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Variation in mutation, recombination,
and transposition rates in Drosophila melanogaster

and Drosophila simulans
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'Institute of Ecology and Evolution, University of Edinburgh, Edinburgh EH9 3FL, United Kingdom; ?Department of Zoology, Ahmadu
Bello University, 810107 Zaria, Nigeria; 3Departament de Genética, Microbiologia i Estadistica and IRBio, Universitat de Barcelona,

08028 Barcelona, Spain

The rates of mutation, recombination, and transposition are core parameters in models of evolution. They impact genetic
diversity, responses to ongoing selection, and levels of genetic load. However, even for key evolutionary model species
such as Drosophila melanogaster and Drosophila simulans, few estimates of these parameters are available, and we have little idea
of how rates vary between individuals, sexes, or populations. Knowledge of this variation is fundamental for parameterizing
models of genome evolution. Here, we provide direct estimates of mutation, recombination, and transposition rates and their
variation in a West African and a European population of D. melanogaster and a European population of D. simulans. Across 89
flies, we observe 58 single-nucleotide mutations, 286 crossovers, and 89 transposable element (TE) insertions. Compared to
the European D. melanogaster, we find the West African population has a lower mutation rate (167 x 1077 site™! gen™! vs.
486 x1077 site™! gen") and a lower transposition rate (8.99 x 10~> copy ' gen™ vs. 23.36 x 10~> copy ™' gen™), but a higher
recombination rate (3.44 cM/Mb vs. 2.06 cM/Mb). The European D. simulans population has a similar mutation rate to
European D. melanogaster, but a significantly higher recombination rate and a lower, but not significantly different, transposition
rate. Overall, we find paternal-derived mutations are more frequent than maternal ones in both species. Our study quantifies
the variation in rates of mutation, recombination, and transposition among different populations and sexes, and our direct
estimates of these parameters in D. melanogaster and D. simulans will benefit future studies in population and evolutionary genetics.

[Supplemental material is available for this article.]

Mutation is the ultimate source of all genetic variation, and the
mutation rate consequently plays a key role in evolutionary pro-
cesses (Lynch 2010; Lynch et al. 2016). Although the germline mu-
tation rate is thought to be lower than the somatic mutation rate
(Milholland et al. 2017), only germline mutations can be inherit-
ed, and so have greater importance in population and evolutionary
genetics. It has been hypothesized that the germline mutation rate
in multicellular eukaryotes may be explained by an equilibrium
between natural selection to minimize it and the power of genetic
drift to overcome the effect of selection (Lynch et al. 2016).
However, to date, there are relatively few estimates of germline mu-
tation rate from multicellular eukaryotes, and those estimates that
we do have are patchily distributed across the tree of life (for re-
view, see Yoder and Tiley 2021; but see Bergeron et al. 2023;
Wang and Obbard 2023). On the one hand, mutation rates appear
to differ markedly between some distantly related species. For ex-
ample, primate mutation rates are around 10x 107 site™! gen™!
(Rahbari et al. 2016; Jonsson et al. 2017; Lindsay et al. 2019),
whereas insect mutation rates are generally lower than 6 x 107°
site™! gen™! (Keightley et al. 2014, 2015; Yang et al. 2015; Liu
etal. 2017). On the other hand, some very distantly related lineag-
es, such as Drosophila and Heliconius that are separated by ~290
million years of evolution (Misof et al. 2014; Suvorov et al.
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2022), have estimates that are not significantly different from
each other (Keightley et al. 2014, 2015).

The apparent variation in mutation rate may, in part, reflect
variation within species combined with very limited sampling.
For example, in humans—for which many direct estimates are
available—estimates range from 9.6x107° (Campbell et al.
2012) to 21.7 x 1077 site™ gen™! (O’Roak et al. 2012), and paren-
tal age at conception is positively correlated with the number of
mutations in the offspring (Kong et al. 2012; Kaplanis et al.
2022). For Drosophila melanogaster there are relatively few esti-
mates, ranging from 2.8 x 107 to 6.0x 10~ site™! gen™' (Haag-
Liautard et al. 2007; Keightley et al. 2009, 2014; Schrider et al.
2013; Huang et al. 2016; Sharp and Agrawal 2016; Assaf et al.
2017), but there has been no formal attempt to quantify variation
in mutation rate between the sexes or among wild individuals or
populations.

Apparent variation in mutation rate may also be partly attrib-
utable to a lack of precision in the estimates, as the challenge of ac-
curately estimating the mutation rate can be formidable when one
or fewer de novo mutations is expected per offspring, and when
there are millions of segregating sites—as in D. melanogaster
(Keightley et al. 2014). As a consequence of this, most studies in
model species have used a “mutation accumulation” (MA) ap-
proach, in which selection is relaxed for multiple generations in
fully inbred sib-mated lines, and multiple mutations are counted
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at the end of the experiment (Sung et al. 2015; Uchimura et al.
2015; Oppold and Pfenninger 2017). Unfortunately this approach
cannot detect recessive lethal mutations and may conceivably be
biased by the accumulation of deleterious variants that themselves
affect mutation rates (Baer et al. 2007). In contrast, pedigree or par-
ent-offspring trio studies, such as those widely used for humans
and other large mammals, give a direct and relatively unbiased es-
timate of the mutation rate (Ségurel et al. 2014). This approach has
rarely been applied in Drosophila (but see Keightley et al. 2014;
Krasovec 2021), despite the fact that it provides the opportunity
to obtain less biased estimates of the mutation rate and how it var-
ies within and between species.

