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Abstract

Mutations that cause structural variation are important sources of genetic variation upon which other evolutionary forces can act,
however, they are difficult to observe and therefore few direct estimates of their rate and spectrum are available. Understanding
mutation rate evolution, however, requires adding to the limited number of species for which direct estimates are available, quan-
tifying levels of intraspecific variation in mutation rates, and assessing whether rate estimates co-vary across types of mutation. Here,
we report structural variation-causing mutation rates (svcMRs) for six categories of mutations (short insertions and deletions, long
deletions and duplications, and deletions and duplications at copy number variable sites) from nine genotypes of Daphnia magna
collected from three populations in Finland, Germany, and Israel using a mutation accumulation approach. Based on whole-genome
sequence data and validated using simulations, we find svcMRs are high (two orders of magnitude higher than base substitution
mutation rates measured in the same lineages), highly variable among populations, and uncorrelated across categories of mutation.
Furthermore, to assess the impact of scvMRs on the genome, we calculated rates while adjusting for the lengths of events and ran
simulations to determine if the mutations occur in genic regions more or less frequently than expected by chance. Our results pose a
challenge to most prevailing theories aimed at explaining the evolution of the mutation rate, underscoring the importance of
obtaining additional mutation rate estimates in more genotypes, for more types of mutation, in more species, in order to improve
our future understanding of mutation rates, their variation, and their evolution.

Key words: insertion, deletion, duplication, copy number variable, mutation accumulation, Daphnia, waterflea, Cladocera.

Significance

Mutations causing structural variation are important sources of genetic variation, but few direct estimates exist. To
understand how mutation rates evolve and expand the current state of knowledge, we must 1) add to the limited
number of species for which rates are known, 2) quantify intraspecific variation, and 3) assess whether rate estimates
co-vary across types of mutation. We estimate rates of six categories of structural variation-causing mutation in nine
genotypes of Daphnia magna using a mutation accumulation experiment and short-read whole-genome sequence
data. We find rates are high (relative to base substitution mutation rates), highly variable among genotypes, and
uncorrelated across categories of mutation, posing a challenge to most prevailing theories aimed at explaining the
evolution of mutation rates.

Introduction the highest impact for generating genetic variation, but be-
Estimates of mutation rates have focused primarily on base cause they are the easiest to observe (Press et al. 2019).
substitution mutation rates, not because they are necessar- Mutations that result in structural variation (e.g., insertions,
ily representative of the rates for other types of mutations or deletions, or duplications), however, are abundant and
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important contributors to the mutational spectrum, even
though few direct rate estimates for them exist (Katju and
Bergthorsson 2019). Estimating structural variation-causing
mutation rates (svcMRs) using short-read whole-genome
sequence (WGS) data requires greater depth of coverage
and better reference assemblies than what is needed to call
single nucleotide changes in order to identify and substan-
tiate breakpoints (Mahmoud et al. 2019). Here, we report
mutation rates for six categories of mutation that cause
structural variation using high-throughput WGS data gen-
erated from mutation accumulation (MA) lines of Daphnia
magna, a freshwater aquatic microcrustacean. In eukar-
yotes with sufficiently short generation times, direct esti-
mates of mutation rates using an MA approach represent
the gold standard for accurate rate estimation. This is be-
cause, as long as they are not lethal or sterilizing, mutations
can be observed when selection is minimized by propagat-
ing lines via random, single progeny descent.

In addition to expanding the range of rate estimates avail-
able, we are interested in measuring levels of intraspecific
variation in mutation rates, a parameter that has largely
been considered invariant within species heretofore (e.g.,
Lynch et al. 2016). Determining how mutation rates evolve
requires, however, understanding the degree to which muta-
tion rates vary both within and between species, as well as
knowing the forces driving and acting on such variation.
Intraspecific variation in mutation rates and spectra has only
been reported in a few studies (e.g., Adrion et al. 2017), but
this is because MA experiments have typically been initiated
from only one or a couple genotypes, making an assessment
of variation levels impossible (but see Ho et al. 2019, 2020,
2021). In cases where intraspecific variation has been looked
for explicitly, for example in yeast, it has been found (e.g.,
6-fold differences in base substitution rates based on MA
experiments started with five genotypes of Saccharomyces
cerevisiae [Pankajam et al. 2020]), but data from across taxa
is lacking.

