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Abstract  14 

The importance of genomic structural variants (SVs) is well-appreciated, but much less is 15 

known about their mutational properties than of single nucleotide variants (SNVs) and short 16 

indels.  The reason is simple: the longer the mutation, the less likely it will be covered by a 17 

single sequencing read, thus the harder it is to map unambiguously to a unique genomic 18 

location. 19 

Here we report SV mutation rate estimates from six mutation accumulation (MA) lines 20 

from two strains of C. elegans (N2 and PB306) using long-read (PacBio) sequencing.  The 21 

inferred SV mutation rate ~1/10 the SNV rate and ~1/4 the short indel rate.  We identified 40 22 

mutations, and removed 52 false positives (FP) by manual inspection of each SV call.  23 

Excluding one atypical line (5 mutations, 35 FPs), the signal (inferred mutant) to noise (FP) 24 

ratio is approximately 2:1.  False negative rates were determined by simulating variants in 25 

the reference genome, and observing 'recall'.  Recall rate ranges from >90% for short indels 26 

and declines as SV length increases.  Small deletions have nearly the same recall rate as 27 

small insertions (~100bp), but deletions have higher recall rates than insertions as size 28 

increases.  The reported SV mutation rate is likely an underestimate. 29 

A quarter of identified SV mutations occur in SV hotspots that harbor pre-existing low 30 

complexity repeat variation.  By comparison of the spectrum of spontaneous SVs to wild 31 

isolates, we infer that natural selection is not only efficient at removing SVs in exons, but 32 

also removes roughly half of SVs in intergenic regions.  33 
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Introduction 34 

Based on the total number of bases affected, structural variants (SV) — large insertions and 35 

deletions, repeat expansions and contractions, inversions, and translocations — are the 36 

largest source of genetic diversity in the genomes of multicellular organisms, and they have 37 

the largest average phenotypic and fitness effects of any type of mutation (Collins et al. 38 

2020; Beyter et al. 2021).  SVs are associated with a host of human disorders, including 39 

autism (Marshall et al. 2008; Weiss et al. 2008; Pinto et al. 2010; Sanders et al. 2011), 40 

schizophrenia (Walsh et al. 2008; Karayiorgou et al. 2010), and several types of cancers 41 

(Friedman et al. 1994; Wooster et al. 1995; Meyerson and Pellman 2011; Stransky et al. 42 

2014; Nattestad et al. 2018).  The functional consequences of SVs are well-documented 43 

(Hurles et al. 2008; Conrad et al. 2010; Yi and Ju 2018). 44 

In recent years, human population geneticists have converged on the idea that the 45 

genetic basis of complex disease can be largely accounted for by the combined influence of 46 

very rare, recently arisen variants of large effect (Wang et al. 2021) and variants of small 47 

effect at very many loci (the "omnigenome", Boyle et al. 2017).  Both classes of variants 48 

imply a significant role for mutation, the former for obvious reasons and the latter because, 49 

even if the per-locus mutation rate is low, the cumulative genetic variance contributed by a 50 

large fraction of the genome at mutation-selection-drift balance may be non-trivial. 51 

Given the outsized contribution of SVs to genetic diversity on the one hand, and the 52 

apparently important contribution of mutation to complex disease on the other, 53 

understanding the mutational properties of SVs is an important problem in biomedical 54 

genetics.  More broadly, characterizing SV mutation is necessary for an unbiased estimate 55 

of the distribution of fitness effects (DFE) of new mutations, which is a longstanding goal of 56 

evolutionary genetics (Fisher 1922; Eyre-Walker and Keightley 2007).  Nearly all estimates 57 

of the DFE are restricted to the effects of SNPs and small indels (and most are restricted to 58 

SNPs, e.g., Kousathanas and Keightley 2013; Kim et al. 2017; Tataru et al. 2017; Böndel et 59 

al. 2019; Gilbert et al. 2021; James et al. 2023; Crombie et al. 2024).  Because SVs are 60 
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ignored, all the variation in fitness is ascribed to small indels and SNPs, artificially inflating 61 

their importance by an unknown amount that may be quite large. 62 

The reason that the mutational properties of SVs are poorly characterized is not 63 

because their biological relevance is not appreciated; it obviously is.  Rather, the problem is 64 

technical: SVs are challenging to unambiguously identify and characterize with short-read 65 

sequencing technology, which remains the dominant mode of whole-genome sequencing.  66 

Long-read sequencing is superior to short-read sequencing for SV calling for several 67 

reasons.  Longer reads may span the entire region of interest in one contiguous molecule, 68 

including problematic regions such as low complexity repeats.  Even when a single read 69 

does not span the entire region of interest, longer reads result in superior local de novo 70 

assemblies that can span regions much larger than the read length itself.  The obvious 71 

disadvantages include cost and error rate with respect to base-substitution and small indel 72 

calls, although the accuracy of the latest generation of some long-read platforms approaches 73 

that of short-read sequencing (Harvey et al. 2023).  74 

A complete de novo assembly (whole genome assembly, WGA) of an individual is 75 

the only method certain to capture the full array of structural variants in a genome (Chaisson 76 

et al. 2015).  As the cost of long-read technology declines, genome assemblies from single 77 

individuals have become economically feasible.  Audono et al. (2019) published fully 78 

assembled reference-quality genomes of 13 humans, from which they estimated genetic 79 

diversity resulting from SVs as a proof of concept.  More recently, Nurk et al. (2022) 80 

employed long-read sequencing to finish a complete telomere-to-telomere sequence of a 81 

human genome.  The application of long-read sequencing technology to characterize 82 

spontaneous mutations is still nascent, although it is evident that long-read sequencing picks 83 

up variants that are missed with short-read sequencing (Noyes et al. 2022; Lopez-Cortegano 84 

et al. 2023; Zhou et al. 2023; Hénault et al. 2024; López-Cortegano et al. 2025). 85 

Here we present estimates of the spontaneous mutation rate and spectrum of SVs in 86 

a set of C. elegans mutation accumulation (MA) lines propagated under minimal selection for 87 
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~250 generations.  A schematic diagram of the MA experiment is depicted in Figure 1.  Four 88 

