set, although small, was less
likely to contain spurious results (C. elegans Deletion Mutant Consortium 2012).
Surprisingly, the proportion of missense and splice site mutations was very similar
for essential and non-essential genes in both the mutant collection and wild isolates
(Figure 5b). However, nonsense alleles were more prevalent in the nonessential
genes in both sets. Thus, the large differences in proportions of different kinds of
mutations seen between sets were found almost equally in essential and non-

essential gene sets.

To examine these biases in a specific set of nonessential genes, we chose the twk

gene family (4 transmembrane potassium channels) with 45 members in

17
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WormBase. RNAI for any of these genes fails to produce a phenotype, although
missense alleles of some family members are known that create movement defects
(these revert to wild type through loss of function mutations) (Salkoff et al. 2005).
The mutant strains have 599 nonsynonymous mutations in the 45 genes,
representing 580 distinct sites, including 35 nonsense alleles (29 distinct sites)
across the 45 genes. By contrast, the wild isolates contain just 92 nonsynonymous
alleles with a single nonsense change. Thus even in this nonessential gene set the
variability present in the mutant collection greatly exceeds that available in the wild

isolates, presumably reflecting the effects of selection in the wild populations.

Heterozygous regions. Despite the extensive inbreeding after mutagenesis, we found

evidence for heterozygous mutations. These regions were characterized by multiple
nearby sites with intermediate levels (20-80%) of reads supporting a non-reference
base and few or no intervening sites with >80% of the bases disagreeing with the
reference (nominally homozygous sites). Altogether we identified 550 blocks of 10
or more SNVs across 450 strains, containing 24,596 sites in toto (Suppl. Table 13).
Although a few such regions might persist by chance despite the extensive selfing,
their frequency made us look for other causes. Some of the heterozygous regions fell
in segments that contained large duplications, and presumably represented a
change in one copy but not in others (Figure 3). In addition, other regions contained
loss-of-function mutations associated with essential genes that might be on opposite
homologs and might thus act as balancing mutations, preventing the emergence of

homozygotes in the absence of recombination. Altogether these regions contained
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an additional 608 nonsense and 227 splice site altering mutations. Generally, we do
not know the phase of different SNVs in the heterozygous regions, although for
some regions associated with candidate translocations the proportional
representation of SNVs can suggest phase. Inspection of the progeny of 22 strains
representative of the different types of heterozygous regions showed that the
strains were segregating different variants, confirming the presence of

heterozygous regions.

Tandem repeat copy number. Long tandem direct repeats have long been

considered unstable due to unequal crossing over, a phenomenon that might be
enhanced by double stranded breaks induced by mutagens. The largest tandem
repeat in the C. elegans genome is the 7.2 kb rDNA gene cluster on the right arm of
chromosome |, just inside the telomere and containing an estimated 80-100 copies
(Sulston and Brenner 1974; C. elegans Sequencing Consortium 1998). We used
normalized read counts as a measure of copy number and found that while most
strains had between 55 and 130 copies, some strains were inferred to have as few as
33 copies and others as many as 245 copies (Figure 6). Similarly, the 110 copy 1 kb
5S repeat cluster on chromosome V (Nelson and Honda 1985) showed a wide range
in copy number. Most strains had between 130 and 210 copies but the range
extended from 39 to 438 copies (Figure 6). Using similar methods to estimate
telomere copy number, we found most strains contained between 60 and 300 copies
of the hexamer repeat per telomere, but the range was from 22 to about 1400 copies

(Suppl. Fig. 10). The wild isolates showed even greater variations in rDNA (Suppl.
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Fig. 11) and telomere copy number. Fluctuations in telomere copy number in C.
elegans have previously been described but not to this extent (Ahmed and Hodgkin
2000). We found a weak correlation in rDNA and 5S repeat number, but no
correlation for either of these repeats to the telomere repeat number. We also failed

to find any mutant genes overrepresented in the extreme strains.

