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Complete human recombination maps

Gunnar Palsson1, Marteinn T. Hardarson1,2, Hakon Jonsson1, Valgerdur Steinthorsdottir1, 
Olafur A. Stefansson1, Hannes P. Eggertsson1, Sigurjon A. Gudjonsson1, Pall I. Olason1, 
Arnaldur Gylfason1, Gisli Masson1, Unnur Thorsteinsdottir1,3, Patrick Sulem1, Agnar Helgason1,4, 
Daniel F. Gudbjartsson1,5, Bjarni V. Halldorsson1,2 ✉ & Kari Stefansson1,3 ✉

Human recombination maps are a valuable resource for association and linkage 
studies and crucial for many inferences of population history and natural selection. 
Existing maps1–5 are based solely on cross-over (CO) recombination, omitting 
non-cross-overs (NCOs)—the more common form of recombination6—owing to  
the difficulty in detecting them. Using whole-genome sequence data in families,  
we estimate the number of NCOs transmitted from parent to offspring and derive 
complete, sex-specific recombination maps including both NCOs and COs. Mothers 
have fewer but longer NCOs than fathers, and oocytes accumulate NCOs in a non- 
regulated fashion with maternal age. Recombination, primarily NCO, is responsible 
for 1.8% (95% confidence interval: 1.3–2.3) and 11.3% (95% confidence interval:  
9.0–13.6) of paternal and maternal de novo mutations, respectively, and may drive 
the increase in de novo mutations with maternal age. NCOs are substantially more 
prominent than COs in centromeres, possibly to avoid large-scale genomic changes 
that may cause aneuploidy. Our results demonstrate that NCOs highlight to a much 
greater extent than COs the differences in the meiotic process between the sexes,  
in which maternal NCOs may reflect the safeguarding of oocytes from infancy until 
ovulation.

Sexually reproducing organisms make gametes through meiosis7, in 
which homologous chromosomes recombine, ensuring proper segrega-
tion of chromosomes and mixing the genetic material that is passed on 
to the offspring. Human genetic diversity and our ability to evolve—and 
thereby adapt—is generated by de novo mutations (DNMs) and meiotic 
recombination. DNMs are known to occur in part as a result of recom-
bination1,8–11, but, as NCOs are under-reported, the extent to which 
recombination contributes to DNMs in the offspring remains unknown. 
Meiosis is initiated by duplication of the genetic material and subse-
quent formation of double-strand breaks (DSBs)12, occurring mainly in 
hotspots defined by histone methyltransferase PRDM9 (ref. 13). PRDM9 
recruits SPO11, which, together with TOP6BL14, mediates DNA cleavage, 
resulting in DSBs15. The 5′ ends of double-stranded DNA at a DSB are 
resected (Fig. 1a), leaving an overhang of 3′ single-stranded DNA (ssDNA) 
branches16. The homologous chromosome is subsequently invaded by 
one or both 3′ branches for repair of the DSB through DNA resynthesis, 
resulting in a recombination, either a cross-over (CO) or a non-cross- 
over (NCO)6,17.

For DSBs repaired as NCOs, the resected region around the DSB is 
partially repaired using the homologous chromosome as a template. 
Thus, NCOs manifest as short transitions between haplotypes of dif-
ferent grandparental origin, distinguished only at markers that are 
heterozygous in the transmitting parent (Fig. 1b). NCOs that have incor-
porated a donor sequence that includes a heterozygous marker in the 
parent will contain heteroduplex DNA16 with mismatched base-pairings 
that must be resolved. Some of these are resolved to match the original 

haplotype, leaving no evidence of the NCO in the offspring. However, 
when they are resolved to match the donor sequence, a haplotype 
transition will be detectable; this is referred to as a gene conversion18. 
Meiotic DSBs may be repaired using the sister chromatid as the tem-
plate, in which case neither COs nor NCOs would be detectable owing 
to the near-perfect sequence identity between the sister chromatids. 
Sister chromatid repair is suppressed in meiosis and is therefore rare6. 
We focus on DSBs that were repaired using the homologous chromo-
some in meiocytes that resulted in live births.