MA lines derived from the N2 strain and two MA lines derived from the PB306 strain, and 89 

their ancestral progenitors, were sequenced using Pacific Biosciences Sequel and Sequel 2 90 

technology.  In addition, we report estimates of the standing SV diversity derived from long-91 

read sequences of the genomes of four wild isolates of C. elegans.  Comparison of the 92 

relative proportions of SVs to other variants (SNPs and small indels) among spontaneous 93 

mutations to the same proportions in the standing variation provides an estimate of the 94 

relative strength of selection against SVs in nature. 95 

Results 96 

Workflow 97 

We identify structural variants (SVs), defined as mutations larger than 30 base pairs (bp), 98 

using a combination of alignment and assembly, followed by conventional variant calling.  99 

Recognizing the inherent challenges in SV detection, we attempted to automate the process 100 

of discovering the optimal parameters for the variant calling pipeline using segregating SVs 101 

as ‘ground truth’, under the assumption that a variant called across many wild isolates is 102 

likely real.  We discovered that the signal-to-noise ratio of spontaneous SVs is significantly 103 

lower than that of segregating SVs, complicating the development of an appropriate pipeline.  104 

These complications are detailed in section 2 of the Supplementary Discussion.  We 105 

ultimately adopted a workflow loosely based on the methodology of Audano et al. (2019), 106 

with three key modifications: 107 

1. Utilization of a superior aligner, minimap2 (Li 2018), instead of blasr 108 

(https://github.com/jcombs1/blasr); 109 

2. Variant calling with PBSV (https://github.com/PacificBiosciences/pbsv); and, critically, 110 

3. Manual ("by eye") verification of each SV call by inspection in IGV (Robinson et al. 111 

2017). 112 

This workflow involves aligning noisy PacBio raw reads (‘subreads’) to the C. elegans 113 

reference genome, followed by de novo assembly of aligned reads in 60-kb tiles.  The114 
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 115 

Figure 1. Schematic diagram of the mutation accumulation (MA) experiment.  A 116 

cryopreserved sample of the ancestor (N2 or PB306) was thawed onto an agar plate (G0, left) 117 

and grown for a few days until the cryopreserved worms had reached the L4 larval stage.  L4-118 

stage worms were transferred singly to new NGM agar plates; those were the founders of the 119 

MA lines (MA.1, MA.2,...MA.n; n=100).  At four-day intervals (one generation), a single 120 

immature worm was picked at random onto a new plate.  This procedure was repeated until 121 

the experiment reached Gmax=250 generations.  Individual MA lines experienced fewer than 122 

Gmax generations, G(ave)=238 generations.  The different colored worms represent (the set 123 

of) unique mutations fixed in each MA line, which contribute to the among-line (mutational) 124 

variance. 125 

 126 

assembled contigs —henceforth referred to as “pseudo-reads”— are then re-aligned to the 127 

reference genome, followed by conventional variant calling using PBSV.  The pseudo-reads 128 

exhibit higher sequence quality than raw PacBio subreads, and aligned pseudo-reads are 129 

free from alignment errors that may occur with subread alignment.  Accurate genotype 130 

calling in both the MA progenitor and the mutation accumulation (MA) line is required for 131 
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spontaneous SV calls, which increases the error rate of a spontaneous SV calling workflow 132 

as opposed to a conventional SV calling workflow.  Consequently, each final mutation call is 133 

manually verified using IGV. 134 

The summary of raw PacBio data is presented in Supplementary Table 1, which 135 

includes the raw read error rate as well as the error rate of the assembly-generated pseudo-136 

reads.  The error rate of raw reads, calculated from all N2-derived lines, is 14%, while the 137 

pseudo-reads exhibit a significantly reduced error rate of 2.2%.  The figures for other lines 138 

are also available in Supplementary Table 1.  Error rates were calculated after alignment 139 

using the 'NM' tag in the BAM file, which represents the Levenshtein distance between the 140 

aligned segment of the read and the reference.  Notably, pseudo-reads also exhibit fewer 141 

unaligned segments, measured as soft or hard clips after alignment.  The percentage of 142 

clipped bases upon alignment is approximately 5.3% for raw reads, compared to 4.3% for 143 

pseudo-reads.  To minimize the effect of reference bias on error rate estimates, we only 144 

report results from N2-derived lines, from which the reference genome is derived, thereby 145 

providing more reliable estimates.  The gains to alignment quality are even higher for wild 146 

isolates and PB306-derived MA lines. 147 

Raw sequence data generated in this study are archived in the NCBI Short Read Archive 148 

- PRJNA1233366.  We also utilized publicly available long-read data of C. elegans wild 149 

isolates from the following SRA repositories (PRJNA523481, and PRJNA1025857). 150 

 151 

SV mutation rate 152 

The SV mutation rate among observed SVs (i.e., not accounting for false negatives), is 153 

estimated to be ~7 SVs per MA line, over approximately 238 generations per MA line, on 154 

average.  In comparison, we identified an average of 62 single nucleotide variants (SNV) 155 

and 25 short indel mutations per line in the same set of lines.  The inferred SV mutation rate 156 

is roughly 10% of the SNV rate and ~30% of the short indel rate, indicating that SVs 157 

comprise about 8% of new mutations, or roughly one new SV mutation per-genome every 158 

~30 generations.  Summary statistics of SV mutations are presented in Table 1.  The full set 159 
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Table 1. Summary statistics. Column headings: Line (strain.MA line # or wild isolate ID); Type (MA or Wild isolate); #Muts (number of 160 

inferred structural variants > 30bp in size); Man. Corr (# of SVs that required manual correction; see Methods for explanation); #False pos. (# of 161 

false positives); %Recall (100 bp, 1Kb, 10Kb) (% of simulated SVs of that length recalled; see Methods for explanation); Ave. Cov. (average 162 

sequencing coverage); Raw error rate (Error rate of raw PacBio subreads calculated after alignment to reference); Pseudo-reads Error rate 163 

(Error rate of assembled contigs after alignment to reference); #gens MA (number of MA generations; see Methods); Rel. fit (%) (Fitness of MA 164 

lines relative to ancestor N2; unpublished data from Saxena et al.); #SNVs (number of base-substitution mutations);   #Indels (number of indel 165 

mutations ≤ 30 bp).  "Mutations" in wild isolates are variant compared to the N2 reference genome.  For a more detailed discussion of false 166 

positives in wild isolates, see section 2 of Supplementary Discussion.  167 

Line  Type  #Muts  Man.  
Corr  

# False 
pos.  

Recall rate 
(100-bp)  

Recall rate (1 
kb) 

Recall  
rate (10 
kb)  

Ave. 
Cov.  