Similarly, most papers only report mutation rates for a sin-
gle type of mutation and a comparison of rate estimates
across studies is challenging because sequencing platforms,
depth of coverage, and/or methods differ between studies.
Given the different mechanisms causing mutations and
repairing DNA lesions, one would certainly expect rates to
vary among different categories of mutation (Gualberto and
Newton 2017). That said, the theories postulating how evo-
lutionary forces shape mutation rate evolution are not specific
to one type of mutation or another—that is, lineages with
“high” mutation rates for one category (e.g., base substitu-
tions) would be predicted to have relatively high mutation
rates in all categories (e.g., insertions or deletions). Indeed,
there are many categories of theories aimed at explaining
the evolution of mutation rates (ranging from those focusing
on life-history characteristics like longevity [e.g., Nabholz et al.
2008] to those arguing population genetic constraints are the

major determinant like the Drift Barrier Hypothesis [e.g., Sung
et al. 2012]). All of these theories, implicitly, make two pre-
dictions: 1) variation between species will be greater than
within-species variation and 2) there should be high co-
variance among rates for different types of mutations across
lineages, even though mechanisms of mutation are diverse, if
evolutionary drivers of mutation rate change operate on
mutations, regardless of type.

Our previous work in D. magna has shown very high
levels of intraspecific variation in mutation rates for micro-
satellites (Ho et al. 2019) and base substitutions (Ho et al.
2020), posing a challenge to the first prediction. Here, we
estimate svcMRs in order to test the second prediction, and
to add to the small number of direct estimates in eukaryotes
available using an MA approach. We initiated MA lines from
nine different genotypes of D. magna originally collected
from three populations (Finland, Germany, and lIsrael).
Specifically, we estimate rates for short insertions and dele-
tions, long deletions and duplications, and deletions and
duplications at copy number variable (CNV) sites, in addition
to looking at the relationship between structural mutations
and their lengths. In the case of gene deletion/duplication
rates, there are some estimates from other species indicat-
ing rates of svcMRs are high (Katju and Bergthorsson 2013;
Konrad et al. 2018; Chain et al. 2019) and highly variable
within a species (an order of magnitude difference among
rates reported in Caenorhabditis elegans [Lipinski et al.
2011; Konrad et al. 2018] and Daphnia pulex [Keith et al.
2016; Chain et al. 2019]). Quantifying the tempo at which
structural variation is introduced will help uncover the con-
tribution of larger mutations to both deleterious mutation
load and the adaptive potential in populations.

Results

Mutation Rate Estimates

We sequenced the whole genome of MA lines propagated
from nine ancestral genotypes originating from three popu-
lations (Finland, Germany, and Israel) of D. magna (n=9 an-
cestral lines and n=66 MA lines). The entire experiment
consisted of 819 MA generations, with each MA line under-
going an average of 12.4 generations (see supplementary
Methods, Supplementary Material online for details). We ob-
served 62 short indels (<50bp) total (39 deletions and 23
insertions) and used these events to calculate per bp per gen-
eration rates of mutation (table 1; see supplementary tables
S2 and S3, Supplementary Material online for individual
events and line-specific rates). The mean short indel rate
was 1.34x107° (95% confidence interval [Cl] 6.0-
24.1%x 107'% per bp per generation (summing insertion
and deletion events), with a ratio of insertion to deletions of
0.59:1. Rates do not differ between insertions and deletions
(t=1.65, df =65, P=0.10; fig. 1A, supplementary table 54,
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Table 1

Direct Estimates of svcMRs Based on Short-Read WGS Data from Mutation Accumulation Lines (n = 66) Initiated from nine Genotypes of Daphnia magna
Collected Originally from Finland, Germany, and Israel (rates are in bold, length-adjusted rates are in italics)