The meiotic process differs markedly between males and females19. 
Spermatogonia undergo continual mitosis from puberty throughout 
life, whereas meiosis is initiated in spermatocytes only a few weeks 
before haploid sperm cells are fully formed. By contrast, females are 
born with a limited supply of oocytes with the meiotic process sus-
pended in prophase I, only to be completed at ovulation and fertili-
zation decades later20. Oocytes are thus exposed for much longer to 
possible exogenous agents that may adversely affect DNA integrity21, 
and some of their NCOs may be due to repair of DSBs sustained and 
accumulated over the years.

We have derived complete sex-specific recombination maps, includ-
ing both NCOs and COs, thereby completing the high-resolution map-
ping of sex-specific human recombination, a task we started more 
than 20 years ago2. We identified NCOs by looking for gene conver-
sions (Supplementary Note 1.1) transmitted to offspring in 5,420 trios 
in 2,132 Icelandic nuclear families in which both parents and at least 
two children have undergone whole-genome sequencing (WGS)22 
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(Supplementary Table 1). We estimated the length distribution of 
NCOs23 and their average number per meiosis and constructed genetic 
maps of NCOs (Fig. 1c). By identifying DNMs near NCOs in the same indi-
viduals, we derived sex-specific mutational spectra of DNMs resulting 
from NCOs and estimated the overall contribution of recombination to  
mutagenesis.

Gene conversions and observed NCOs
We restricted our analysis to autosomal variants with frequencies above 
0.5% (Supplementary Note 1.4), resulting in 8,893,878 sequence vari-
ants, 8,270,254 single-nucleotide polymorphisms (SNPs) and 623,624 
insertions and/or deletions (indels) (Supplementary Table 2). Gene 
conversions could only be determined at variants for which the 
transmitting parent was heterozygous, and we required the other 
parent to be homozygous (Supplementary Note 2), giving totals of 
4,229,340,533 and 4,288,524,590 informative marker–proband pairs 
(MPPs) for paternal and maternal meiosis, respectively (Extended Data 
Table 1). When the genotypes of parent and offspring were phased, 
and the parent of origin had been determined, contiguous haplotype 
segments of a given grandparental origin could be identified in off-
spring (Supplementary Note 3). Telomeric haplotype segments and 

haplotype segments longer than 100 kb were considered to repre-
sent background, consistent with reciprocal recombination, whereas 
haplotype segments shorter than 100 kb were considered to be gene 
conversion candidates24 (Fig. 1b(i)). Consecutive gene conversion can-
didates flanked by two background haplotypes of the same grandpa-
rental origin were considered to be observed NCOs (oNCOs); note 
that oNCOs may be complex, containing both gene-converted and 
non-gene-converted MPPs (Fig. 1b(ii)). When the grandparental origins 
of the flanking background haplotypes differ, the result is a complex CO1  
(Fig. 1b(iii)).

We identified 17,109 paternal and 45,653 maternal gene-converted 
MPPs—an increase of more than 30-fold compared with the largest 
family-based study so far24 (Extended Data Table 1). Gene conversion 
rates were consistent with earlier estimates24,25. The total numbers 
of oNCOs were 12,948 and 15,712, with averages of 2.39 (95% confi-
dence interval (CI): 2.33–2.44) and 2.90 (95% CI: 2.83–2.97) oNCOs 
per offspring for paternal and maternal meioses, respectively, and 
the mean numbers of converted MPPs per oNCO were 1.32 (95% CI: 
1.26–1.40) and 2.91 (95% CI: 2.79–3.03) for paternal and maternal meio-
sis, respectively. A larger study26 of gene conversions identified from 
identity-by-descent segments was published concurrently with this 
research. We observed a GC bias in gene-converted SNPs (Extended 
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Fig. 1 | Meiosis, NCOs and data analysis. a, Schematic view of NCO and CO 
resolution. A DSB is induced on one chromosome (red) and the 5′ strands near 
the DSB are resected. The 3′ strands invade the homologous chromosome 
(blue), and DNA is synthesized (dotted lines) to bridge the DSB. When only one 
strand invades, the synthesis-dependent strand annealing (SDSA) pathway is 
used, leading to NCOs. When both strands invade, a double Holliday junction 
(dHJ) is generated; this is the primary source of COs. b, Schematic view of 
recombination events. The points denote MPPs in a meiosis, with the colour 
indicating the grandparental origin of each MPP. Short haplotype segments  
are gene conversion candidates flanked by background haplotypes forming (i) 
a simple oNCO with a single converted segment or (ii) a complex oNCO with 
alternating gene-converted and non-gene-converted segments if background 