Raw Error 
Rate (%)  

Pseudo-
read  
Error  
Rate (%)  

#gens  
MA  

Rel.  
Fit 
(%)  

# 
SNVs  

# 
Indels  

MA517  N2 - MA  5  3  35  49  53  29  17  14  1%  242  72.6  53  17  
MA530  N2 - MA  7  2  1  65  77  47  56  13  3%  243  122.2  51  26  
MA563  N2 - MA  5  1  0  63  73  43  33  15  3%  237  66.0  70  24  
MA566  N2 - MA  8  4  6  62  73  45  37  13  2%  238  58.6  71  21  
MA445  PB306 - 

MA  
10  5  6  57  68  42  50  16  6%  232  126.8  76  30  

MA459  PB306 - 
MA  

5  2  4  55  62  42  79  16  6%  235  61.4  61  31  

PB306  WI  7691  -  -  59  69  43  188  15  7%  -  -  189278  73876  
CB4856  WI 11028  -  -  56  65  37  59  18  7%  -  -  285787  104591  
QX1211  WI 16528  -  -  50  49  30  54  18  8%  -  -  505065  164826  
JU1088  WI 6181  -  -  60  69  39  52  17  6%  -  -  151734  61013  
N2  Baer - N2  -  -  -  62  76  54  83  15  2%  -  -  -  -  
  168 
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of SVs and their attributes are given in Supplementary Tables 2 and 3 for PB306 derived 169 

lines and N2 derived lines respectively. 170 

 171 

Estimation of False Discovery Rates 172 

(a) False positives.  The accuracy of SV mutation rate estimates is contingent upon the 173 

accuracy of the variant calling workflow.  False positives can be identified only by either (i) 174 

"by eye" validation of putative variants using Integrative Genomics Viewer (IGV), or (ii) by 175 

using a different sequencing technique, ideally by PCR amplification of the putative mutant 176 

locus followed by Sanger sequencing of the resulting amplicon.  However, those approaches 177 

become impractical as the number of samples and/or putative variants increases.  178 

We scrutinized each putative variant in the MA lines by visualizing the aligned 179 

pseudo-reads, raw PacBio subreads, and Illumina reads from a separate study in IGV.  We 180 

identified 52 false positives in the original set of called putative SVs, resulting in a signal 181 

(inferred mutant, n=40) to noise (false positive, n=52) ratio of 40/52 = 0.77.  However, 2/3 of 182 

the false positives occurred in one MA line (N2 line MA517).  MA517 had lower sequencing 183 

coverage than the other lines (17X vs 51X for other MA lines), which potentially introduced 184 

alignment and/or assembly artifacts.  When line MA517 is excluded, the signal-to-noise ratio 185 

increases to ~2:1. 186 

Among the true positive calls, minor corrections were made after visualizing the SVs 187 

in IGV.  Corrections are required when an MA SV occurs at a locus that already carries an 188 

ancestral SV.  Including other minor reasons for adjustments, corrections were necessary for 189 

17 of the 40 true positive calls.  The reasons for corrections are provided in Supplementary 190 

Tables 2 and 3. 191 

(b) False negatives.  In contrast to identification of false positives, which must be done by 192 

brute force, false negatives can be inferred by means of bioinformatics.  We estimated the 193 

false negative rate by (i) simulating SVs ("pseudo-variants") in the reference genome and (ii) 194 

attempting to identify ("recall") the pseudo-variant in the sequenced sample.  For example, a 195 

pseudo-deletion introduced in the reference genome should appear as a variant pseudo-196 
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insertion in the sequenced sample.  We measured recall in both the MA lines and wild 197 

isolates, with the latter providing information about the extent to which reference bias 198 

impacts false negative rates.  199 

Recall rates exceed 90% for short (~100-bp) indels and decline as SV length 200 

increases, with deletions exhibiting higher recall rates than insertions (Figure 2 and 201 

Supplementary Table S4).  Notably, recall rates were lower in wild isolates compared to the 202 

N2 strain, presumably because the C. elegans reference genome is N2.  As a result, slightly  203 

 204 

 205 

Figure 2. Recall rates by genotype, SV type, and SV size.  N2 has the highest recall rate 206 

across SV types and sizes.  Small deletions (100 bp) have the highest recall rates, comparable 207 

to 1-kb and 10-kb deletions. Recall rates of insertions drop sharply beyond 100 bp.  Recall 208 

rate decreases with increasing SV size and genetic divergence from N2, a trend also observed 209 

in PB306-derived MA lines (not shown). Inversions have the lowest recall rates. QX1211, the 210 

most divergent genotype from N2, is the most challenging for SV detection. 211 

 212 

more SVs were missed in the PB306 MA lines than in the N2 MA lines (~4%).  For reasons 213 

that are unclear, we miss almost all small inversions (100-bp), whereas we are able to recall 214 

roughly a quarter of 100-kb inversions. 215 
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 216 

SV mutation spectrum 217 

Frequencies of SVs are listed by type and average size in Table 2.  The total 218 

number of bases affected is approximately 16 kb in the four N2-derived lines, with a 219 

net loss of 1.5 kb across four lines (7 insertions and 18 deletions).  For the two 220 

PB306-derived lines, approximately 15 kb of bases were affected in total, with a net 221 

 222 
Table 2. SV spectrum by variant type and number of bases affected.  223 
 224 

Line  Type  Insertions  Deletions  Inversions  Net bases 
affected  

Net base 
gain (loss)  

N2.517  MA  2  3  0  5,342  184  
N2.530  MA  3  4  0  1,509  843  
N2.563  MA  2  3  0  7,606  (309)  
N2.566  MA  0  8  0  2,166  (2,166)  
PB.445  MA  3  7  0  3,501  (1,397)  
PB.459  MA  2  3  0  12,184  8,536  
PB306  WI  4347  3280  64  4,027,284  1,791,544  
CB4856  WI  5887  5056  85  5,205,431  1,562,847  
QX1211  WI  9148  7279  101  7,949,707  2,849,281  
JU1088  WI  3597  2525  59  3,331,096  1,465,676  
 225 

gain of 7 kb (5 insertions and 10 deletions).  Deletions outnumber insertions 2:1, the same 226 

bias observed among smaller indels in a larger set of N2 and PB306 MA lines (Rajaei et al. 227 