Rates (95% Cl)

n Mean Length (range)  (x10-10) per bp
per generation
Mutation Type bp Length-adjusted Difference Among Populations?
(x 1079
Short indels
(<50bp) Insertions 23 3.6 (1-24) 272 (1.4,4.2)
0.08 (0.03, 0.1)
Deletions 39 3.8 (1-24) 10.68 (3.6, 21.5)
0.3 (0.1, 0.6)
Insertion + Deletions 62 3.7 (1-24) 13.40 (6.1, 24.1) Yes
%*=34.9, df =2, P<0.0001
Binomial generalized linear mixed model
Long deletions and duplications
(>50bp) Tandem duplications 1 1,697 (NA) 0.06 (0, 0.2)
1.06 (0, 3.2)
Deletions 6 1,888 (417-5,508) 0.98 (0.2, 1.9)
11.81 (3.0, 23.3)
Tandem duplications + Deletions 7 1,861 (417-5,508) 1.04 (0.3, 2.0) No
=172, df=2, P=0.42
Kruskal-Wallis
CNV sites
Duplications 42 2,738 (2,000-10,000) 3.48 (0.3, 8.6)
95.35 (5.2, 238.0)
Deletions 10 2,400 (2,000-4,000) 3.05 (0.6, 6.5)
76.21 (12.6, 162.0)
Duplications + Deletions 52 2,673 (2,000-10,000) 6.53 (1.6, 12.9) Yes
7>=13.44, df=2, P=0.0012
Kruskal-Wallis

The number of observed events (n), the mean length (bp), the mean rates (with 95% Cls) for six categories of mutation, and the net rates for each category include a test for

population effects.

Supplementary Material online), nor is there a difference in
their average length (table 1 and supplementary table S2,
Supplementary  Material online; t=0.17, df=41.1,
P=0.87). To examine if the rates differ intraspecifically, we
summed the count of indels and fit a binomial generalized
linear mixed effect model with population as a fixed effect
and MA line (nested within genotype and population) as a
random effect (fig. 1). Populations differ in their short indel
rates, with Finnish genotypes having higher rates than geno-
types from Germany and Israel based on post hoc Tukey’s
HSD tests (12 =34.9, df =2, P<0.0001; fig. 1A, supplemen-
tary fig. S1 and table S5A, Supplementary Material online).
Longer events (>50 bp) showed no effect of population using
a Kruskal-Wallis test, but were much more rarely observed
(six long deletions [ranging from 417 to 5,508 bp] and one
1,697 bp tandem duplication; y*>=1.72, df=2, P=0.42;
fig. 1B, supplementary tables S2 and S3, Supplementary
Material online).

We also detected 52 CNV events (>2,000 bp in length; 10
deletions and 42 duplications; table 1). CNV events were only
detected in MA lines initiated from genotypes from Germany

(GA7, GA8, GA10, GB1, GB8, GB10, and GC9) with 75% of
CNV events exclusive to a single MA line (39 of the 52 oc-
curred in GB1; fig. 1C and supplementary tables S2 and S3,
Supplementary Material online). High variance in the number
of CNV events across lines has been observed previously in
MA experiments (60% in one line for D. pulex [Chain et al.
2019]) and 85% in one line for C. elegans [Konrad et al.
2018]). Deletions at CNV sites ranged from a 50% to
100% reduction in copy number, but duplications always
appeared as a 50% increase in copy number. The mean
lengths of CNV deletions and duplications do not differ in
our study (t=—1.11, df=27.1, P=0.27) and are similar to
those reported for D. pulex in Chain et al. (2019; which
ranged from 0.6 to 89kb), although we did not find CNV
events as large as those reported in D. pulex in Keith et al.
(2016; up to 1.4 Mb).

Averaging across all MA lines, the overall rate of CNV mu-
tation was 6.53 x 107'° (95% CI 1.6-12.9 x 10~ '°) per bp
per generation (table 1, fig. 1C, supplementary table S4,
Supplementary Material online), which is very similar to the
rate reported in D. pulex (6.5x 107'% Chain et al. 2019).
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Fic. 1.—Mutation rates (per bp per generation) for six types of struc-
tural variants averaged across MA lines of each genotype. Mutations in-
clude (A) short indels (<50 bp), (B) long deletion and tandem duplications
(>50bp), and (C) CNV deletion and duplications (>2,000bp). Yellow,
green, and blue represent genotypes that originated from Finland,
Germany, and Israel, respectively. The short deletion rate for FB was an
order of magnitude larger than other genotypes (supplementary table S4,
Supplementary Material online) but we did not extend the scale of the plot
for clarity. See supplementary table S4, Supplementary Material online for
95% Cls of the means.