Alterations in the mitochondria encoded genome. The mitochondrial genome in C.

elegans is 13,794 nucleotides in length (Okimoto et al. 1992) with an estimated
average of 40 to 80 copies per cell (Tsang and Lemire 2003). This high copy number
makes it much less likely that induced changes have become fixed in the population
so that detection is complicated by the continued presence of the wild type allele.
Nonetheless, we have identified at least 2 SNPs and 13 (3 mutant and 12 wild-
isolate) deletions and duplications in the mitochondrial genome in this study (Suppl.
Table 14). Several examples of deleted and duplicated regions from the mutant set
are illustrated in Figure 7. All are accompanied by the reference version, but in a few

cases the reference version forms only a small proportion of the overall population.

Phenotypes. One long-term value of the resource will be the association of particular
mutations with phenotypic changes, thus providing insights into the role of each
gene in the physiology of the worm. While in most cases this will require direct
examination of the animals, some phenotypes can be inferred directly from
sequence analysis. Among these are him (high incidence of males) mutations that

result in a higher fractions of males in the population, reducing the overall
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representation of the X chromosome. As described above several strains showed a
depletion of the X chromosome relative to autosomes. Re-inspection of these strains
showed that 13 of 17 strains surveyed had an increased incidence of males in their
progeny (Table 2). Of the 13 strains segregating males, five have mutations in him
genes. The remaining eight strains include three with autosomal duplications that
might alter the X:autosome ratio and could interfere with X chromosome
segregation. The others have neither large rearrangements nor mutations in known
him genes, suggesting that they have variants in new genes important for normal X

segregation.

Suppressor tRNAs can also be detected directly by sequence analysis. We have
identified 731 mutations in 418 of the 631 annotated nuclear encoded tRNA genes.
Sixteen of these mutations are within the anticodon (Table 3). Six of these could
potentially change the amino acid inserted and one leads to an anticodon for the
opal UGA stop codon. We tested this potential UGA suppressor against opal
nonsense alleles discovered in this project and found it suppressed unc-
29(gk856699 )in the strain VC40869. The other altered tRNAs might act as missense

SUppressors.

Mutations in DNA repair genes might also lead to a molecular phenotype. We noted
that some strains had unusually high numbers of small indels. For example, eight
strains had more than 100 small indel events and three of these had more than 400

(Suppl. Table 15; overall mean of 8.6 per strain}; perusal of their mutations revealed
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six strains with loss-of-function alleles in genes associated with elevated mutation
rates in worms (four alleles of mlh-1 and two alleles of msh-6) (Tijsterman et al.
2002; Pothof et al. 2003) and whose homologs are associated with mismatch repair
in yeast and humans. One of the remaining strains has a mutation in msh-5, a gene
previously associated with chromosome pairing (Bhalla et al. 2008) but not with
higher mutation rates. The remaining strain has no obvious candidate gene, so may

reveal another gene with a mutator phenotype.

An interactive website. All the variant data from this project have been submitted to

WormBase; however, we thought it would be valuable to provide a standalone
searchable website (http://genome.sfu.ca/mmp) to allow users to readily find all
the mutations in a particular gene or groups of genes across all 2,007 mutagenized
strains or conversely to find all the mutations in any particular strain (Figure 8).
Both SNVs and indels are included in the dataset and the user can search for classes
of mutations, e.g. to exclude synonymous mutations or to selectively search for
mutations resulting in premature stop codons, missense mutations, etc., and also for
various types of genome features including exons, introns, UTRs, intergenic regions
and noncoding RNAs. The results page reports the position of a mutation within the
protein, various measures of the likely impact of the mutation and the affected
protein domain, if any. We also provide tools to search mutations affecting specific
protein domains or specific intervals on any chromosome to allow a fine scale
search within regions of interest such as putative promoter region. Search results

can be downloaded in a simple text-based format for further processing. Since this
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collection of mutations might be of interest to researchers working on homologous
genes in vertebrates, the website also allows a simple search to identify mutations

in C. elegans homologs of human genes.

Discussion

By sequencing 2,007 mutagenized strains, we have generated a community resource
that contains multiple alleles for most genes, potentially providing allelic series that
could be valuable for studying function in detail. More than half the genes have
potential loss-of-function alleles in the collection, either from nonsense, splice
junction or deletion mutations. Combined with the deletions generated by the
Deletion Consortium (C. elegans Deletion Mutant Consortium 2012) and the
additional mutations found in the wild isolates, potential loss-of-function alleles are

now available for 13,760 of 20,514 protein coding genes identified in this organism.