2021).  Among wild isolates, the number of insertions and deletions are nearly equal, with 228 

large insertions outnumbering large deletions by roughly 10% among SVs, and insertions 229 

and deletions being nearly equal among smaller indels.  This suggests stronger purifying 230 

selection against deletions, on average, as opposed to insertions in the wild. 231 

 Spontaneous SV mutations are substantially larger in size compared to SVs 232 

identified in wild isolates (mean SV size: MA=1039 bp, wild=602 bp; median SV size: 233 

MA=404 bp, wild=125 bp; Kolmogorov-Smirnov test, p<0.006).  This difference is primarily 234 

driven by the size of insertions (mean insertion size: MA=1574 bp, wild=799 bp; median 235 

insertion size: MA=840 bp, wild=162; K-S test, p<0.004), whereas deletions show no 236 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 25, 2025. ; https://doi.org/10.1101/2025.03.22.644739doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.22.644739
http://creativecommons.org/licenses/by-nd/4.0/


12 
 

significant difference in size (mean deletion size: MA=538 bp, wild=415 bp; median deletion 237 

size: MA=131 bp, wild=105 bp; K-S test, p>0.21).  Although the difference in deletion sizes is 238 

not statistically significant, we observe a heavier tail in the size distribution of spontaneous 239 

deletions, similar to spontaneous insertions. This distribution exhibits a multimodal pattern, 240 

indicative of larger deletions in the MA lines (Supplementary Figures S1-S3). 241 

 A slight majority of spontaneous SVs (22/40) result from simple repeat expansions or 242 

deletions, while four of the 40 SVs are associated with transposon-related events.  The 243 

average size of the repeat family across 22 independent events is 93 bp.  In the PB306-244 

derived MA line 445, a CER1 transposon insertion was identified on chromosome 1, 245 

resulting in an 8.8-kb insertion within a short 80-bp intron of the smg-1 gene.  The inserted 246 

sequence contains 3’ end of the plg-1 gene and the full CER1 transposon sequence.  247 

Similarly, in the N2-derived MA line 566, an RTE transposon insertion was observed, leading 248 

to a 3.2-kb insertion at the 5' end of the alg-1 gene.  Additionally, seven of the 40 SVs are 249 

located within hyperdivergent genomic regions, consistent with their frequency in the C. 250 

elegans genome (~20%; Lee et al. 2021). 251 

 252 

Distribution of SVs across the genome 253 

The distribution of spontaneous SV mutations among exonic, intronic, and intergenic regions 254 

does not deviate significantly from expectations based on genomic composition (Fisher 255 

Exact test; chi squared statistic=1.89, df=2, sample size=140, p=0.39).  Thus, the distribution 256 

of spontaneous SVs reflects the relative proportion of the genome associated with those 257 

regions. 258 

In the wild isolates, the distribution of segregating SVs across the genome mirrors 259 

the base-substitution distribution – higher in arms and lower in the centers (Figure 3); see 260 

Figure 3 of Andersen et al. (2012) for the distribution of base-substitutions along C. elegans 261 

chromosomes.  The recombination rate is higher in chromosomal arms (of autosomes) than 262 

centers in C. elegans (Rockman and Kruglyak 2009).  The greater genetic diversity in 263 

chromosomal arms is consistent with reduced Hill-Robertson interference in the arms 264 
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 265 

Figure 3. Distribution of SVs within and among chromosomes in wild isolates (density 266 

shown in blue) and MA lines (vertical black lines).  The overall distributions between these 267 

two groups are not significantly different (Kolmogorov-Smirnov test; See text for details). 268 

 269 
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compared to the chromosome centers.  We do not see this pattern on the X chromosome, 270 

which is also consistent with expectation, since the recombination rate is nearly uniform on 271 

the X.  272 

 It is possible, however, that the chromosomal distribution of genetic diversity is not 273 

solely due to variation in the efficacy of purifying selection.  It is possible that the SV 274 

mutation rate may be higher in the arms.  This view is supported by the fact that low 275 

complexity DNA is overrepresented in the arms of C. elegans chromosomes (see 276 

Supplementary Figures S4 and S5).  Even with the small sample size of this study, we 277 

observe more spontaneous SVs in the arms of the chromosomes than in the centers.  A K-S 278 

test revealed no significant deviation between the genomic distribution of spontaneous SVs 279 

and those in the wild (p-values range from 0.29 to 0.92 across the six chromosomes).  It may 280 

be that the distribution of SVs across the genome can be explained by a combination of 281 

mutation (more in the arms than the centers) and selection (stronger Hill-Robertson 282 

interference in the centers). 283 

 284 

Fitness effects of SVs 285 

To infer the fitness effects of SVs, we compared the spectrum of spontaneous SVs 286 

to that of wild isolates.  Multiple aspects of the spectrum can be characterized – size, 287 

type, location, etc.  For example, spontaneous SVs are, on average, larger in size 288 

compared to segregating SVs, aligning with the expectation that larger SVs are more 289 

deleterious and are thus removed by natural selection.  As noted, the deletion-to-290 

insertion ratio is higher among spontaneous SVs as opposed to segregating SVs, 291 

implying that deletions are more deleterious than insertions, on average.  292 

Functionally, the most important aspect of SV annotation is based on their genomic 293 

location (e.g., exon, intron, intergenic).  We analyzed nucleotide diversity across 294 

different SV categories in MA lines and wild isolates, as well as among shorter 295 
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variants such as missense mutations and small indels, as shown in Table 3. SNVs in 296 

introns, intergenic regions, and synonymous SNVs in exons were classified as 297 

"neutral" base-substitution for this analysis.  After normalizing for mutation rate, we 298 

find that SV diversity in exons is approximately 14% of that of (putatively) neutral 299 

 300 

Table 3.  Distribution of variant types by genomic context. See text for details of 301 

calculations of diversity measures.     302 

Type  Context  Wild 
Isolates  PB306 MA  N2 MA  All MA  dN / dS*  

SV  
Exon  2866  4  6  10  0.14  
Intron  11818  5  14  19  0.31  
Intergenic  11292  6  5  11  0.52  

SNV  

Splice Variant  2840  2  1  3  0.48  
Disruptive Start/Stop 
Codon  1830  2  2  4  0.23  

Missense Variant  78191  11  30  41  0.96  
Intergenic Region  243014  53  88  141  Neutral  
Intron Variant  274542  52  94  146  Neutral  
Synonymous Variant  82326  6  8  14  Neutral  