Notably, however, all the CNV mutations occurred in lineages
derived from genotypes collected from Germany. Using only
the German MA lines, the CNV deletion and duplication rates
are 8.4 x 107'°(95% Cl 1.8-17.2x 107 "% and 9.6 x 10~ '°
(95% C10.7-23 x 10~ '°) per bp per generation, respectively
(supplementary fig. S2, Supplementary Material online).
These rates are comparable to the rates of short deletion
(3.59x 107" and short insertion (1.35x 107'%) in the
German lines (supplementary fig. S2, Supplementary
Material online). A Kruskal-Wallis test on the total CNV rates,
unsurprisingly, shows a significant effect of population
(#*=13.44, df=2, P=0.0012), with German MA lines

having a higher CNV mutation rate compared with Finland
and lIsrael (post hoc Dunn test; supplementary table S5B,
Supplementary Material online). When looking for correla-
tions among rates across types of mutations, CNV duplication
and deletion rates were the only two categories that exhibited
even a marginally significant correlation (Pearson’s
correlation=0.62, t=2.13, df=7, P=0.07), whereas no
positive or negative correlations were found among rates
for any other mutation types in this study (supplementary
table S6, Supplementary Material online). Note that our sta-
tistical power to estimate correlations is limited by the low
number of genotypes and large number of zeros. However,
we believe the lack of correlation is still reflective of the very
different patterns observed for how indel and CNV rates vary
across genotypes (fig. 1).

Genomic Impacts

Although mutations generating structural variation are typically
reported as the number of events (regardless of size) per base
pair per generation, their length can influence their impact. In
order to better assess the change introduced into the genome
by mutations of various sizes given their frequency, we calcu-
lated length-adjusted rates for each category of mutation.
Short indels have the lowest rates and larger events, such as
CNV mutations, are higher, by up to two orders of magnitude
when rates are adjusted for length (table 1; supplementary fig.
S3 and table S4, Supplementary Material online). We also cal-
culated the “net change” in genome length due to reductions
in length by deletion events and increases in length by dupli-
cation events (see Methods section). The net change in base
pairs due to deletions, insertions, and duplications ranged from
—10kb (GA7) to +102kb (GB1) per line. However, for the
majority of MA lines (54 out of 66), the net change was
<100 bp (supplementary table S2, Supplementary Material on-
line). Overall, net mutation rates were variable, ranging from
—2.110 3.7 x 10~>bp per bp per generation (supplementary
table S7, Supplementary Material online).

In addition to considering length, in many cases we found
that mutations at CNV sites overlap genes (7 deletions and 31
duplications out of 52 CNV events total). Thus, averaging
across all MA lines, the rates of gene deletion and duplication
were 2.81x 107® (95% Cl 0-7.1x 107°) and 3.58 x 10°°
(95% CI 0-8.6 x 107°) per gene per generation, respectively
(table 2). If we only consider cases where CNV changes en-
compass > 95% of the gene (i.e., “complete” gene dele-
tions/duplications), the rates are lower (1.17 x 107° [95%
Cl 0-3.2x 107° and 0.27 x 107° [95% CI 0-0.8 x 107°]
per gene per generation, respectively; table 2). For all types
of mutations, in order to assess if the frequency of events
overlapping genes differs from what one would expect by
chance, we simulated an entire set of mutations (matching
the number, length, and contig location of the observed set)
1,000 times (see supplementary Methods, Supplementary
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Table 2
Partial and complete® gene duplication and deletion rates per gene per

generation for D. magna averaged across MA lines from each genotype from

Germany (GA, GB, and GC), across all genotypes from Germany, and across the species®