haplotypes are of the same grandparental origin, or otherwise (iii) a CO with 
associated gene conversions. c, Schematic overview of the NCOurd process 
and subsequent analysis. (i) oNCOs are specified by a set of gene-converted 
MPPs (red) and the surrounding background haplotype MPPs (blue). Our 
previously described method23 (NCOurd) derives length distributions for 
NCOs from the oNCOs. These are used to compute the numbers of NCOs per 
offspring or region. NCOs per offspring allow us to explore sex differences  
and age dependence of the meiotic process, as well as interactions with DNMs 
estimated from (ii) DNMs found near oNCOs. NCOs per region are used to 
compute the number of NCOs throughout the genome to create maps of NCO 
activity and DSB resolution.
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Data Table 1), with strong (C or G) alleles more likely to be transmit-
ted than weak (A or T) ones, consistent with earlier studies24,25,27,28. We 
noted a slightly higher GC bias (P = 0.002, bootstrap test) for maternal 
transversion: 67.1% (95% CI: 65.8–68.5) versus 65.1% (95% CI: 64.2–65.9) 
for transitions, with 50% indicating no bias. For indels, we replicated 
the insertion bias reported in refs. 11,24 (the longer allele was retained 
more frequently than the shorter one). This bias was restricted to mater-
nal meiosis, for which it was 62.5% (95% CI: 60.4–64.4, P = 1.7 × 10−36,  
binomial test).

Mothers transmit fewer and longer NCOs
From oNCOs identified for each proband, we estimated, separately 
for fathers and mothers, the length distribution of all NCOs, including 
those that were not observable owing to the absence of gene-converted 
MPPs. We modelled the length distributions as mixtures of several 
components (Supplementary Note 4) using our previously described 
method23. Very short NCOs (less than 10 bp) would not be accurately 
identified from parent offspring transmissions; however, our data 
suggest that these are rare (Extended Data Fig. 1). The length distri-
butions consisted of multiple components (Supplementary Tables 3 
and 4), which we grouped into short components (less than 1 kb) and 
extended components. Short NCOs were, on average, 123 bp (95% CI: 
94–135) and 102 bp (95% CI: 71–125) for paternal and maternal trans-
missions, respectively (Extended Data Table 1). The size difference 
between the sexes was not significant (P = 0.272, bootstrap test), 
and the results were comparable with earlier NCO length estimates 
of 55–290 bp in humans29, 30 bp in baboons30 and 155 bp in rhesus 
macaques31, and, in mice32, 86 bp (range 23–148) in oocytes and 68 bp 
(range 15–124) in spermatocytes. All these estimates are shorter than 
the size of resected regions around DSBs, which have been estimated 
to be approximately 1,400 bp in human testis10, 1,640 bp in yeast33 
and 2,200 bp in mice34, all with wide variability. Extended NCOs are, 
on average, 7.2 kb (95% CI: 1.8–11.8) and 9.1 kb (95% CI: 6.8–10.8), for 
paternal and maternal transmissions, respectively. Extended NCOs 
represent 1.14% (95% CI: 0.62–5.88) of paternal NCOs but are more 
common in mothers (6.89% (95% CI: 5.10–9.93)) and appear to be gen-
erated from a different process than the paternal ones, with stronger 
allele selection biases (Extended Data Table 1 and Supplementary  
Table 5).