Indel  

Frameshift Variant  8446  4  5  9  0.47  
In-frame Indel  2905  0  4  4  0.36  
Intergenic Region  74279  20  26  46  0.81  
Intron Variant  100183  32  45  77  0.65  

 303 

base-substitutions, consistent with strong purifying selection (see Methods for details of the 304 

calculation).  This analysis is analogous to the dN/dS ratio as a test for selective constraint, 305 

with the denominator (dS*) expanded to increase the sample size of MA variants.  In 306 

contrast to SVs in exons, the SNV diversity of missense mutations is ~96% of the neutral 307 

expectation.  This unexpectedly high frequency could be due to the sampling variance 308 

associated with the small number of spontaneous mutations.  Interestingly, SV diversity in 309 

intergenic regions is ~52% of the neutral expectation, suggesting moderately strong 310 

selection against SVs in these regions.  This observation is, to our knowledge, the first of its 311 

kind and warrants further investigation into the functional impacts of intergenic SVs, which 312 
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may have significant implications for human genetics research.  We discuss the implications 313 

of this result to the concept of ‘junk DNA’ later. 314 

 315 

Discussion 316 

Limitations in Estimating the Contribution of Structural Variants to Fitness Decline 317 

Over the course of an average of 238 generations of mutation accumulation (MA), the six 318 

MA lines in this study exhibited an average decline in absolute fitness of ~15% (Baer et al. 319 

2006).  Structural variants (SVs) constitute only ~7% of all detected variants.  However, 320 

accurately quantifying their contribution to fitness decline is challenging without detailed 321 

knowledge of the distribution of fitness effects (DFE), which is likely influenced by factors 322 

such as variant size and genomic context. 323 

For instance, SVs occurring in exons represent a mutation class with particularly low 324 

diversity in natural populations.  After adjusting for differences in mutation rates across 325 

variant classes, SV diversity in exons is approximately 14% of the neutral expectation, which 326 

implies that selection removes 86 out of every 100 SV mutations that arise in an exon.  Even 327 

that is an underestimate, however, given that the standing variants potentially include 328 

relatively new deleterious mutations that have persisted long enough to be observed but are 329 

on their way to being selected out of the population (i.e. mutation-selection balance). 330 

In contrast, small indels in introns, the most abundant non-neutral mutation class in 331 

our dataset, exhibit diversity at ~65% of the neutral expectation, implying that selection 332 

removes 35 out of every 100 introduced mutations in this category.  Despite this, the MA 333 

lines contain approximately eight times as many small indels in introns than SVs in exons.  334 

While it is difficult to estimate relative selection coefficients (s) for these two classes without 335 

a well-characterized DFE, their relative abundance suggests that small indels in introns 336 

could contribute substantially to fitness decline, even if their average effect is weaker than 337 

that of SVs in exons.  Ignoring variant frequency in favor of a focus on average effects risks 338 

underestimating the evolutionary consequences of more frequent but potentially less 339 

deleterious mutations, such as small indels. 340 
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 341 

Structural Variants in Low-Complexity Mutational Hotspots  342 

A significant proportion (~22.5%; 9 out of 40) of structural variants (SVs) identified in 343 

mutation accumulation (MA) lines occur in low-complexity mutational hotspots.  Previously, 344 

Konrad et al. (2018) reported a similar estimate (~31%) for duplications and a much higher 345 

estimate (~81%) for deletions occurring in loci with pre-existing CNVs in the ancestor, based 346 

on short read sequencing of N2-dervied MA lines in C. elegans.  Among the SV calls in MA 347 

lines, the majority (22 out of 40) are simple repeat expansions or deletions.  These 348 

annotations were determined through manual inspection of variants using the JBrowse 349 

genome browser as well as IGV rather than automated annotation, which, while scalable, 350 

may introduce noise.  The repeating units range in size from as small as dinucleotide 351 

repeats (e.g., AT, CA, CT) to larger structural events, such as the deletion of a single copy 352 

within a four-copy 360-mer repeat. 353 

 An unexpected observation is that 9 of the 22 SVs identified in repeat-rich regions 354 

required a ‘manual correction’ due to a common misclassification in the workflow – where 355 

the MA variant call occurs on a locus with a pre-existing variant in the ancestor.  This 356 

suggests that these loci represent mutational hotspots.  Notably, the variant caller PBSV did 357 

not correctly handle these cases, even in joint genotyping mode.  Supplementary Tables 358 

S2 and S3 provide annotations for SV calls in MA lines, detailing the necessary corrections 359 

following manual verification using IGV and genome browser inspection. 360 

 For example, a variant call on chromosome I of PB306-derived MA line MA445 (I: 361 

1567493), illustrated in Figure 4a with a pedigree and 4b with an IGV snapshot highlights 362 

this issue.  In the PB306 ancestor, this region contains a 3.1 kb insertion composed of 363 

perfectly repeating copies of a 173-mer interspersed with additional sequence.  Some of this 364 

additional sequence contains similar repeating motifs, but of smaller units, and precise 365 

annotation is difficult due to sequencing errors.  The sequence of this insertion, along with its 366 

repeating unit, is provided in Supplementary Sequence File S1 in FASTA format.  We 367 

show the alignment of raw PacBio reads in Supplementary Figure S6 and show the  368 
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(a)   369 

 370 

(b)371 

 372 

Figure 4. (a) A schematic representation of the variants identified at the locus (I: 1567493) in 373 

the pedigree of MA lines.  PBSV initially classified the 1.9 kb insertion and the 3.1 kb 374 

insertion as two independent mutations.  However, a deeper analysis—accounting for 375 

sequencing errors—reveals that a 1.2 kb segment was deleted within the inserted sequence in 376 

the ancestor, leading to the observed 1.9 kb insertion. (b) IGV snapshot of the 1.2 kb deletion 377 

in PB306-derived MA 445.  The IGV snapshot shows pseudo-read alignments, which are 378 

assembled contigs representing longer sequences.  Some pseudo-reads fail to fully capture the 379 
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inserted segment and appear as soft-clipped sequences.  If the inserted segment is not entirely 380 

covered within the pseudo-read, it is clipped from the alignment, appearing as base calls 381 