Group Count of CNV Mutations Rates Including Partial and Complete Genes (95% Cl) Rates for Complete® Genes Only (95% Cl)
Partially Completely Per gene per generation Per gene per generation
overlap overlap
genes genes Deletion + Duplication Deletion Duplication Both Deletion Duplication
(x1079) (x107%) (x107%) (x107%) (x107%) (x1078)
GA 7 2 23.21 (0, 55.47) 16.41 (0, 44.72) 6.79 (0, 20.38) 5.09 (0, 11.32) 2.83 (0, 8.49) 2.26 (0, 6.79)
GB 28 1 29.51 (0, 63.75) 6.79 (0, 20.36) 22.73 (0, 54.6)  6.79 (0, 20.36) 6.79 (0, 20.36) O
GC 0 0 0 0 0 0 0 0
Germany 35 3 17.57 (4.53, 43.96) 7.73 (0, 18.87) 9.84 (0, 22.73) 3.96 (0, 9.43) 3.21 (0, 8.68) 0.75 (0, 2.26)
D. magna® 35 3 6.39 (1.1, 13.26) 2.81(0, 7.14) 3.58 (0,855 1.44(0,3.500 1.17(0,3.15) 0.27 (0, 0.82)

2A complete gene deletion or duplications requires >95% of the gene being overlapped by a CNV mutation.
PThe species-wide estimate is the mean given the total number of MA lines in the experiment from all three populations, Germany, Finland, and Israel, even though no

events were observed in MA lines derived from Finland and Israel.

Material online). The observed number of events (short
indels, long deletions and tandem duplications, and CNVs
overlapping genes) always falls within the 5th and 95th per-
centile of the simulated distribution (supplementary fig. S4,
Supplementary Material online), suggesting that selection was
successfully minimized in the MA experiment.

Discussion

Variation in sveMRs across Genotypes and Categories of
Mutation

Few direct estimates of the rate of structural variation-causing
mutations exist, because these events are difficult to observe.
Importantly, misassembled or incompletely assembled
genomes can make it impossible to detect events in a given
lineage, and comparing rates across lineages can be difficult
due to biases introduced by reference genomes. In lieu of wet
bench validation of large structural variations (where absence
of evidence frequently is not evidence of absence), we per-
formed simulations to determine the sensitivity of our meth-
ods, but these, too, have limitations and can introduce biases.
Despite these challenges, an understanding of mutation rates
requires more than just estimates of base substitutions, which
may not be representative of rates for other categories of
mutation. Here, we report direct estimates for six categories
of svcMRs in nine genotypes of D. magna collected from three
populations across a latitudinal gradient. Theories aimed at
explaining how mutation rates evolve typically ignore intra-
specific variation and variation in rates among mutation types,
because that variation is assumed to be negligible. If variation
exists upon those two axes, however, it would be crucial for
understanding the evolution of the mutation rate, as a trait.
Previously, we showed that D. magna has among the highest
rates of microsatellite and base substitution mutations
reported so far in animals using a mutation accumulation
approach (Ho et al. 2019, 2020). These high rates, and the
wealth of information on the ecology of Daphnia, make this a

particularly good system for investigating mutation rate vari-
ation (Schaack 2008; Miner et al. 2012).

Our estimates of the rate at which mutations causing struc-
tural variation occur in D. magna fall within the current known
range for eukaryotes (Katju and Bergthorsson 2019; Konrad
et al. 2019; Saxena et al. 2019). The short indel mutation rate
for D. magna (1.34 x 10~ per bp per generation), for exam-
ple, is near the higher end of the range of rates in other multi-
cellular eukaryotes (between 0.31 and 1.37x 1077, see
supplementary table S8A and B, Supplementary Material on-
line for metazoan rates from other MA studies and the coef-
ficients of variation for rates calculated for each species).
Similarly, the ratio of insertion to deletion events that we ob-
served (0.59:1) and the ratio of rates of base substitutions to
indels (6.6:1) in D. magna falls within the reported range for
eukaryotes (0.17:1-0.65:1 [insertion to deletion] and 3.1-18.1
[base substitution to indel], respectively; supplementary table
S8A and B, Supplementary Material online). It is important to
note, our rate estimates represent a conservative lower-bound,
as our simulation data revealed that, while the false discovery
rate was typically O using our pipeline, our false negative rate
(FNR) ranged from 4% to 9% in most cases (see supplemen-
tary table S9A and B, Supplementary Material online).