Recombination also plays a central role in creating variation,
by breaking linkage between segregating mutations and facilitat-
ing their independent fixation or loss (Webster and Hurst 2012).
However, in contrast to mutation rates, recombination rates have
frequently been estimated in mapping studies. These have shown
that recombination rates vary within and between chromosomes,
individuals, sexes, populations, and species, and the variation can
be attributed to both genetic factors (e.g., rate and landscape mod-
ifier loci, genome architecture, and chromatin structure) and envi-
ronmental factors (e.g., age, temperature, and pathogen infection)
(Stapley et al. 2017). Genome-wide estimates of recombination
rate are available for several Drosophila species, including a D. ser-
rata estimate of ~ 1.4 cM/Mb (Stocker et al. 2012), D. pseudoobscura
of 3.3-4.6 cM/Mb, D. miranda of 4.9-6.1 cM/Mb (Heil et al. 2015),
D. persimilis of 4.1 cM/Mb for autosomes and 5.0 cM/Mb for X
Chromosome (Stevison and Noor 2010), D. virilis of 4.6 cM/Mb
(Hemmer et al. 2020), and D. melanogaster of 2.5 cM/Mb (Comeron
etal. 2012). However, experimental studies of Drosophila have rare-
ly looked at variation in genome-wide recombination rates in nat-
ural populations of outbred individuals, and wild populations may
differ systematically from populations that have been strongly se-
lected by adaptation to the laboratory (Aggarwal et al. 2021).

Transposition by mobile genetic elements (transposable ele-
ments; TEs), although perhaps less widely considered by evolu-
tionary studies as an important source of variation, can occur at
a rate similar to that of the nucleotide mutation rate (Adrion
et al. 2017). New TE insertions can be a major source of loss-of-
function mutations (Hirsch and Springer 2017), including those
that directly disrupt genes and those that indirectly lead to ectopic
chromatin formation (Wells and Feschotte 2020), and over evolu-
tionary time TEs have often been “domesticated” into important
roles in the host genome via various mechanisms (Chuong et al.
2017; for review, see Almeida et al. 2022). Using in situ hybridiza-
tion in D. melanogaster, some early studies revealed that the trans-
position rate varied by several orders of magnitude, ranging from
1075 copy~! gen! to 1072 copy ' gen~! (Nuzhdin and Mackay
1995; Pasyukova et al. 1998; Maside et al. 2000; Diaz-Gonzalez
etal. 2011). This variation is partly caused by differences in activity
between TE families; for example, INE-1 has been inactive for mil-
lions of years in D. melanogaster, whereas Transib is recently active
(Kapitonov and Jurka 2003). TE activity also varies among popula-
tions or chromosomes (Adrion et al. 2017; Ho et al. 2021), and is
affected by factors such as stress and aging (Capy et al. 2000; Guer-
reiro 2012; Chuong et al. 2017; Horvath et al. 2017). It has also
been claimed that colonization of new habitats could induce trans-
position in some Drosophila species, for example in D. buzzatii and
D. subobscura (Guerreiro et al. 2008; Guerreiro and Fontdevila
2011), highlighting the potential influence of environmental
stress and emphasizing differences in TE activity between laborato-
ry and wild conditions.

Here, we directly estimate the de novo mutation rate, recom-
bination rate, and rate of TE insertion in low-complexity regions
by sequencing parents and offspring from 18 families of full-sib
D. melanogaster and D. simulans. These direct estimates in fully
wild fly genomes not only highlight the variation in rates among
populations and individuals, but also provide improved parameter
estimates for future evolutionary studies.

Results

We sequenced parents and offspring of six unrelated outbred sib-
ships from a West African population of D. melanogaster, a
European population of D. melanogaster, and a European popula-
tion of D. simulans. In total, we generated 9.5 billion 150 bp
paired-end Illumina sequencing reads, and after removing dupli-
cates, the median genome coverage was above 30-fold for all but
one of the 125 flies (range 28- to 108-fold; Supplemental Fig. S1).
Based on the simulation of synthetic mutations in raw reads
(Supplemental Code), we estimate the median proportion of call-
able sites was 83.1% (range 78.3%-86.0%) for SNMs, and 78.3%
(range 73.5%-80.1%) for short indels.

Based on our wild-collected flies, the overall synonymous
diversity (ms) was 1.27% in the West African D. melanogaster,
0.89% in the European D. melanogaster, and 2.25% in the Europe-
an D. simulans, similar to previously reported estimates (Parsch
et al. 2010; Campos et al. 2017). The nonsynonymous to synony-
mous diversity ratio (ns/ns) was very similar between the three pop-
ulations (0.106, 0.107, and 0.097, respectively). Examination of a
genomic relatedness matrix suggests that all the parents were un-
related except one pair from West African D. melanogaster
(dmeA_15_FO vs. dmeA_23_F0) and one pair from European
D. melanogaster (dmeE_27_MO vs. dmeE_30_F0), which were po-
tentially third-degree relatives (i.e., first cousins; Supplemental
Fig. S2). However, as these flies appeared in different families in
our study, no further inbreeding occurred. Using published break-
point markers, we tested for the presence of seven cosmopolitan
chromosomal inversions in the two populations of D. mela-
nogaster, and discovered 20 In(2L)t, three In(2R)Ns, six In(3L)P,
six In(3R)K, and seven In(3R)Payne inversions, but no In(3R)C in-
versions segregating among the 48 haplotypes (Supplemental
Table S2).

To test the performance of our pipeline for SNM identifica-
tion, we applied the whole pipeline to trio data from rhesus
macaques, as recently used by the “Mutationathon” study
(Bergeron et al. 2022). Of the 33 SNMs there validated by polymer-
ase chain reaction (PCR), our pipeline recovered 27 (i.e., an ~20%
underestimate), which was an improvement on the other present-
ed pipelines (Supplemental Fig. S3). Of the six false-positive SNMs
that were mistakenly identified by some other pipelines, we only
identified one. However, our pipeline also identified a further six
candidates that have not been examined by PCR (i.e., an ~20%
overestimate if all proved to be false positives). Thus, at least in
terms of sensitivity, our pipeline shows a performance at least as
good as equivalent state-of-the-art approaches.

Mutation rates differ between populations and sexes

In total, we identified 58 SNMs across an estimated 17.45 billion
callable sites, giving a crude overall de novo mutation rate across
sexes and populations of 3.32 x 10~ site™! gen™!, with 95% bino-
mial bounds of 2.52x 107 to 4.30x 10~% (Fig. 1A; Supplemental
Fig. S4; Supplemental Table S1). However, the number of
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mutations appeared to vary among populations, sexes, and indi-
viduals (analysis below). Overall, SNMs were significantly biased
toward transitions (overall 60.3%, binomial P-value=3.31x 107>
Fig. 1B), but the mutational spectrum did not vary among popula-
tions (Fisher’s exact test; P-value=0.82). We also identified six
short deletions and three insertions, giving an overall short indel
rate of 5.00x 10719 site™ gen™!, with 95% binomial bounds of
2.29x 1071 t0 9.50 x 1071% Table 1). Unlike the SNMs, the num-
ber of indels did not appear to differ markedly between popula-
tions or sexes, with six of the attributable indel mutations
occurring in the father.