The data are available through WormBase (http://www.wormbase.org) and at our
dedicated website (http://genome.sfu.ca/mmp) so that users can simply check the
gene or region of interest for mutations of any class and then order the strains from
the Caenorhabditis Genetics Center (http://www.cbs.umn.edu/cgc), where all the
strains have been deposited. Backcrosses can quickly place the mutations of interest
in a wild-type background and mutant animals can be examined for phenotypic
alterations. Causative mutations should be readily identifiable using standard
mapping protocols for C. elegans. The availability of mutations should reduce the

threshold for researchers outside the worm field to study the function of
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homologous genes; for these users the website provides a tool that supplies the

mutations for the worm orthologs of human genes of interest.

The several candidate mutants we identified illustrate the potential utility of the
resource. Simply by scanning for differences in X:autosome ratios, altered tRNA
anticodons and elevated deletion numbers, we found possible causative mutations
in known him genes, an opal suppressor mutation and multiple mutations in genes
implicated in DNA repair, as well as strains with likely new genes affecting these
phenotypes. Screening the collection for other well-studied or novel phenotypes to
identify new and uncharacterized genes affecting a phenotype may be one of the
major uses of the collection. The collection also includes events altering the
mitochondrial genome. The larger deletions, duplications and potential

translocations may also provide tools for geneticists.

The collection as a whole may also prove useful in screening for phenotypes of
interest or for studying gene-gene interactions and gene-environment interactions.
For this purpose kits containing all the strains in 96-well format are being prepared
for distribution. For example, RNAI for particular genes might be used against the
strains, similar to the experiments of Lehner et al. (Lehner et al. 2006).
Alternatively, drugs or other environmental variables might be used. Because each
strain contains multiple mutations, each RNAi experiment would test several genes
in parallel. To screen for interactions on a larger scale, competitive growth in pools

of multiple strains could be used as a surrogate for the phenotype of interest, as has
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been done in yeast (Tong et al. 2004). The abundance of each strain in the pool
could then be assayed using molecular inversion probes (MIPs) (Hardenbol et al.
2003) for the unique mutations in each strain to quantify the proportions of each
strain. Strains showing evidence of interaction, either positive or negative, would
need to be outcrossed to determine the interacting mutation, but candidates might
become apparent simply by comparing the content of different interacting strains

either for common genes or pathways.

Our tests show that the false positive rate is less than 1%. This low rate was possible
in part due to the stringent criteria used, enabled by the consistently deep sequence
coverage. But with just these stringent criteria the number of multiply hit sites was
higher than expected by chance and had a GC->AT fraction lower than expected for
EMS, even after removing sites that clearly differed between the reference and the
parent strain used for mutagenesis. These multiply hit sites were characterized by
an elevated level of non-reference base calls across all strains, with only the
occasional strain having enough non-reference base calls to reach our thresholds.
We suspect these sites, apparent when sequencing hundreds of strains, have
bedeviled prior studies, leading to false positives and possibly even reports of high

spontaneous mutation rates (Sarin et al. 2010).

The false negative rate was estimated to be about 7%, with most of this resulting
either from repeated sequences within the genome that prevent confident mapping

of MPS reads or from insufficient coverage. Some additional false negatives resulted
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from regions with excessive numbers of mapped reads, presumably reflecting

collapsed repeats in the reference sequence relative to the parent strain.

In addition to the single base differences, deletions and insertions of various sizes
have been detected for each strain along with likely rearrangements and persistent
heterozygous regions. The expectation that most events were homozygous
simplified the problem compared to outbred organisms, but equally important was
the ability of phaster to report accurately both gapped reads and split reads that
bridged indels. By carefully parsing these reported events into those expected with
deletions and insertions, and again eliminating those associated with the parent and
other artifacts, we produced a set of confidently predicted indels for each strain.
Although many fewer in number than the SNVs, the total number of bases altered is
larger, so users must consider these differences as well when seeking the source
cause of a particular phenotype. Nonetheless, large insertions of novel sequence
relative to the reference and more complicated events involving combinations of
insertion and deletion events remain incompletely described here. These probably
will require de novo assembly methods to provide full, accurate descriptions of these

events.

For completeness, for each strain we provide a list of the detected, commonly

variant sites, presumptively uninduced or false positives, so that users may take

these into consideration in evaluating background effects (Suppl. Table 16; also
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available at http://genome.sfu.ca/mmp/). Users should also be aware that

additional mutations lie in repeated regions that we failed to detect.