On the basis of the inferred length distribution, we estimated that 
there would be, on average, 105.0 (95% CI: 95.9–125.0) and 81.6 (95% 
CI: 66.7–103.1) NCOs per offspring for paternal and maternal meiosis, 
respectively (Fig. 1c and Supplementary Note 4.3), indicating that the 
vast majority of NCOs are unobserved. We estimated that there would 
be more NCOs in paternal meiosis (P = 0.042, bootstrap test), in contrast 
to the greater number of COs in maternal meiosis1 (approximately 42 
versus approximately 26 for paternal meiosis). Estimating DSBs by 
combining our estimates for NCOs and COs (Supplementary Note 4.4), 
we found that the average number of DSBs did not significantly differ 
between the sexes (P = 0.120, bootstrap test), with the average numbers 
of DSBs per meiocyte estimated to be 474 (95% CI: 438–554) and 410 
(95% CI: 350–496) for paternal and maternal meiosis, respectively. 
Cytological measurements of early recombination intermediates in 
human meiocytes give estimates of approximately 400 DSBs in sper-
matocytes35 and 370 DSBs in oocytes36.

NCOs and COs were positively correlated for both paternal and mater-
nal meiosis (r = 0.058, P = 2.0 × 10−5 paternal; r = 0.100, P = 1.6 × 10−13 
maternal; Supplementary Note 4.5). This is consistent with an increase 
in DSBs leading to an increase in both NCOs and COs, in both fathers 
and mothers, and indicates that an increase in COs does not come at 
the cost of fewer NCOs. These results are also consistent with a model 
in which chromosomal axis lengths vary among germ cells, whereas 
the distance between DSB events varies less37. The relatively modest 
correlation may be explained in part by CO homeostasis17,38.

Genic DSBs favour NCO resolution
We constructed sex-specific maps of human NCO recombination 
on a grid of overlapping 3-Mb windows at intervals of 1 Mb (Supple-
mentary Note 5), achieving resolution on par with that of early CO 
maps2,4. Human recombination maps1–5 have only accounted for CO 
recombination, but combining our NCO maps with existing CO maps1 
allowed us to explore all recombination as well as variations in DSB 
resolution through differences in the NCO and CO maps. We display 
the sex-specific NCO maps for chromosome 19 in Fig. 2a and the full 
set of recombination maps in Supplementary Fig. 1.

Large-scale features of the CO map, such as the elevation of paternal 
rates near telomeres, are mirrored in the NCO map, and we found that 
these maps were highly correlated—the genome-wide correlations 
were 0.68 (95% CI: 0.65–0.71) and 0.36 (95% CI: 0.32–0.40) for paternal 
and maternal maps, respectively. There was significant positive cor-
relation between the paternal CO and NCO maps for all autosomes, 
whereas the maternal maps were significantly positively correlated for 
all autosomes except for 6, 16, 17, 21 and 22 (Supplementary Table 6).

Highlighting the shared aetiology of NCOs and COs, locations of 
oNCOs were highly correlated with sex-specific CO recombination hot-
spots1 (Extended Data Table 2 and Supplementary Note 6), where their 
frequency was increased 22.4-fold and 13.7-fold for fathers and mothers, 
respectively. Furthermore, the hotspot usage of oNCOs was associated 
with a PRDM9 sequence variant (rs2973614, major allele frequency: 
3.2%; effect = −0.6 s.d., P = 1.1 × 10−21; Supplementary Note 7) that was 
also strongly associated with hotspot usage of COs1,13 (effect = −1.7 s.d., 
P = 4.3 × 10−2,382). NCOs were also highly enriched in regions of annotated 
DSB activity (Extended Data Table 2), with the highest enrichments 
found in DNA meiotic recombinase 1 (DMC1) hotspots10,11 (42.4-fold 
and 19.3-fold, for paternal and maternal NCOs, respectively). NCOs 
also colocalized with binding sites of PRDM9 (ref. 39) (Supplementary 
Note 8), and this binding was biased with respect to the centre position 
of oNCOs; the centre of the PRDM9 binding motif was, on average, 
36 bp (95% CI: 26.5–41.0 bp) downstream of the centre position of the 
oNCO (Supplementary Table 7), consistent with PRDM9 inducing DSBs 
preferentially upstream of its binding site.