Where the larger number of SNMs permitted, we used a
Bayesian binomial linear mixed model to analyze variation in
the mutation rate, fitting sex and population as fixed effects and
parental identity as a random effect. Some mutations could not
be attributed to one parent or the other, and we chose to assign
half of these to males and half to females (underestimating the dif-
ference between sexes). Our model estimates are presented in
Figure 1C, and alternative models are presented in Supplemental
Material (Supplemental Fig. S5), although the results were not
qualitatively different. Throughout, we treat the proportion of
the posterior density overlapping zero as a “P-value,” and we
make no correction for multiple tests. We found the SNM rate of
the West African D. melanogaster was significantly lower than

that of the European populations of D. melanogaster or D. simulans,
at 1.67x107° (95% HPD CI 0.54-3.14) versus 4.86x107°
(2.11-8.02) and 4.51x107° (1.94-7.75), respectively (P-value=
0.035, P-value=0.048; no correction for multiple testing), but
that the European D. melanogaster and D. simulans populations
did not differ significantly from each other (P-value=0.863).
Overall, we found that the mutation rate was higher in males
than females, at 5.24 x 107 (2.96-7.83) versus 2.05 x 107 (0.94-
3.26; P-value=0.010)—although this was no longer significant if
all of the unphased mutations were assigned to females, thereby
minimizing the possible difference (P-value=0.108). Despite an
apparently large range in the number of mutations seen per par-
ent, after accounting for the fixed effects we found no strong sup-
port for substantial variation in mutation rate among individuals
(65.48% of the remaining variance being attributable to among-in-
dividual variation, but with a 95% credibility interval of 5.00%-—
99.96%).

Recombination rates vary among populations and chromosomes

We phased the parental haplotypes using the offspring data, and
then used phase switches in the offspring to infer meiotic cross-
over breakpoints. Preliminary examination of the haplotype plots
(Supplemental Fig. S6) identified a small number of large-scale
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Figure 1.
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A summary of de novo SNMs identified in a West African and a European population of Drosophila melanogaster, and a European population

of Drosophila simulans. (A) The genomic positions of the SNMs on chromosomes. Each gray bar represents the genome of one offspring. Point color rep-
resents mutation type and point shape represents the parental origin of the mutation (triangle: paternal; circle: maternal). Square points are used to denote
the SNMs with unknown parental origin caused by the lack of informative surrounding SNP markers. (B) The SNM spectrum. The y-axis shows the propor-
tion of each mutation type, and the numbers in brackets are the counts. (C) The mutation rate of SNMs and 95% Cl estimated from our main Bayesian
GLMM in which “population” and “sex” were fixed effects and parental ID was a random effect.
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Table 1. The summary of indel mutations

Populations FamilyID Chromosome Reference Alternate  Parental u (site™" gen™")
Dmel (West Africa) 01 3R AAAAATATATGCCAGCTTCAGTTGGCCATATTTTAATGGG A paternal 3.56x1071°
18 2R TGTCAAAGA T paternal
Dmel (Europe) 28 2L T TGCTA  paternal 5.31x1071°
29 3L T TG paternal
29 3R CCAGGAAGG C unknown
Dsim (Europe) 26 2L TA T paternal 7.76x107'°
31 3R CAAATA C paternal
27 X GTTTTCCATTTTT G maternal
28 X T TATCCA  maternal

phasing errors in the parents that were detectable through multi-
ple sibling F1 individuals sharing identical breakpoints, for exam-
ple on the X Chromosome in the European D. melanogaster
“fam30,” 2R in “fam27,” X in “fam28,” and 2R in “fam29” in
the European D. simulans. We manually corrected these errors by
switching the parental phases. Consistent with an absence of re-
combination in male Drosophila (Morgan 1912), no recombinant
haplotypes strongly supportive of crossover were detected in
males. However, we did identify shorter apparent recombinant re-
gions with maximum length of up to ~1 Mbp in males and ~4 Mbp
in females (corresponding to 1190 SNP markers). We believe these
most likely represented genotyping errors (longer regions) or gene
conversion events (shorter regions). After excluding these regions,
we identified 103 recombination events in female West African
D. melanogaster, 74 in European D. melanogaster, and 109 in
European D. simulans (Fig. 2; Supplemental Table S2; Supple-
mental Fig. $4). This corresponds to 3.43, 2.55, and 3.63 detectable
crossovers per individual, resulting in raw recombination rates of
2.59 cM/Mb (95% binomial confidence interval: 2.11-3.14), 1.92
cM/Mb (1.51-2.42), and 3.03 ctM/Mb (2.49-3.66), respectively. To
examine the robustness of our inference, we explored the impact
of marker thresholds lower than 1190 and found that the number
of recombination events remained stable even if we varied the
threshold (Supplemental Fig. 7). We could not detect any correla-
tion between the number of crossovers detected and the number
of available SNP markers in a chromosome arm (P-value=0.126;
Supplemental Fig. S8), suggesting our ability to detect crossovers is
not strongly affected by variation in the number of SNPs.

As expected, there were few recombination breakpoints close
to centromeres and telomeres. In D. melanogaster, the nearest
breakpoint to a centromere was identified at a distance of 6.8 Mb
on 2L (Fig. 2A). In D. simulans, all the breakpoints were >3.7 Mb
away from centromere except one identified at 1.3 Mb from the
centromere on 3R. Among the crossovers, we observed 45 double
crossovers, in which two crossovers were detectable on the same
chromosomal arm in one meiosis, with 18 in West African D. mel-
anogaster, six in European D. melanogaster, and 21 in European
D. simulans. Double crossovers were particularly common for the
X Chromosome in West African D. melanogaster, in which nearly
half of the crossovers occurred in doubles, and there were three tri-
ple crossovers and three quadruple crossovers (Fig. 2B). Although
recombination can be mutagenic (McVey et al. 2016), no break-
point was inferred closer than 149 kbp to an SNM (West African
D. melanogaster family15, the maternal X Chromosome inherited
by offspring M1). Given that 14 SNMs and 286 recombination
breakpoints were confidently assigned to mothers, this suggests
an upper 95% binomial bound of <1.2% for the proportion of
crossovers that result in SNMs, and an upper 95% binomial bound

of <23% for the proportion of maternal SNMs that result from
crossover recombination.