(colored bars) instead of clean (gray bars), fully aligned sequences.  Some insertion 382 

sequences are misaligned because of the repetitive nature of the locus; however, all pseudo-383 

reads carry the insertion.  Supplementary Figure S6 presents the same analysis using error-384 

prone PacBio raw reads.  385 

 386 

repeating copies of 173-mer highlighted in text in Supplementary Figure S7.  The same 3.1 387 

kb insertion is also present in the PB306-derived MA line MA459, consistent with the 388 

expectation that a variant present in the ancestor is inherited by its descendant.  This 389 

insertion is absent in the N2 ancestor, indicating that it is polymorphic in C. elegans.  390 

Interestingly, in MA445, this region harbors a 1.9 kb insertion, effectively representing a 1.2 391 

kb deletion relative to the PB306 ancestor.  However, variant calling software failed to 392 

annotate this as a deletion event, necessitating extensive manual validation of both raw and 393 

assembled reads.  Because some repeat copies are perfectly conserved while others exhibit 394 

minor variations, the identification of this type of event remains beyond the resolution of 395 

current variant calling algorithms. 396 

 The need for manual correction in 9 out of 22 repeat-associated SVs raises an 397 

important question: Are certain repeat regions disproportionately prone to structural 398 

variation?  The C. elegans genome contains a vast number of repeat-associated sequences, 399 

with 116,921 entries for repeat regions in the WS270 GFF3 annotations.  Our findings 400 

suggest that loci already carrying an SV in the ancestor are prone to recurrent SVs, making 401 

them significant hotspots for genetic variation.  Furthermore, these regions are likely 402 

underrepresented or misannotated by automated variant calling pipelines.  With only 9 such 403 

identified events, it is beyond the scope of this study to understand the factors that cause 404 

some repeat sequences to be hotspots.  Notably, 2 of the 9 manually corrected repeat- 405 

associated SVs occur in hyperdivergent regions—an observation worth noting, though we 406 

refrain from drawing broader conclusions. 407 

 408 
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SV Mutation Rate and Genome Size 409 

Genome size increased in five of the six MA lines assayed, by an average of ~1000 bp over 410 

~238 generations (~4bp/generation).  Comparison of the estimate of the increase in genome 411 

size by mutation with variation in genome size estimated from the wild isolates allows us to 412 

estimate the strength of selection acting on genome size.  If genome size is considered to be 413 

a quantitative trait under selection (directional or stabilizing), at mutation-selection balance 414 

(MSB), the ratio of the mutational variance (VM) to the standing genetic variance (VG) is 415 

approximately equal to the strength of selection acting on a mutation that affects the trait 416 

(Barton 1990; Kondrashov and Turelli 1992).  Alternatively, if the trait of interest is a neutral 417 

trait at mutation drift equilibrium (MDE), in a predominantly selfing population (such as C. 418 

elegans) VG ≈ 4NeVM, where Ne is the effective population size (Lynch and Hill 1986; Denver 419 

et al. 2005).  The ratio of VG to VM for genome size is ~27000, which implies a selection 420 

coefficient s≈3.7x10-5.  If we assume the demarcation of effective neutrality is 4Nes<1 421 

(Kimura 1962; Kondrashov et al. 2006)  and that Ne of C. elegans is on the order of 105 422 

(Gilbert et al. 2021), it is plausible that genome size is under weak, but effective selection, 423 

with the obvious caveat that any measure of variance estimated from a sample of fewer than 424 

ten genomes is not robust. 425 

 426 

Estimating the Fraction of the Genome under Evolutionary Constraint 427 

We observe that selection efficiently removes most SVs, regardless of their genomic 428 

locations (genic versus intergenic).  This finding challenges the conventional view of "junk 429 

DNA," which is often assumed to evolve free from the constraints of purifying selection.  Our 430 

results suggest that a larger fraction of the genome may be functionally relevant than 431 

previously inferred from studies focusing on base substitutions.  Unconstrained genomic 432 

regions are typically defined by the absence of purifying selection.  However, it is possible 433 

that some genomic regions can tolerate base substitutions but not SVs.  For instance, 434 

consider a hypothetical low-complexity region between an enhancer and a promoter 435 

(Bateman and Johnson 2022).  Base substitutions in such regions may not disrupt gene 436 
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function, whereas SVs that alter the distance between the enhancer and promoter might, 437 

which could in turn negatively impact fitness.  Similarly, regulatory sequences flanking genes 438 

may be more tolerant of base substitutions than of small indels or larger SVs.  In a similar 439 

vein, Payer et al. (2017) found that polymorphic Alu elements in the human genome were 440 

significantly associated with Trait Associated SNPs (TASs) in human GWAS.  Larger-scale 441 

studies, capable of identifying more SV mutations, could reveal many such regions that 442 

appear to evolve freely based on SNP variation but are subject to purifying selection against 443 

SVs. 444 

 445 

Implications for GWAS 446 

Our findings have significant implications for genome-wide association studies (GWAS), 447 

which typically rely on exome sequencing data and the analysis of short variants such as 448 

single-nucleotide variants (SNVs) and small indels.  While this approach has been highly 449 

successful in identifying genetic variants associated with numerous traits and diseases, our 450 

results highlight a potential blind spot in the detection and interpretation of structural variants 451 

(SVs), particularly those in noncoding regions such as intergenic areas.  Specifically, we 452 

observed that SVs in exons are under strong purifying selection, with diversity reduced to 453 

14% of the expected value after accounting for mutation rates.  This underscores the 454 

functional importance of exonic SVs and aligns with the focus on exome sequencing in 455 

GWAS. 456 

However, our finding that intergenic SV diversity is reduced to 52% of the expected 457 

value suggests that many of these variants are also functionally significant, likely due to their 458 

impact on regulatory elements or chromatin structure.  This is in contrast to the relatively 459 

weaker selection observed for missense SNVs, which retain 96% of their expected diversity.  460 

The data reveal a striking contrast in the selective pressures acting on different classes of 461 

mutations.  Variants that strongly disrupt gene function—such as splice site mutations, 462 

frameshifts, and structural variants in coding regions—exhibit significantly reduced diversity 463 

in the wild, suggesting that purifying selection effectively removes them from the population.  464 
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In contrast, missense mutations, which alter protein structure but do not necessarily abolish 465 

function, persist at much higher frequencies.  The accumulation of mildly deleterious 466 

mutations could also contribute, in the long run, to compensatory adaptation via the 467 

introduction of variants of small positive effects. 468 

These observations raise critical questions about the extent to which current GWAS 469 

approaches may overlook the contributions of intergenic SVs to phenotypic variation and 470 

disease.  Expanding the scope of GWAS to include comprehensive SV profiling, particularly 471 

in noncoding regions, may uncover a substantial reservoir of previously unrecognized 472 

genetic contributors to human health and disease. 473 

 474 

Conclusion 475 

The spontaneous SV mutation rate is inferred to be approximately 8% of the SNV/small indel 476 

rate, but that is likely an underestimate.  SVs are efficiently removed from natural 477 

populations, indirectly implying a function (biochemical or otherwise) to a larger fraction of 478 

the genome than is typically assumed. 479 

 480 

Material and Methods 481 

MA Protocol 482 

The MA protocol has been described in detail previously (Baer et al. 2005) and is depicted in 483 