There was an excess of NCOs in exons and transcribed regions40 
(Extended Data Table 2); the enrichments in transcribed regions 
were 1.52 (95% CI: 1.38–1.67) and 1.26 (95% CI: 1.17–1.36) for paternal 
and maternal meiosis, respectively. These results run counter to the 
well-documented depletion of COs in such regions1,41 (Extended Data 
Table 2). Transcription is marked by H3K36 trimethylation40—known to 
be deposited by the DSB-associated PRDM9 (ref. 42) —which has been 
potentially implicated in regulating DSB pathway choice43, possibly 
explaining why DSB resolution is NCO-enriched in transcribed regions.

Pericentromeric DSBs are resolved as NCOs
The NCO/CO ratio is an indicator of the propensity of DSBs to be 
resolved as NCOs rather than COs; here, we estimated this ratio to be 
7.84 (95% CI: 7.24–9.49) per meiocyte for paternal meiosis and 3.91 
(95% CI: 3.15–4.93) per meiocyte for maternal meiosis. These estimates 
are concordant with prior estimates29,44 and with Housworth–Stahl 
modelling of CO interference (Supplementary Note 9). We analysed 
localized variations in the NCO/CO ratio through a normalized NCO/CO 
difference, ΔDSB, which measures how DSB resolution deviates locally 
from the genome-wide average of the NCO/CO ratio (Fig. 2b). Values of 
ΔDSB ranged from −1 (only COs) to 1 (only NCOs). Here, ΔDSB > 0 indicates 
that DSBs are resolved as NCOs at a higher rate than the genome-wide 
average, referred to as NCO-enriched DSB resolution, whereas ΔDSB < 
0 indicates CO-enriched DSB resolution.

Paternal DSB rates were highly elevated in the 10-Mb region closest 
to the telomere, with both NCOs and COs contributing to this (Fig. 2c 
and Extended Data Fig. 2). Paternal DSB resolution was NCO-enriched 

https://www.ncbi.nlm.nih.gov/snp/?term=rs2973614
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in the 1-Mb interval closest to the telomere; however, in the range 
3–10 Mb from the telomere, the resolution was CO-enriched45. Maternal 
DSB rates, on the other hand, were only mildly elevated in the 10-Mb 
region closest to the telomere; this was driven by elevation of NCOs 
and NCO-enriched resolution up to 5 Mb from the telomere. Further 

away (up to 10 Mb), maternal CO rates were also elevated, and the DSB 
resolution was balanced between COs and NCOs (Fig. 2d and Extended 
Data Fig. 2).

Although COs are known to be suppressed near centromeres46–48, 
our results (Fig. 2e) demonstrate that the processes that govern 
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that suppression do not affect NCOs49; consequently, we observed 
NCO-enriched DSB resolution near centromeres (Fig. 2f and Supple-
mentary Fig. 1). This was especially evident for paternal meiosis, for 
which the average ΔDSB was about 0.85 within 1 Mb of the centromere 
(indicating that almost all DSBs are resolved as NCOs) and remained 
significantly positive up to 10 Mb away from the centromere. For mater-
nal meiosis, this suppression is less effective, as the average ΔDSB was 
positive only within 1 Mb of the centromere.

Recombination map values and DSB resolution as functions of both 
GC content and replication timing are displayed in Extended Data Figs. 3 
and 4, respectively.