To quantify maternal recombination rate more robustly, and
to test if recombination rates varied among populations, individ-
uals, and chromosome arms, we applied MCMCglmm using mod-
els analogous to those used above for mutation rate. We fitted
population and chromosome arm as fixed effects, and individual
as a random effect. In addition, because large inversions are ex-
pected to suppress recombination, we fitted a fixed effect of “in-
verted” for maternal chromosome arms in individuals inferred
to be heterozygous for any of the seven large inversions we exam-
ined. In the absence of large inversions, we found that the recom-
bination rate in flies from the West African population of D.
melanogaster was significantly higher than that in flies from the
European populations of D. melanogaster at 3.44 (95% HPD CI
2.72-4.18) cM/Mb versus 2.06 (1.57-2.57) cM/Mb (P-value=
0.004), but not higher than the European D. simulans 3.04
(2.45-3.73) cM/Mb (P-value=0.430). The European D. mela-
nogaster had a lower recombination rate than D. simulans (P-val-
ue=0.019). We did not see any recombination on chromosome
arms that were heterozygous for large cosmopolitan inversions
in D. melanogaster, and the presence of an inversion significantly
suppressed recombination (P-value<2x10~%). Because marker-
based inversion detection may miss those in less well-studied
African populations, we may underestimate the impact of inver-
sions on the recombination rate. However, only one of the 23 pu-
tatively uninverted chromosome arms in the African population
failed to show evidence of recombination, suggesting the impact
of this effect is likely to be very small. If the presence or absence or
large inversions is not considered, the estimated recombination
rates are 2.61 (2.02-3.27) cM/Mb in the West African population
and 1.94 (1.42-2.47) cM/Mb in European population of D. mela-
nogaster (Fig. 2C).

Using a threshold P-value of 0.05 without correcting for mul-
tiple testing, we detected a significantly higher recombination rate
on arm 2L (3.62 [2.71-4.63] cM/Mb) and the X Chromosome
(3.57 [2.74-4.46] cM/MDb) than that on arms 2R (2.43 [1.70-3.20]
cM/Mb) and 3L (2.05 [1.49-2.67] cM/Mb). The recombination
rate on arm 3R was estimated at 2.70 (2.00-3.47) cM/Mb and
was not significantly different from other chromosomal arms. It
is possible that differences in recombination rate among chromo-
somes, such as a slightly higher rate on the X, may be at least partly
attributable to differences in chromosome length (Jensen-Seaman
et al. 2004) as the average number of chiasmata per chromosome
arm was relatively constant within populations. After accounting
for all of the fixed effects, we found little evidence for variation
among individuals (48.6% of the remaining variance being attrib-
utable to among-individual variation; 95% CI of 0%-96.2%).
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Figure 2. A summary of recombination (crossovers) in the females of three populations of Drosophila. (A) The genomic positions of breakpoints on

chromosomes. Each gray bar represents an offspring individual and colors denote the breakpoints in different families. Orange density plots above repre-
sent the density of breakpoint along each chromosome and the black curve lines represent recombination rates from Comeron et al. (2012). The classical
inversions of D. melanogaster (In(2L)t, IN(2R)NS, In(3R)K, and In(3R)Payne) heterozygous in the parents are shown as gray areas. (B) The proportion of
crossover types; SCO: one crossover event on a chromosomal arm during one meiotic process; DCO: two crossover events in one meiotic process;
TCO: three crossover events; QCO: four crossover events. (C) The recombination rate and 95% Cl estimated from a Bayesian GLMM in which “population”
and “chromosome” were fitted as fixed effects and parental ID as a random effect, but with no effect of inversion fitted (see the main text for alternative

estimates).

TE insertion rates differ between populations and sexes

We used TEFLoN (Adrion et al. 2017) to annotate TEs in parents
and offspring, and we identified new insertions as those that
were heterozygous in a single F1 offspring, but absent from all oth-
er individuals in the study. In total, TEFLoN identified ~ 200,000
TE copies across the 24 parental D. melanogaster genomes. The 15
most abundant TEs in the parents are shown in Supplemental
Figure S9. As expected, the rankings of TE abundance were very
similar between the two populations of D. melanogaster, with
Gypsy, Helitron, and Jockey elements being the most abundant, fol-
lowed by Pao, P, TcMar-Tc1, CR1, R1, CMC-Transib, and INE-1. In
total we identified ~ 138,000 TE copies across the 12 D. simulans
parents. The ranking was slightly different in the D. simulans pop-
ulation, as predicted from the known differences in the TE com-
munity between these species (Mérel et al. 2020), with Helitron
elements being the most common TE, followed by Gypsy and
Jockey. DNA transposons made up 39% of all TEs in D. melanogaster
and 44% in D. simulans; long-terminal repeats (LTRs) made up
36% and 34% in the two species, respectively; non-LTRs made
up 25% and 22%, respectively. In all populations, most individual
TE insertions were rare—with 45.7% being singletons and 17.8%

being doubletons—and in general retrotransposons were more fre-
quent than DNA transposons.

By comparing the parents and offspring in each family, we
identified 89 new TE insertions across the three population sam-
ples, with 18 in West African D. melanogaster, 45 in European
D. melanogaster, and 26 in European D. simulans (Supplemental
Fig. S4). Although these numbers probably represent lower bounds
for the true number of insertions, as those falling in repetitive
hard-to-map regions or within other TEs are unlikely to be detect-
able, our estimates are likely to be a good estimate of the number of
transpositions into nonrepetitive, gene-rich, euchromatin. The 18
new insertions in the West African D. melanogaster came from just
two TE superfamilies: CMC-Transib and Gypsy, with the largest
contributor being CMC-Transib (17 insertions) (Fig. 3A,B;
Supplemental Fig. S10). The five active superfamilies appeared to
be different in Europe (Fisher’s exact test; P-value=0.0005), with
19 Gypsy, 16 CMC-Transib, 6 Pao, 3 Jockey, and 1 hAT-hobo inser-
tions. The highly active CMC-Transib elements in D. melanogaster
(3.09 x 1072 insertions copy~' gen™') were less active in D. simu-
lans, only showing three insertions with an insertion rate of 5.67
x107™* copy™ gen'. We observed 6 Copia insertions and 8
TcMar-Mariner insertions in D. simulans, but none in
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gray bar represents an offspring individual, point color represents TE superfamilies, and point shape represents the parental origin of the insertion (triangle:
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GLMM in which “population” and “sex” were fixed effects and parental ID was a random effect.