The 40 wild isolate strains together provided almost as many SNVs as the 2,007
mutagenized strains, and the two sets combined contain almost 1.5 M SNVs and
have a total of 5 Mb deleted. However, in contrast to the mutant set, which shows an
almost uniform distribution of events, the overall distribution of SNVs in the wild
isolates is highly biased, with the bulk of observed differences on the autosomal

arms and relatively few changes found in the gene rich centers of the autosomes.

The comparison of the spectrum of mutational effects between the mutant and wild
isolate sets and with a model of expected events demonstrates directly that
relatively few mutations (the exceptions are nonsense mutations) are incompatible
with life in the lab, whereas over evolutionary time many classes of mutations are
selected against, about equally in essential and non-essential genes. These findings
may help interpret human variation, comparing the spectrum of recent, rare
variation and longer-standing, common variation (Fu et al. 2013). The much larger
numbers of mutations with likely functional consequences in the mutation

collection make it preferable for systematic study of function.

One obvious deficit of the current collection is the lack of strong alleles of essential
genes. To remedy this, one might use balancer chromosomes to maintain lethal

mutations (Chu et al. 2012). Indeed, some balanced strains fortuitously appear
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within the collection with a higher proportion of nonsense alleles. Alternatively, F1
animals might be minimally propagated before freezing and DNA isolation. Either
approach would require the detection of heterozygous mutations and thus greater
sequencing depth. The former has the advantage of generating stable stocks, but the
disadvantage that particular starting strains would be required and for each only a
fraction of the genome would be balanced and a target for lethal mutations. The
latter approach would screen the entire genome but the resource would be
unstable, with the representation of the lethal allele decreasing at each generation.
Nonetheless, pilot experiments have demonstrated its feasibility (Moerman and

Waterston, unpublished).

Conditional alleles of essential genes, such as temperature sensitive alleles or
nonsense alleles in the presence of a nonsense suppressor offer a different
approach. Strains would be stable and genes across the genome would be targets.
Because of their potential value we have acquired temperature sensitive embryonic
lethal strains from several investigators and begun sequence analysis (O'Rourke et
al. 2011). How many different mutated genes are represented in these collections is
unclear and more fundamentally the fraction of essential genes that can yield

conditional alleles remains unknown.

The overall approach of sequencing mutagenized lines might also be extended to
other species. C. briggsae is an obvious candidate, sharing with C. elegans the

hermaphroditic mode of propagation and storage by freezing, both important

28


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 10, 2026 . Published by Cold Spring Harbor Laboratory Press

features for minimizing the effort required to generate the mutagenized strains. The
existence of a similar resource for C. briggsae would propel investigations forward,
allowing deep comparisons of gene function in these anatomically similar but

evolutionarily diverged organisms.

The resource we describe here is unique for a metazoan and was simplified by the
ability to store C. elegans as frozen stocks and to manipulate large numbers of
strains simultaneously. We hope that the resource will not only be of use to those
focused on particular genes, but will also entice researchers to take a more global
approach and study the set as a whole. Only then will we uncover the subtleties of

gene interactions at the molecular and cellular levels.

Methods

Nematode Culture, Mutagenesis, DNA Extraction, Library Preparation,
Sequencing and Alignments: Mutagenesis was carried out using VC2010, a local
subculture of the standard laboratory strain N2 (Brenner 1974) with either ethyl
methanesulfonate (EMS, (Sulston and Hodgkin 1988)), N-ethyl-N-nitrosourea (ENU,
(De Stasio and Dorman 2001)D), trimethylpsoralen/UV (UV/TMP, (Flibotte et al.
2010)) or with an EMS/ENU cocktail. F1 animals were screened in 1% nicotine
(Moerman and Baillie 1979) to ensure mutagenesis and propagated through F10,
with single F10 animals used to establish strains for DNA isolation and frozen stocks
as shown in Figure 1. Genomic DNA from mutant strains and 40 wild isolates (Suppl.
Table 10) was extracted as described earlier (Flibotte et al. 2010), and libraries

prepared for sequencing using a modified Illumina protocol using only one addition
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of Agencourt AMPure XP beads per sample through Y-adaptor ligation. Multiplexed
libraries were sequenced with [llumina GAII/HiSeq technology, and clusters passing
default quality filters were demultiplexed using a custom perl script. Raw fastq files
from each strain were aligned to build WS230 of the C. elegans genome

(www.wormbase.org) using the alignment program phaster (Phil Green, personal

communication), or BWA version 0.5.9 (Li and Durbin 2009) for comparison. All
reported variants were generated using phaster (see Supplemental Material for

details).