Importantly, we observed significant variation in mutation
rates in two dimensions. Within a category of mutation, we
observed high levels of intraspecific variation. For example,
Finnish MA lines had higher short indel rates than German
and Israeli lines (fig. 1A, supplementary table S5A,
Supplementary Material online), the same pattern observed
in base substitution mutation rates among these genotypes
(Ho et al. 2020). In contrast, CNV mutation rates were highest
in German lines and no events were detected in Finnish and
Israeli lines (fig. 1C, supplementary table S5B, Supplementary
Material online). These show not only high variation in muta-
tion rates across genotypes and populations, but a remarkable
lack of covariation in rates across categories of mutation (sup-
plementary table S6, Supplementary Material online).
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To quantify and compare intraspecific variation in mu-
tation rates across species, we calculated the coefficient of
variation (CV) of rates for all species where rates have been
measured for multiple genotypes using MA (supplemen-
tary table S8B, Supplementary Material online). Across
our nine D. magna genotypes, the CV for the indel muta-
tion rate (short insertions + short deletions) is 2.07. For
comparison, the CV for indel rates in D. melanogaster
(Keightley et al. 2009; Schrider et al. 2013; Huang et al.
2016; Sharp and Agrawal 2016) and C. elegans (Saxena
etal. 2019; Konrad et al. 2019) are 0.60 and 0.87, respec-
tively. The higher CV in rates observed for D. magna com-
pared with other species could represent 1) true levels of
high intraspecific variation in rates, 2) an artifact of low MA
generations elevating the variance of our estimates com-
pared with other studies, or 3) an undersampling of geno-
types in the other species (C. elegans: two genotypes,
D. melanogaster: four genotypes, D. pulex: three geno-
types). However, it is difficult to disentangle these effects
given the differences in methodology across studies.

Genomic Impacts of Mutations Causing Structural
Variation

Unlike substitutions, mutations causing structural variation
can alter the size of the genome and/or remove or duplicate
functional regions. In D. magna, length-adjusted rates are
higher and more variable among genotypes (table 1), but
there is no difference in the net mutation rates (rates incor-
porating the increase or decrease in bps of each event;
ANOVA, n=66, fgs;,=0.74, P=0.65, supplementary table
S7, Supplementary Material online). In fact, the net mutation
rate of D. magna is not significantly different from 0 (t=0.12,
df =65, P=0.9; supplementary table S7, Supplementary
Material online). This suggests that, in the absence of selec-
tion, genome length is stable. We observed a similar result
when investigating D. magna microsatellite mutations (Ho
et al. 2019), in that genotypes that initially had more micro-
satellite content exhibited a bias toward deletion and geno-
types that initially had less microsatellite content exhibited a
bias toward insertion.

Although mutations are thought to be deleterious, on av-
erage, gene deletions and duplications can also represent an
important source of genetic variation and adaptation, playing
vital roles in the evolution of organismal complexity (Innan
and Kondrashov 2010; Assis and Bachtrog 2013; Katju and
Bergthorsson 2013; Panchy et al. 2016). For example, in novel
environments, natural populations harbor gene duplicates
that are adaptive (Kondrashov 2012) and experimental evo-
lution has shown adaptations involving gene duplications
(Andersson and Hughes 2009; Farslow et al. 2015). There is
also strong evidence that even gene deletions can be adaptive
in natural and laboratory populations (Farslow et al. 2015;
Helsen et al. 2020; Monroe et al. 2021).

Notably, the gene deletion and duplication rates of
D. magna (2.81x 107° and 3.58 x 10~° per gene per gen-
eration, respectively) are more than two orders of magnitude
higher than their base substitution mutation rate (8.9 x 107°
per bp per generation; Ho et al. 2020), a pattern observed in
other eukaryotes as well (Katju and Bergthorsson 2013; see
supplementary table S8B, Supplementary Material online for
rates of gene deletion and duplication from other species).
Similar to other MA experiments (Lipinski et al. 2011; Schrider
et al. 2013), only a few gene deletion/duplication events in
our study encompass an entire gene (3 of 38), but even partial
events can confer adaptive loss of function or lead to sub- or
neofunctionalization (Innan and Kondrashov  2010).
Intraspecific variation in gene deletion and duplication rates
in D. magna (CV=2.00) are greater than that seen in
C. elegans (Lipinski et al. 2011; Konrad et al. 2019) and
D. pulex (Keith et al. 2016; Chain et al. 2019), where they
are 1.37 and 1.03, respectively.