D. melanogaster. The insertion rates for Copia and TcMar-Mariner in
D. simulans were estimated as high as 2.71 x 10~ copy ! gen™! and
3.06 x 1072 copy ™! gen™!, respectively. We did not observe new
Jockey insertions in D. simulans. Underlying these raw counts is
substantial variation among individuals; for example, all 11
Nomad insertions (Gypsy superfamily) in European D. melanogaster
occurred in the same individual parent. There were also potential
differences between the sexes, as among those TE insertions that
could be attributed to the parent of origin in D. melanogaster the
majority occurred in males (38 vs. 15), although in D. simulans
the males and females had a similar number of TE insertions (12
vs. 11).

As above, we used MCMCglmm to quantify transposition
rates and their variation between populations and sexes.
Transposition rates can be quantified relative to the number of
TE copies in the parent or relative to the number of sites available
in the genome, depending on whether one is interested directly in
the insertion activity of TEs or instead in their impact on the ge-
nome. Accordingly, we fitted models with either the number of pa-
rental element copies as the “trials” in the binomial model, or the
number of callable sites. Similar to the SNM rate, insertion rates
were significantly lower in West African D. melanogaster than in
European D. melanogaster, both when quantified per parental ele-
ment (P-value=0.026) (Fig. 3C) and per base (P-value=0.035). The

European population of D. simulans had an intermediate rate that
was not significantly different from the two D. melanogaster popu-
lations. Males tended to have slightly more insertions than fe-
males, but this effect was not significant (P-value=0.118 for per-
copy rate, P-value=0.071 for per-site rate). Overall, per parental
copy, we estimate 8.99x107° (5.33-14.21) insertions copy '
gen™' for the West African population versus 23.36x107°
(17.04-31.26) insertions copy ' gen™' in the European mela-
nogaster, and 18.70 x 1075 (12.25-27.48) insertions copy~! gen™!
in the European simulans (Supplemental Table S3). Per callable
base, the rates were 2.95x 107 (1.73-4.62) site™! gen™, 7.54 x
1077 (5.50-10.09) site™! gen™!, and 4.38 x 1077 (2.86-6.42) site™"
gen™! for the three populations, respectively. Note, however,
that our estimate of “callable sites” here depends on the number
of sites passing quality filters, not on simulation, and thus may
be upwardly biased—leading to a potential downward bias in esti-
mated rate of TE insertions.

Discussion

Here, we used parent-offspring sequencing to directly estimate the
mutation, recombination, and transposition rates in two popula-
tions of D. melanogaster and one population of D. simulans. By
crossing unrelated wild-collected or first-generation flies, we were
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able to avoid many of the biases that can arise from inbreeding in
mutation-accumulation and mapping studies, such as selection
against recessive deleterious mutations or the direct impact of
new mutations on mutation, recombination, or transposition
rates. In addition, because we could identify the parent of origin
for the majority of events, we were able to quantify differences
in rate between the sexes and between individuals.

Overall mean rates of mutation, recombination, and transposition

Previous estimates of the de novo SNM rate for D. melanogaster span
the range from 2.8x 1077 site™! gen™! to 6.0x 1077 site™! gen™!
(Keightley et al. 2014; Sharp and Agrawal 2016), and our overall
mean estimate of 3.3 x 1077 site™! gen™! across D. melanogaster and
D. simulans is in close agreement. This is at the lower end of the range
seen for metazoa (Wang and Obbard 2023), which range from 2.0 x
1077 t0 16.6 x 1077 (Yoder and Tiley 2021), but is very similar to other
insects, including bumblebees at 3.6 x 107 (Liu et al. 2017),
honeybees at 3.4 x 107 (Yang et al. 2015), and butterflies at
2.9 x 1077 (Keightley et al. 2015). Our estimates correspond to an av-
erage of just 0.8 new SNMs present in each new female embryo.

As with previous studies, we observed a mutational spectrum
that is biased toward transitions, particularly G:C — A:T (Schrider
et al. 2013), and we observed one complex mutational event, with
two mutations occurring only 2 bp apart. This one event out of 57
is consistent with a previous MA study of two D. melanogaster lines
that suggested around 2% of SNMs in Drosophila are complex
(Schrider et al. 2013), likely as result of the error-prone polymerases
used to bypass some DNA lesions during synthesis (Ségurel et al.
2014). Compared to SNMs, new short indels are scarce in
Drosophila, and we only detected nine in total. This implies an indel
rate of 0.5 x 1077 site™! gen~!, which is about half that estimated by
Keightley et al. (2014) who estimated 1.2 x 10~°, but similar to the es-
timate of Schrider et al. (2013) at ~ 0.4 x 10~°. Indel rates vary across
multicellular eukaryotes, from 0.3 x 10~ site™" gen™' inmouse to 1.8
x 1077 site™? gen’1 in humans (for review, see Sung et al. 2016), plac-
ing Drosophila at the lower end of the range.

Recombination rates are known to vary among taxa, from
0.03 cM/Mb to 28.10 cM/Mb among multicellular plants and ani-
mals (Stapley et al. 2017). Although our parent-offspring approach
lacks power, at 2.50 cM/Mb our raw estimate of the overall recom-
bination rate in females is very close to a previous estimate of 2.45
cM/Mb (Comeron et al. 2012). As expected, recombination events
appeared to be suppressed near centromeres and in the presence of
large chromosomal inversions (Crown et al. 2018). Previous stud-
ies have reported the variation of recombination rate between
chromosomes, for example the higher rate on X Chromosome in
African D. melanogaster (Chan et al. 2012), which is in line with
our study after excluding the impact of large chromosomal
inversions.