Variant Detection: After removing putative PCR duplicates using SAMtools 0.1.18
(Li et al. 2009), aligned reads were used to detect single nucleotide variants (SNVs),
insertion/deletion variants (indels), and larger copy number variants (CNVs). To
detect homozygous SNVs we used the SAMtools suite (mpileup, bcftools, vcfutils.pl)
to extract locations with at least 3x coverage, at least 80% consensus variant allele,
and a root mean square (RMS) mapping quality of at least 30. To eliminate parental-
strain differences with the N2 reference (see Suppl. Table 5) as well as false
positives at sites prone to high nonreference basecalls (see Suppl. Fig. 3), we filtered
out sites at which more than 1% of all phred >= 30 aligned bases in our first 1,546
strains disagreed with the reference allele (Suppl. Table 6). Heterozygous SNVs
were similarly extracted and filtered using sites with at least 6x coverage and
between 20 and 80% variant reads, and were clustered into blocks to identify likely

heterozygous regions: analysis of the heterozygous calls led to the discovery of 54
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strains with large numbers of calls scattered across each chromosome, likely due to

cross-contamination (Suppl. Table 17; see Supplemental Material for details).

We used two different methods to detect indels. For small events (<200bp) we used
a two-step process. In the first step we scanned the SAMtools mpileup for candidate
genomic locations with >= 25% “gapped” reads and having >= 5x coverage (or with
>60% gapped reads and >= 3x coverage). In the second step to remove alignments
due to local repeats at the boundaries of the event, we considered only reads that
extended beyond the shortest gap read (“informative” reads; see Supplemental
Methods for specific criteria) having mapping quality >=20 and base quality >=15 at
the indel. Of these sites, an indel was called if it was covered by at least 4
informative alignments (or 3 if in a run of 3bp or fewer), where >40% of all reads
were informative with RMS mapping quality >40, of which 80% confirmed the
indel. As in the case of SNVs, we excluded sites likely to have arisen in the parent
strain (see Supp. Table 8) or from problems particular to the use of Illumina
technology: we required that a candidate site average 1x coverage across all strains
and that it be detected in <10% of all alignments generated by all mutagenized
strains. Indels classified as neither mutagen-induced nor parental are available for
review (see Supp. Table 9; parent-strain analysis was not performed for wild isolate

strains) (see Supplemental Methods for additional details).

To detect intermediate (100-5,000 bp) deletion/duplication events, as well as

regions of dense variation, we relied on “split” reads generated by phaster, which
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occur when a single sequence generates two alignments, each nucleated in the
clipped sequence of the other. The order, orientation, and alignment span of these
split reads was used to infer genomic events, i.e. mates spanning a deletion should
maintain their order and orientation (see Suppl. Figure 12). For each strain we
catalogued all breakpoint relationships confirmed by at least four split reads
(excluding sites seen in more than 20 mutation strains). Implied deletions >=100bp
having less than 2x coverage (or <100bp with less than 4x coverage) were included
in the final annotations provided the normalized coverage was one quantile below
the normalized mean coverage across all strains; for implied duplications we
required that the coverage be two quantiles higher than the average (see

Supplementary Methods for details).

For larger CNVs we used variation in read coverage as has been done in other
studies (Alkan et al. 2011), counting properly aligned read pairs in 10kb bins,
shifted 1kb across each chromosome and normalized to the total number of read
pairs in each strain. For each bin we found the median number of alignments across
1,874 well-behaved mutagenized strains as well as the 10th and 90th percentiles
(“qdevs”). For each strain we then used a maximal scoring segment algorithm to
identify regions with qdevs either sufficiently above the expected (copy number
gain) or sufficiently below (copy number loss) after normalizing for strain-specific

baseline variation from the global qdev values.