Figure 1.  The method by which we estimated the number of generations of MA for a line 484 

(below Gmax) is reported in Saxena et al. (2019). 485 

 486 

DNA extraction, library preparation, and sequencing 487 

Cryopreserved samples of the MA lines were thawed onto 100 mm NGMA agar plates 488 

seeded with a lawn of E. coli OP50 and grown for 2-3 days, until there were many gravid 489 

worms, at which time worms were harvested, "bleached" to remove bacterial and fungal 490 

contamination (Stiernagle 2006), and embryos transferred to a new, seeded 100 mm plate.  491 

L1 larvae were collected the next day and transferred to seven seeded 100 mm plates and 492 
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grown until the plates were nearly starved.  Worms were washed from the plates, double-493 

rinsed in M9 buffer, and pelleted for DNA extraction.  DNA was extracted from each sample 494 

with the Quiagen Gentra Puregene kit, following the manufacturer's instructions.  Extracted 495 

DNA samples were sent to the University of Maryland genomics core facility for library 496 

preparation and sequencing on the Pacific Biosciences Sequel platform. 497 

 498 

Variant Calling Pipeline 499 

We evaluated multiple variant calling strategies, including direct alignment-based 500 

approaches and de novo assembly followed by genome-to-genome alignment using 501 

Assemblytics (Nattestad and Schatz 2016).  Ultimately, we adopted a modified version of the 502 

SMRT-SV2 (Audano et al. 2019)  pipeline, as it provided a balance between sensitivity and 503 

specificity while minimizing false positives.  A detailed discussion of our rationale for 504 

selecting this approach over others is provided in section 1 of the Supplementary 505 

Discussion. 506 

The SMRT-SV2 pipeline processes noisy PacBio subreads by aligning them to the 507 

reference genome using blasr (Chaisson and Tesler 2012).  These alignments are then 508 

segmented into 60-kb tiles, which are assembled using Canu (Koren et al. 2017).  This 509 

localized assembly approach reduces interference from reads originating from other 510 

genomic regions.  Importantly, the assembled contigs effectively "clean" the PacBio 511 

subreads, leading to improved downstream alignments.  While SMRT-SV2 automatically re-512 

aligns these contigs using blasr, we opted to replace blasr with minimap2 (Li 2018), which 513 

provided superior alignment performance for our dataset. 514 

SMRT-SV2 includes its own variant caller.  However, it led to an unacceptably high 515 

false positive rate for de novo mutations.  To improve accuracy, we benchmarked several 516 

alternative structural variant (SV) callers, including Sniffles (Sedlazeck et al. 2018) and 517 

PBSV (Wenger et al. 2019), ultimately selecting PBSV due to its optimized performance on 518 

high-quality PacBio reads.  Further details on the performance of SMRT-SV2, Sniffles, and 519 

SMRT-SV2 variant calling are provided in section 3 of the Supplementary Discussion. 520 
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In cases where a potential variant was detected, SMRT-SV2 produced multiple 521 

assemblies—referred to as “pseudo-reads”—for the candidate locus.  These pseudo-reads 522 

were then aligned with minimap2 and variants were called using PBSV.  Despite this 523 

refinement, we still observed many false positives, albeit a manageable number, further 524 

necessitating manual curation.  Each candidate variant was inspected in IGV (Robinson et 525 

al. 2017) and JBrowse genome browser (Diesh et al. 2023), comparing error-prone raw 526 

PacBio subread alignments, pseudo-read alignments, and independent Illumina sequencing 527 

data generated for a separate study.  Only variants present in the mutation accumulation 528 

(MA) line but absent in both the MA ancestor and other MA lines were considered true de 529 

novo mutations.  Once validated, variants were functionally annotated using genome 530 

browser annotations to classify their genomic context (e.g., exon, intron, UTR, repetitive 531 

element, hyperdivergent region, potential regulatory elements). 532 

For identifying segregating SVs, we followed the same pipeline with one key 533 

difference: instead of an ancestor-descendant comparison, all wild isolates were jointly 534 

called using PBSV. 535 

 536 

Variant Annotation 537 

Annotation of structural variants (SVs) identified in the mutation accumulation (MA) lines was 538 

performed manually.  Basic genomic classifications—such as exon, intron, and intergenic 539 

regions—were straightforward to assign.  Similarly, regulatory annotations, including DNase 540 

hypersensitive sites, transcription factor binding sites, and hyperdivergent regions, could be 541 

systematically determined using existing datasets.  However, annotating repetitive elements 542 

within SVs was significantly more time-consuming.  Many SVs overlapped repetitive 543 

sequences that were not explicitly annotated by RepeatMasker, requiring manual inspection 544 

of the variant and read sequences to deduce repeat structure. 545 

In contrast, annotation of SVs in wild isolates was automated using GFF3-based 546 

genome annotations.  Variant calls were intersected with genomic features using bedtools 547 

(Quinlan and Hall 2010), allowing for systematic classification. Automated annotation tools 548 
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such as snpEff (Cingolani et al. 2012) were not suitable for SV annotation, as they do not 549 

properly account for the full extent of large structural variants.  For example, an 8-kb deletion 550 

may only be annotated at its breakpoints rather than across its entire span.  To ensure 551 

accurate functional classification, we assigned the highest-impact annotation observed 552 

across the deleted region.  If a deletion started upstream of a gene but extended into coding 553 

sequences, it was annotated based on the most functionally significant feature it disrupted 554 