Although TE insertions provide an unusually disruptive form
of mutation (Wells and Feschotte 2020), transposition rates are
more difficult to estimate directly and have not been widely stud-
ied. Here we estimate an overall rate of at least 16.7 x 10~ inser-
tions per parental TE copy per generation, corresponding to
4.93 x107? insertions per site per generation, or approximately
one new insertion in each new female embryo. Our estimates are
2.3-fold higher than a previous estimate (Adrion et al. 2017) in
Drosophila after ~150 generations of mutation accumulation
(2.11x107? site™ gen~!), and it is tempting to speculate that
this could be as a result of very strong selection against new inser-
tions, even in MA lines. It is notable that our estimate of the TE in-

sertion rate is ~1.5-fold higher than the rate of de novo SNMs. This
suggests that the impact of deleterious mutation on the genome
from TE insertions is likely to be substantially higher, especially
given their likely effects, than the impact of deleterious SNMs.

Rate differences between populations, sexes, and individuals

Underlying these rates of mutation, recombination, and TE inser-
tion was substantial variation among populations, sexes, and indi-
viduals. We observed an SNM rate that was nearly threefold (95%
HPD CI: 1.07- to 6.58-fold) higher in the European population
than in the West African population of D. melanogaster (4.8 x
1077 site™! gen™! vs. 1.6x107° site™' gen~!), with European
D. simulans being more similar to European D. melanogaster
(4.5 x 107 site™ gen™' vs. 4.8 x 107 site™" gen™'). We note that
our low estimate for West African D. melanogaster is close to that
of the only other African estimate (2.8 x 1077 site™! gen™!)—which
was similarly based on parent-offspring sequencing from a single
family collected in Ghana (Keightley et al. 2014)—whereas our es-
timate for European D. melanogaster is closer to those from inbred
North American isolates (Schrider et al. 2013; Huang et al. 2016;
Assaf et al. 2017). If the mutation rate is minimized by selection
(Lynch et al. 2016), then a higher rate in the D. melanogaster dia-
spora could reflect reduced efficacy of selection, perhaps caused
by smaller N, and/or bottle-necking effects. However, there was
no appreciable difference in the mns/ns ratio between the
European and African populations, and this would be expected
to be higher when constraint is ineffective.

We also saw a substantial (2.5- to 4.3-fold) difference in the
SNM rates between male and female flies, approaching that seen
in primates (three- to eightfold) (Taylor et al. 2006; Arnheim and
Calabrese 2009; Ségurel et al. 2014). Direct observation of sex dif-
ferences in mutation rate has not been reported previously for
Drosophila, as other studies have not assigned mutations to the par-
ent of origin. However, Schrider et al. (2013) examined differences
in mutation accumulation on the X Chromosome and autosomes
within MA lines, suggesting a potential difference between the two
sexes, and a study of neo-sex chromosomes in D. miranda suggest-
ed twice as many mutations in males as females (Bachtrog 2008).
Finally, although we did observe many more mutations in some
individuals than in others (up to nine among the offspring of
one D. melanogaster male, in which the expected number was
3.9), and previous studies have suggested substantial differences
between inbred lines (Schrider et al. 2013), after accounting for
the fixed effects of population and sex we had little power to quan-
tify the level of among-individual variation (95% CI: 0 to 0.79).
This is in contrast to an MA study on the green alga
Chlamydomonas reinhardtii that found a sevenfold variation among
the strains (Ness et al. 2015), an order difference among genotypes
in Daphnia magna (Ho et al. 2020) and the presence of hypermuta-
tion in some individual humans (Kaplanis et al. 2022).

As expected, we saw no compelling evidence for crossovers in
male Drosophila (Morgan 1912), but we did see some evidence for
variation in female recombination rate between populations, with
the model estimates for female African and European D. mela-
nogaster, and European D. simulans of 3.4 cM/Mb, 2.1 cM/Mb,
and 3.0 cM/Mb, respectively. This is comparable to previous esti-
mates from D. melanogaster (Comeron et al. 2012; Miller et al.
2016), and is consistent with Chan et al. (2012) who suggested
the North American D. melanogaster had a lower recombination
rate than the African populations. Our estimate for D. simulans is
in close agreement with the observation that the linkage map
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length in D. simulans is around 1.3-fold longer than that in D. mel-
anogaster (True et al. 1996).

As with mutation and recombination rate, we identified sub-
stantial variation among populations in the rate of transposition.
Notably, the West African population of D. melanogaster had a
2.6-fold lower insertion rate than the European population, with
the rate in the D. simulans population more similar to that of
European D. melanogaster. We observed some TEs were highly ac-
tive in specific families, consistent with observations from MA
lines of D. melanogaster (Adrion et al. 2017).

Causes and consequences of rate variation

Per generation mutation rates are generally thought to be deter-
mined by DNA replication fidelity, DNA repair efficiencies, muta-
gen exposure, and the number of germline cell divisions per
generation (Baer et al. 2007). Consequently, sex and age are often
found to be critical factors, and male mutation rates are usually
severalfold higher than female rates in older primates (Taylor
et al. 2006; Arnheim and Calabrese 2009; Kong et al. 2012;
Ségurel et al. 2014; Thomas et al. 2018; Kaplanis et al. 2022). The
difference between the sexes has historically been attributed to
the larger number of cell divisions required in the production of
sperm, but recently studies on humans suggest that DNA damage
and maternal age are also critical in determining the germline mu-
tation rate (Gao et al. 2019). However, environmental factors such
as temperature and exposure to mutagenic chemicals or ultraviolet
radiation are also likely to play a key role—perhaps especially so in
small terrestrial invertebrates (Pfeifer et al. 2005; Baer et al. 2007;
Waldvogel and Pfenninger 2021; Kaplanis et al. 2022).

The differences we see here between males and females, and
perhaps also between West African and European populations,
might therefore be attributable to a higher male mutation rate
per se, or to differences between wild-collected (European males)
and first-generation laboratory flies (females and West African
flies) in age, stress, or mutagen (ultraviolet) exposure. Given our
sample sizes, we were unable to test this possibility. More complex
models that fitted either a sex-by-population interaction or an ad-
ditional “wild-collected” term were not supported over our simpler
model, but were not substantially worse. However, both models
give point estimates for the sex difference and the Africa-Europe
difference that were similar to (or more extreme than) the present-
ed estimates—although the only remaining “significant” term was
the higher male rate in the interaction model.