We used read depth in two additional ways. First, we were able to detect strains
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with lower than expected coverage of the X chromosome from the ratio of X to
autosomal alignments in each strain compared to the X:autosomal base pairs in
WS230. Second, we estimated the copy number of the chromosome [ rDNA region
for each strain by comparing the genomic fraction of the repeat region in WS230 to
the fraction of reads aligning to the region; we performed similar calculations to
estimate the length of the chromosome V rDNA repeat as well as the average

telomeric size (see Supplemental Methods for details).

Assigning the variants to features: SNVs and small/intermediate indels were
annotated using custom perl scripts similar to those previously described (Flibotte
etal. 2010), integrating Gerp++, phyloP and PhastCons scores when available
(Siepel et al. 2005; Davydov et al. 2010; Pollard et al. 2010) (See Supplemental

Methods for details).

Validation of selected SNVs, indels and a nonsense suppressor: In addition to
using the Sanger reads from the Hawaiian strain CB4856, the subsampling of reads
from projects with high coverage and the introduction of alterations in the reference
to mimic SNVs (see Supplemental Material for details), we validated sample SNVs
and small indels using PCR and Sanger sequencing. PCR reactions were performed
with standard conditions and submitted to UBC NAPS Unit for Sanger sequencing,
confirming 17/17 predicted indels and 71/71 predicted SNVs. CNVs were validated

using CGH according to standard procedures (Maydan et al. 2007) using VC2010 for

33


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 10, 2026 . Published by Cold Spring Harbor Laboratory Press

reference, confirming 15/15 covered deletions and 26/31 covered duplications. See

Supplemental Material for detail).

The putative UGA suppressor, gk958112, found in the anticodon of an X-linked
tRNAAre was tested for suppression of UGA nonsense codons in unc-16, unc-29, unc-
34, unc-40, unc-50, unc-57, and unc-68 found in this project. Of these, unc-
29(gk856699) was incompletely and variably suppressed by the homozygous

gk958112 allele (see Supplemental Methods for details).

Data Access

Raw sequencing data from all 2,007 mutant strains and 40 wild isolates are
available from the NCBI Short Read Archive (http://www.ncbi.nlm.nih.gov/sra)
under accession SRP018046. The strains have been deposited at the Caenorhabditis
Genetics Center and the variant calls are being deposited in WormBase. The latter

are also available at our website: http://genome.sfu.ca/mmp/.
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Figure Legends
Figure 1. Experimental design. Standard mutagenesis protocols were modified by
(1) selecting for unc-22/+ animals (twitching in 1% nicotine) in the F1 generation to
ensure that the gametes had been effectively exposed to the mutagen; (2) counter-
selecting in the F2 generation to generate an unc-22(+) background for the mutant
strains; and (3) clonally propagating independent lines for 10 generations, driving
strains to homozygosity to simplify variant calling and to create uniform, stable

strains for further manipulations.

Figure 2. Distribution of mutations along chromosomes. (a) SNV density is plotted
across chromosomes [ and X for the aggregate variants for mutant strains (Mu) and
the wild isolates (WI). The SNV density is essentially uniform along the length of
both the autosome and X chromosome in the mutant strains. In contrast for the wild
isolates SNV density on chromosome I is much higher on the arms, where
recombination is high and gene density is in general lower, than in the centers,
where recombination is low and gene density is higher. SNV density along the wild
isolate’s X chromosome is more uniform. (b) Similar density plots for all short indels
(top) and only those outside of homopolymer runs (bottom). There is enrichment
for short indels on the autosomal arms of both the WI and mutant strains, although
this is much more pronounced for the WI. However, the distribution in the mutant
strains is much more uniform when only considering the small indel events that do
not involve homopolymer runs. The bias toward higher density on the autosomal

arms remains for the WL
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Figure 3. Large duplication and deletion events. (a) A large duplication of the right
half of chromosome Il and a deletion within that region (red circles) were detected
by increased (duplication) or decreased (deletion) read depth (see Materials and
Methods for details). Dashed vertical lines demark the change from normal copy
number. The boundaries of the arms are indicated by the * ‘s along the x-axis. (b)
The fraction of reads containing a variant base is plotted across chromosome II for
the same strain. Although on the left half of the chromosome, SNVs show essentially
100% of the reads with the variant base, in the region of the duplication the fraction
drops below 80% for most sites, reflecting the heterogeneity of the sites. The
underlying event may represent a translocation event (the right end of chromosome
[ in this strain is also duplicated) maintained because it provides a function lost
from a lethal mutation on the normal diploid chromosome. (c) Distribution of
duplication (blue) and deletion (red) events on chromosome Il in the 2,007 mutant
strains. Each segment represents a distinct event present in one or more of the
strains. The duplication events predominate and both duplications and deletions are
broadly distributed across the chromosomes (see Suppl. Fig. 8 for similar plots for

all chromosomes).