(e.g., an exon rather than an upstream region). 555 

Short variants (SNPs and small indels) in both MA and wild isolates were annotated 556 

using snpEff with the following flags: -no-downstream -no-upstream -no-utr.  As a result, 557 

upstream, downstream, and UTR annotations were instead categorized as intergenic, 558 

maintaining consistency with our SV annotation approach.  snpEff produces a diverse set of 559 

annotations, many of which are redundant or overly specific for our purposes.  To 560 

standardize annotation categories, we applied a systematic simplification approach using a 561 

predefined mapping (Supplementary Table 5).  This mapping condensed detailed 562 

annotation labels into a manageable number of biologically meaningful categories, ensuring 563 

consistency across variant types. 564 

 565 

Estimating the relative strength of selection for different categories of mutations 566 

To estimate the relative strength of selection, analogous to the dN/dS analysis, we first 567 

defined a neutral class of variants.  This neutral class comprises intergenic SNPs, intronic 568 

SNPs, and synonymous substitutions within exons.  We included intronic and intergenic 569 

variants alongside synonymous variants to increase the sample size of MA variants in the 570 

neutral class, given the limited number of synonymous MA variants in our dataset (only 14 571 

observed).  To reflect the expanded definition of the neutral class — which includes 572 

intergenic and intronic variants alongside synonymous mutations — we refer to our 573 

approach as the dN/dS* analysis. 574 

To calculate the relative strength of selection for a particular class of mutation (e.g., 575 

structural variants in exons), we used the following formula: 576 
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 579 

This approach quantifies the relative diversity within a particular class of mutation against the 580 

diversity in neutral classes after accounting for the mutation rates in both categories (data 581 

obtained from spontaneous variants).  Mutation counts for each category in the wild isolate 582 

and MA populations are provided in Table 3. 583 

 584 

Simulation of Reference Genomes and Estimation of False Negative Rates 585 

To evaluate the sensitivity of our variant calling pipeline, we simulated structural variants in 586 

the C. elegans reference genome (WS270) using the R package RSVSim (Bartenhagen and 587 

Dugas 2013).  For each variant type—insertions, deletions, and inversions—we generated 588 

three independent simulated genomes.  Within each variant type, we introduced 100 variants 589 

of lengths 100 bp, 1,000 bp, and 10,000 bp, as well as 50 variants of 100,000 bp. 590 

Following simulation, we applied our variant calling pipeline to assess recall rates.  591 

Introducing structural variants into the reference genome shifts the positions of subsequent 592 

variants, making direct locus-based comparisons dependent on tracking the precise order of 593 

variant introduction.  While this could be addressed if the software explicitly recorded variant 594 

placement order, doing so would introduce additional dependencies into the analysis.  To 595 

avoid this complexity, we instead used a size-based evaluation approach, considering a 596 

variant correctly detected if its length fell within predefined tolerance ranges: (98–102) bp, 597 

(995–1,005) bp, (9,995–10,005) bp, and (99,995–100,005) bp for their respective size 598 

categories.  This approach simplified the evaluation while providing a systematic estimate of 599 

false negative rates. 600 

 601 

Data Analysis 602 
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All statistical analyses (e.g., Kolmogorov-Smirnov test, Fisher’s exact test) were performed 603 

in Python using SciPy (Virtanen et al. 2020). Data visualization was conducted using 604 

Matplotlib (Hunter 2007) and Seaborn (Waskom 2021). 605 
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Data availability 617 

Raw sequence data generated in this study are archived in the NCBI Short Read Archive - 618 

PRJNA1233366.  We also utilized publicly available data from C. elegans wild isolates from 619 

the following SRA repositories (PRJNA523481, and PRJNA1025857).  All code used for 620 

structural variant (SV) calling, variant annotation, and manuscript figure generation is 621 

available at https://github.com/Baer-Lab/c_elegans_spontaneous_sv. 622 

 623 

Figure Legends  624 

Figure 1. Schematic diagram of the mutation accumulation (MA) experiment.  A 625 

cryopreserved sample of the ancestor (N2 or PB306) was thawed onto an agar plate (G0, 626 

left) and grown for a few days until the cryopreserved worms had reached the L4 larval 627 

stage.  L4-stage worms were transferred singly to new NGM agar plates; those were the 628 

founders of the MA lines (MA.1, MA.2,...MA.n; n=100).  At four-day intervals (one 629 

generation), a single immature worm was picked at random onto a new plate.  This 630 
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procedure was repeated until the experiment reached Gmax=250 generations.  Individual 631 

MA lines experienced fewer than Gmax generations, G(ave)=238 generations.  The different 632 

colored worms represent (the set of) unique mutations fixed in each MA line, which 633 

contribute to the among-line (mutational) variance.  634 

  635 

Figure 2. Recall rates by genotype, SV type, and SV size.  N2 has the highest recall rate 636 

across SV types and sizes.  Small deletions (100 bp) have the highest recall rates, 637 

comparable to 1-kb and 10-kb deletions. Recall rates of insertions drop sharply beyond 100 638 

bp.  Recall rate decreases with increasing SV size and genetic divergence from N2, a trend 639 

also observed in PB306-derived MA lines (not shown). Inversions have the lowest recall 640 

rates. QX1211, the most divergent genotype from N2, is the most challenging for SV 641 

detection.  642 

  643 

Figure 3. Distribution of SVs within and among chromosomes in wild isolates (density shown 644 

in blue) and MA lines (vertical black lines).  The overall distributions between these two 645 

groups are not significantly different (Kolmogorov-Smirnov test; See text for details).  646 

  647 

Figure 4. (Top) A schematic representation of the variants identified at the locus (I: 648 

1567493) in the pedigree of MA lines.  PBSV initially classified the 1.9 kb insertion and the 649 

3.1 kb insertion as two independent mutations.  However, a deeper analysis—accounting for 650 

sequencing errors—reveals that a 1.2 kb segment was deleted within the inserted sequence 651 

in the ancestor, leading to the observed 1.9 kb insertion.  652 

(Bottom) IGV snapshot of the 1.2 kb deletion in PB306-derived MA 445.  The IGV snapshot 653 

shows pseudo-read alignments, which are assembled contigs representing longer 654 

sequences.  Some pseudo-reads fail to fully capture the inserted segment and appear as 655 

soft-clipped sequences.  If the inserted segment is not entirely covered within the pseudo-656 

read, it is clipped from the alignment, appearing as base calls (colored bars) instead of clean 657 

(gray bars), fully aligned sequences.  Some insertion sequences are misaligned because of 658 
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the repetitive nature of the locus; however, all pseudo-reads carry the 659 

insertion.  Supplementary Figure S6 presents the same analysis using error-prone PacBio 660 

raw reads.  661 

  662 
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