Our estimates of svcMRs in D. magna reveal 1) high levels
of intraspecific variation and 2) differences in rates among
categories of mutation that do not co-vary across genotypes.
In addition to challenging most theories aimed at explaining
the evolution of the mutation rate, our data add to the small
list of taxa for which direct estimates are available. Ultimately,
variation among populations in the rate and type of mutations
can lead to distinct evolutionary trajectories and diversifica-
tion. Theoretical work shows that the rate of fixation for
adaptive mutations is proportional to the mutation rate
(Neher et al. 2010). Similarly, different mutation loads result-
ing from deleterious mutations can alter the risk of extinction
(Lynch et al. 1993), especially in asexually reproducing organ-
isms. In Daphnia, a genus where many species reproduce via
cyclical parthenogenesis, the frequency of sexual reproduc-
tion can vary, influencing the efficacy of selection (Gerber
et al. 2018) and leading to the evolution of variable recombi-
nation rates (Kondrashov 1988; Otto 2009). Our findings un-
derscore the importance of measuring mutation rates for
multiple types of mutations, from multiple genotypes, in
more species. Ultimately, understanding factors affecting
the evolution of the mutation rate depend on a comprehen-
sive set of estimates for this critical trait.

Materials and Methods

For detailed methods see supplementary Methods,
Supplementary Material online. In brief, we performed MA
experiments using nine starting genotypes of D. magna from
three populations (Finland, Germany, and Israel; supplemen-
tary table S1, Supplementary Material online). Lines were
propagated using single-progeny descent (one individual off-
spring transferred each generation) in order to minimize se-
lection. Tissue from all MA lines generated (n = 66 total) and
tissue from ancestors (“starting genotype”) was frozen and
used for whole-genome sequencing. DNA libraries were
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prepared and sequenced using the lllumina platform to pro-
duce ~50x coverage genome-wide for each sample.
Sequence data were assembled and annotated in order to
identify genic regions. Reads from each MA line were mapped
to the genome assembly of their respective starting genotype
using BWA (Li and Durbin 2009) and with SpeedSeq (Chiang
et al. 2015) to output discordant and split reads. Only sites
that met stringent quality filters were included in the down-
stream analysis, which reduced the region of the genome in
which it was possible to call variants to between 53 and
71 Mb across the nine genotypes (supplementary table ST,
Supplementary Material online).

Several programs were used to call short indels (<50 bp),
long deletions and tandem duplications (>50 bp), and CNV
changes (>2,000bp) in order to calculate mutation rates
for each category of mutation. We used simulations in or-
der to estimate false discovery and FNRs (see supplemen-
tary Methods, Supplementary Material online for complete
details) for different categories of events. In addition, we
plotted events by their length (supplementary fig. S5,
Supplementary Material online) and calculated length-
adjusted mutation rates, in order to incorporate the size
of the mutation into the estimate. Mutation rate for each
MA line was calculated as u; = x;/(2 g n), where x; rep-
resents the number of events for structural variant type /, g
represents the number of MA generations, and n repre-
sents the number of callable sites. The length-adjusted mu-
tation rate for each MA line was calculated as

v = Z/U/(Z g n),
]

where J; ; represents the length of the jth event for SV type /.
To examine the overall effect of SVs on genome length, we
calculated the total-length and the net-length rate for each

MA line as,
Z Vi and Z (%
i i

respectively, where ¢; equals +1 for insertions/duplications
and —1 for deletions. In addition, we calculated the genic
effects of structural variants by examining CNV events that
overlapped genes. For each MA line, the per gene rate was
calculated as w; = y;/(2 g m), where y; represents the
number of genes overlapped by structural variant type 1/,
and m represents the total number of genes in each assembly.
We also examined whether structural variants overlapped
genes more or less often than expected by chance, by simu-
lating a set of mutations for each MA line by re-sampling (see
supplementary Methods, Supplementary Material online for
full details). Lastly, we compared intraspecific variation in mu-
tation rates by calculating the CV for rates across our
D. magna genotypes, as well as for species where rates
were reported for more than one genotype.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.

Data Availability

All WGS data have been deposited at NCBI (PRINA658680),
and all code are available online (https:/github.com/
EddieKHHo/isimMutAccumSV, last accessed September 2021).
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