Recombination rates in Drosophila not only depend on genetic
background, with up to a twofold difference between North
American genotypes (Hunter et al. 2016), but also depend on female
age, number of matings, nutrition, temperature, and pathogen ex-
posure (Redfield 1966; Hunter and Singh 2014; Stapley et al. 2017;
Aggarwal et al. 2021). However, as all the female flies used in this ex-
periment were first-generation laboratory flies, and were thus similar
in age and environmental exposure, the difference in recombination
rate more likely resulted from genetic differences.

As for recombination, high rates of transposition have been
associated with variation in temperature, irradiation, chemical
agents, and pathogens (Capy et al. 2000; Guerreiro 2012). The
worldwide colonization by D. melanogaster and D. simulans has ex-
posed the migrants to new environmental conditions—which has
been claimed to reactivate TEs—and may have exposed them to in-
vasion by new TEs from sympatric species (Guerreiro 2012;
Schwarz et al. 2021). All these factors could come into play in ex-
plaining the variation we see here, as some of the male flies used

in this study were FO wild-collected flies whereas some were first-
generation flies maintained in the laboratory conditions at a cons-
tant temperature. Thus, as for the SNM rate above, the apparent
difference between populations could partly result from differenc-
es in environmental exposure, in addition to differences in the TE
families that are active. Nevertheless, our estimates should be clos-
er to the rates in the wild than studies that use laboratory inbred or
MA lines (Roles and Conner 2008).

Regardless of the causes of this variation in mutation, recom-
bination, and transposition, it has potentially important impli-
cations for studies of Drosophila evolution. Most notably,
D. melanogaster mutation rate estimates are widely used to derive
estimates of N, from measures of diversity (Kimura 1991), and to
apply timescales to the evolutionary process in Drosophila
(Obbard et al. 2012; Kapopoulou et al. 2018) and even beyond
(e.g., Miles et al. 2017). On the one hand, our finding of a broadly
similar rate in European D. melanogaster and D. simulans is reassur-
ing; it may suggest that rates are usefully transferable between spe-
cies. On the other hand, the possibility of a nearly threefold
difference in mutation rate between African populations and the
out-of-Africa diaspora could have substantial implications for esti-
mates of N, or timescales of Drosophila history.

Methods

Fly crosses and sequencing

West African D. melanogaster were collected in Zaria, northern
Nigeria (28 September 2020; 11.1611 N, 7.6471 E). European
D. melanogaster were collected in Sussex, southeast England (4-
10 August 2020; 51.0998 N, 0.1644 E). European D. simulans
were collected in Gimenells, Northern Spain (21 August 2020;
41.6564 N, 0.3885 E). For the West African flies, we crossed the vir-
gin male and female offspring from different wild-collected (i.e.,
wild-mated) females. For the European flies, we crossed virgin fe-
male offspring of wild-collected females with wild-collected males.
All “parental” flies for sequencing were therefore unrelated and ge-
netically wild, that is, no more inbred or related than naturally oc-
curring flies. All progeny groups comprised outbred full-sibships.
In total, we sequenced six families comprising two parents and
five F1 offspring (males) from each of the three populations
(West African and European D. melanogaster, European D. simu-
lans), giving 125 flies in total (36 parents and 89 offspring; one off-
spring individual failed sequencing).

DNA was extracted from single flies using Qiagen Blood and
Tissue kits (Qiagen Ltd.) according to the manufacturer’s protocol,
and provided to the Centre for Genomic Research at the University
of Liverpool (UK) for library preparation and sequencing. Libraries
were prepared using NEBNext Ultra IT FS Kits (New England Biolabs,
Ltd.) with an insert size of ~350 bp. Paired-end (2 x 150 bp) se-
quencing was performed using Illumina NovaSeq with S4 chemis-
try, and raw FASTQ files were trimmed for adapter sequences using
cutadapt-version 1.2.1 (Martin 2011). Reads were further trimmed
for quality using Sickle (https://github.com/najoshi/sickle, version
1.200), with a minimum window quality score of 20. The median
coverages were all above 30-fold (except one with 28-fold) and
the X Chromosome coverages in males were half of that in auto-
somes. For further details, see the Supplemental Material.

Read mapping and variant calling

We used BWA-MEM (version 0.7.17-r1188; Li 2013) to map
the trimmed reads to the reference genomes of D. melanogaster
(version 16.42, FlyBase.org) and D. simulans (version
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GCF_016746395.2_Prin_Dsim_3.1, NCBI) using default param-
eters. We used Picard MarkDuplicates (https://github.com/
broadinstitute/picard, version 2.26.2) to identify and remove
duplicate reads, and BCFtools-version 1.11 (Li 2011) to call vari-
ants for all the samples in each family. We used the GCTA (version
1.93.2; Yang et al. 2011) to examine the relatedness of the parental
flies using a genetic relatedness matrix (GRM) between pairs of
individuals, and seqinr (version 4.2-5; Charif and Lobry 2007) to
estimate the genome-wide synonymous and nonsynonymous
nucleotide diversity from the inferred parental haplotypes
(ns and m,). For a detailed description, see the Supplemental
Material.

Filtering of candidate single-nucleotide and short indel mutations

The central challenge in calling rare heterozygous de novo muta-
tions in highly diverse diploid genomes is to distinguish true mu-
tations from read-mapping errors (Keightley et al. 2014; Bergeron
et al. 2022). For each family, we used GATK-version 4.2.2
(McKenna et al. 2010) select single-nucleotide variants (SNVs),
and we filtered the SNVs to identify sites of candidate de novo mu-
tations according to (e.g.) depth, genotype quality, allelic balance,
absolute read number, and “purity” (the absence of nonreference
reads), as described in detail in the Supplemental Material. To be
considered a candidate, a site could only be heterozygous in a sin-
gle individual in the sample. To filter candidate short indel muta-
tions (those <50 bp), we recalled indels for each of the families
using platypus-version 0.8.1.2 (Rimmer et al. 2014), then we
used VCFtools-version 0.1.16 (Danecek et al. 2011) to extract bial-
lelic indels from the VCF files and filter these candidates as de-
scribed in detail in the Supplemental Material.