Figure 4. Mutation effects (SNVs) in mutant strains and wild isolates. The inferred
effects of the SNVs in the mutant strains and wild isolates are plotted, showing the
disparity in the fraction of mutations affecting coding sequence. Mutations resulting

in nonsynonymous, nonsense and splice site changes are 3-10-fold less frequent in
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the wild isolates, whereas synonymous changes are similar in number between the
two. In addition, the number of mutations in intronic regions is similar between
mutant and WI collections, but both UTR and intergenic sites are less abundant in

the WI strains.

Figure 5. Relative fractions of SNVs in different annotated features in the mutants
and wild isolates. (a) The fraction of events observed in different annotated
features compared to expected is shown for the mutant collection and the wild
isolates. To facilitate comparison, the events have been normalized to synonymous
mutations in both sets. In the mutant strains only the nonsense mutants are
appreciably depressed as a fraction of expected. In contrast, in the wild isolates,
nonsense SNVs are even more severely depressed and missense, splice junction and
to some extent even intergenic SNVs are depressed relative to the expected. (b) The
fraction of events in different annotated features for a set of essential and non-
essential genes is shown for the mutant set and wild isolates. Genes with deletion
alleles produced by the The C. elegans Deletion Mutant Consortium (C. elegans
Deletion Mutant Consortium 2012) were divided into essential (lethal) and
nonessential (viable) groups. The fractions of events in essential and non-essential
genes within the mutant set is quite similar for all features but nonsense SNVs. The
same is true for the wild isolates, but as expected from (a) the overall proportions

are reduced.
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Figure 6. rDNA copy number varies between strains. The number of copies of the
18S-28S repeat and the 5S repeat is illustrated as estimated by the fraction of reads
mapping to the regions. 92% of the strains have between 55 and 130 copies of the
18-28S repeat and 93% have between 130 and 210 copies of the 5S repeat, with

extreme outliers for both regions (33-245 and 39-438 respectively).

Figure 7. Deletions and duplications in the mitochondrial genome. The coverage of
the mitochondrial genome in five mutant strains is shown in a UCSC browser
display, along with the gene content below. Although there are hundreds of copies of
the mitochondrial genome in the zygote, both deletions (red bars) and duplications
(green bars) were detected in the mutant strains. None of these were fixed in the

strains, with both normal and altered length molecules detected in all cases.

Figure 8. An interactive web site for obtaining detailed information about the
collection is maintained at http://genome.sfu.ca/mmp/search.html. The web site to
provides easy querying of the resource and also presents data that is difficult to
represent in WormBase (the variants have also been deposited in WormBase).
Searches can be carried out for genes or strains, looking for mutations of classes of
the user’s choosing. Bulk downloads of the data can be obtained at

https://aspera.gs.washington.edu/aspera/user with the username waterston-

aspera-public and password Asppass1.
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Table 1a. SNV Coding Genes

Coding Exons i Introns
Total SNVs : J NETEEE I ST07 — NcRNASs Intergenic
Missense | Nonsense |Readthrough Synonymous (UTRs) Splicing | Other
Mutagenized 826,810 175,257 7,934 136 69,392 25,349 4,660 231,991 11,781 300,310
Stargai ns (21.20%) (0.96%) (0.02%) (8.39%) (3.07%) (0.56%) (28.06%) (1.42%) (36.32%)
20,115 genes| 19,574 genes| 5,785 genes| 135genes | 17,441 genes, 9,736 genes | 3,864 genes| 16,959 genes| 6,377 genes
630,541 65,360 1,015 192 70,961 17,065 545 225,092 5,396 244,915
Wild Isolates (10.37%) (0.16%) (0.03%) (11.25%) (2.71%) (0.09%) (35.70%) (0.86%) (38.84%)
19,058 genes| 13,996 genes| 885genes | 185genes 112,916 genes| 7,233 genes 516 genes | 15,594 genes| 3,831 genes
1,452,126 240,107 8,940 328 139,737 42,273 5,200 455,135 17,125 543,281
Total (16.53%) (0.62%) (0.02%) (9.62%) (2.91%) (0.36%) (31.34%) (1.18%) (37.41%)
20,220 genes| 19,854 genes| 6,359 genes| 318 genes | 18,612 genes| 11,585genes | 4,256 genes| 17,941 genes| 8,305 genes
Table 1b. Indd Coding Genes
. . : — NcRNA Ins/Del
M utagenized 4,461/ 10,420 1771621 34/212 164/ 286 5/13 1,823/ 3,742 21/ 233 1,586/ 3,313
Sta?ai ns (4.0% / 6.0%) (0.1%/ 2.0%) (3.7% / 2.7%) (0.1%/0.1%) | (40.9%/ 35.9%) (0.5%/2.2%) | (35.6%/ 31.8%)
1,782/ 4,374 genes 172 / 594 genes 33/ 207 genes 159/ 275 genes 5/13genes | 1,442/ 2,643 genes | 20/ 877 genes
90,137/ 131,867 1,188/ 2,125 1,034/ 6,305 2,998/ 3,485 69/81 36,776 / 50,157 485/ 1,340 31,301/ 42,704
Wild Isolates (1.3%/ 1.6%) (1.1%/ 4.8%) (3.3%/ 2.6%) (0.0%/0.0%) | (40.8%/ 38.0%) (0.5%/1.0%) |(34.7%/ 32.4%)
10,626/ 13,118 genes | 958/ 1,617 genes | 733/ 2,477 genes| 2,149/ 2,542 genes| 65/ 76 genes | 8,723/ 9,858 genes | 424/ 1,773 genes
93,974 / 139,928 1,360/ 2,737 1,068/ 6,516 3,139/ 3,681 7492 38,276 / 52,606 503/ 1565 32,619/ 45,061
Total (1.4% / 2.0%) (1.2% / 4.7%) (3.3% / 2.6%) (0.0%/0.0%) | (40.7%/ 37.6%) (0.5%/1.1%) | (34.7%/ 32.2%)
10,954/ 13,986 genes | 1,111/ 2,148 genes | 762 / 2,649 genes| 2,247/ 2,667 genes| 70/ 86 genes | 8,931/ 10,181 genes | 434 / 2,574 genes
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Table 2. X to Autosome Ratios

Strain X Deficit Progeny Males per Percentage him Mutations
per 10 10 Parents Male
Parents Segregation
VC30127 -0.179 58 19 32.8 him-5: Affects splicing
V(40562 -0.141 523 46 8.8 him-4: Q -> L
VC20410 -0.119 954 164 17.2
V(40880 -0.118 279 114 40.9 him-17:P->S
V(40287 -0.086 618 2 0.3
VC40772 -0.067 978 48 49
VC40780 -0.063 2017 0 0.0
VC20792 | -0.061 1262 400 317 him-1: E -> Ilf; him-8: § ->
V(40560 -0.056 779 24 3.1
V(20529 -0.049 1156 61 5.3
V(30228 -0.047 357 37 10.4
V(30248 -0.044 281 25 8.9
V(40610 -0.043 63 3 4.8 him-6: W -> *
V(40824 -0.042 300 1.0
V(40832 -0.039 75 0.0
V(40833 -0.039 71 0 0.0
V(C20228 -0.036 321 14 4.4
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Table3. tRNA Anticodon Mutations

Type Anticodon M utation Gene Strain
Arg->Stop TCG->TCA gk783460 F38EQ.t2 V40543
Arg->GIn TCG->TTG gk825791 F56F3.t1 VC40811
Asp->Gly GTC->GCC k887489 F22F1.t9 VC40930

Glu->Lys TTC->TTT gk617568 F11A1t2 VC40395
Gly->Arg TCC->TCT k902433 FA9D11.t2 V C40963
Gly->Arg TCC->TCT gk551018 K04C2.t1 vV C40279
Thr->lle TGT->TAT gk430288 F52C9.t1 V(C30173
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