Finally, for each family, we manually examined all of the can-
didate SNMs and short indel mutations using the Integrative
Genomics Viewer (IGV) (Robinson et al. 2011). To be accepted, a
candidate mutation had to be absent from all parental reads, and
satisfy all the described criteria in the nonfocal offspring. The can-
didate mutation and its surrounding genomic markers (such as
SNP or indel alleles, if present) had to be phased into only two hap-
lotypes if on autosomes, or one haplotype if on sex chromosomes
in a male, and this step also allowed us to trace the parent of origin
for the majority of mutations. The approach is described in detail
in the Supplemental Material and all scripts are available (see Data
access).

Simulation and defining “callable” sites

Unevenness in mapped read depth means that some fraction of
the genome will not be accessible to mutation detection. This
can be accounted for by using only the “callable” sites as the
denominator when calculating per-site rates, but the complex fil-
tering required to achieve high specificity (see Supplemental
Material) can reduce detection sensitivity in ways that are hard
to capture. One solution to this has been to simulate “synthetic
mutations” in the empirical reads, and rerun the mapping and
mutation-detection pipeline to estimate its overall sensitivity
(Keightley et al. 2014) and use this to “correct” the overall rate es-
timate. Here we take this approach one step further and use these
simulations to directly define the proportion of the genome that is
“callable.” We did this for both SNMs and short indels and we test-
ed our filtering and mutation-calling pipeline using the rhesus ma-
caque trio data provided by the recent “Mutationathon” study
(Bergeron et al. 2022). For details of our simulation and muta-
tion-calling approach, see the Supplemental Material.

Recombination detection

To infer crossover recombination in the parents, we used VCFtools
to select biallelic SNPs and then applied “phase_by_transmission”
from the Python package scikit-allel (version 1.3.5) to phase the
two haplotypes in each offspring (Miles et al. 2017). We visualized
the haplotypes of informative SNPs in the offspring using R, and
manually resolved a small number of visible errors, by switching
the parental phase at the shared breakpoint. The resulting phased
genomes should permit a direct count of crossover breakpoints,
and thus an estimate of the recombination rate. However, substan-
tial “noise” was visible in the phasing at a scale of hundreds to
thousands of bases (Supplemental Fig. S6). This noise could reflect
sequencing etrors, genotyping errors, or short phasing errors, but
may also reflect gene-conversion events (Comeron et al. 2012).
We, therefore, selected a length threshold, based on the presumed
absence of recombination in males, for the detection of true cross-
overs. When applied to the maternal haplotypes, this threshold al-
lowed us to exclude 31,123 likely erroneous short haplotype blocks
(median length 2 kbp, 95% quantile =188 kbp).

Finally, given the potential for suppression of recombination
by genomic inversions in heterozygotes, we used inversion-specif-
ic markers in D. melanogaster to detect cosmopolitan inversions in
the parental samples and examined whether the inversions, if pre-
sent, affect the occurrence of recombination (Kapun et al. 2014).
The seven canonical inversions we examined were In(2L)t,
In(2R)Ns, In(3L)P, In(3R)C, In(3R)K, In(3R)Mo, and In(3R)Payne.

Detection of transposable element insertions

The robust detection of TE insertions into repetitive regions is ex-
tremely challenging, and rarely possible using short-read data
alone. However, a number of approaches can reliably detect TE in-
sertions into low-complexity and gene-rich regions (Ewing 2015;
Chen et al. 2023). We used TEFLoN (Adrion et al. 2017) to identify
TE insertions in our data, and we detected new insertions by com-
paring the TE locations between parents and offspring. To confi-
dently identify novel TE insertions, we then followed a similar
logic to our SNM and indel filtering above (see the Supplemental
Material). To estimate the transposition rate per parental element,
we additionally counted the number of TEs in both parents of each
family.

Statistical analyses

We used binomial generalized linear mixed models to test for rate
differences between populations and sexes and to quantify poten-
tial rate variation among individuals, using the Bayesian mixed-
model package MCMCglmm (version 2.32; Hadfield 2010) in R
(R Core Team 2021). To do this, we treated mutations (or recombi-
nation breakpoints, or insertions) as outcomes from a Bernoulli tri-
al, with the estimated number of callable sites (or equivalent) as
the number of trials. This approach naturally accounts for varia-
tion in power across the experiment (genome size, coverage, fam-
ily size) and provides a robust and well-established framework for
statistical testing. By transforming estimates of the latent rate pa-
rameter back on to the data scale, it also provides direct estimates
of the rates and their credibility intervals.

To quantify differences in mutation rate among our three
“populations” (i.e., West African D. melanogaster, European D. mel-
anogaster, D. simulans; termed “POPULATION” in the model) and
between the two parental sexes (“SEX”), we fitted these terms as
fixed effects. To quantify the variation among parents, we fitted
parental id (“PID”) as a random effect. MCMCglmm also fits a re-
sidual variance, such as might be caused by differences among ob-
servations of offspring that are not attributable to parents. We
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similarly used MCMCglmm to estimate the recombination rate
and to quantify variation in the recombination rate, but excluding
sex (because recombination is absent in males), including chromo-
somal arm identity as a fixed effect, and taking the number of
Bernoulli trials to be the genome length rather than the number
of “callable sites.” For transposable elements, we considered trans-
position rate in two contexts, transposition rate per base and trans-
position rate per parental element; the first used the length of host
genome size that passed depth filtering as a proxy for “callable
sites,” and the second used the inferred copy number of TEs in
host genomes to characterize the transposition rate. For full details
of the models, see the Supplemental Material.

Data access

All raw sequencing data generated in this study have been submit-
ted to the European Nucleotide Archive (ENA; https://www.ebi.ac
.uk/ena/browser/home) under accession number PRJEB51956.
The phased parental genomes are provided at Figshare (https://doi
.org/10.6084/m9.figshare.19733860.v1). All scripts are available
via GitHub (https:/github.com/Yiguan/muDmelDsim) and as
Supplemental Code.
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