DNMs are enriched near oNCOs
We have previously described genomic regions with high NCO rate 
and maternal C>G DNM rate (C>G-enriched regions; CGER9). How-
ever, as relatively few NCOs were detected per individual and oNCO 
datasets have been limited in size, we did not detect co-occurrence 
of DNMs and NCOs in the same meiosis. Here, we expanded this and 
explored colocalization of oNCOs with 382,566 DNMs identified in the 
probands of our study (Supplementary Note 10). For each DNM, we 
measured the distance to the centre of the nearest oNCO and found 
that within 1 kb of the oNCO centres, DNM rates were elevated 142-fold 
(95% CI: 106–183) and 125-fold (95% CI: 66–197) for paternal and mater-
nal meiosis, respectively. To assess whether this enrichment was due 

to nucleotide composition or other genomic features of NCOs, we 
permuted the DNMs across the probands and recalculated the enrich-
ment per permutation. We found no significant enrichment in the 
permutation, indicating that DNM and oNCO co-occurrence was not 
due to nucleotide composition at oNCO sites (Supplementary Table 8). 
The DNM rate elevation decreased rapidly for paternal meiosis and was 
mostly observable within 3 kb of the NCO, whereas significant eleva-
tion could be found up to 100 kb away from NCOs for maternal meio-
sis (Extended Data Table 3, Extended Data Fig. 5 and Supplementary  
Tables 9 and 10).

Sex difference in DNM spectra near NCOs
To highlight the differences in the mechanisms leading to DNMs that 
arise owing to NCOs versus other DNMs, we investigated the mutation 
spectra of the two groups of DNMs. Using our analysis of the extent of 
rate elevation, we used paternal and maternal DNMs within 3 kb and 
100 kb, respectively, to represent DNMs that arose owing to NCOs. We 
grouped together mutations and their reverse complement (muta-
tion class), considered C>T DNMs inside and outside the CpG con-
text separately, and computed the frequency of each mutation class 
(mutation spectrum; Fig. 3a and Supplementary Table 11). We then 
tested whether the spectrum of DNMs near NCOs was different from 
the genomic background (P = 0.075, paternal; P = 1.5 × 10−87, maternal; 
χ2-test). The strong maternal difference could be mostly explained by 
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a very large increase in the percentage of DNMs in the C>G mutation 
class near NCOs, 37.2% (95% CI: 31.6–43.2) compared with 7.55% (95% 
CI: 7.41–7.68) genome-wide (P = 4.65 × 10−49, Fisher’s test). This directly 
implicates NCOs with regional enrichment of maternal C>G DNMs in 
CGER. We next checked whether the mutational processes for NCO 
and CO were similar by comparing spectra for DNMs near NCOs and 
COs (Extended Data Fig. 6). We did not find any significant difference 
between the spectra for NCO-proximal and CO-proximal DNMs in pater-
nal meiosis (P = 0.10, χ2-test); however, for maternal meiosis, they were 
different (P = 1.9 × 10−12, χ2-test).

NCOs and COs are products of DSB repair with single-stranded 
DNA intermediates, which are mutation prone50, and mutational 
and/or repair processes operating on specific types of nucleotide 
in a single-strand context would be expected to create strand asym-
metry in the mutation spectra51. In line with this expectation, we 
found strand asymmetry of CpG>TpG DNMs near paternal COs1; the 
same pattern has been observed for C>N DNMs and sequence vari-
ants around DSB hotspots11,52. Here, we detected strand asymmetry 
in the spectrum for NCO-proximal DNMs (Fig. 3b and Extended Data 
Fig. 7). CpG>TpG asymmetry, a signature of spontaneous deamina-
tion of methylated cytosines53, was present in paternal meiosis (odds 
ratio = ∞ (95% CI: 2.51 to ∞, P = 4.7 × 10−3, Fisher’s test) but not in mater-
nal meiosis. No other asymmetry signature was found in paternal 
meiosis; however, in maternal meiosis, we observed asymmetry in all 
C>N classes (Extended Data Fig. 7). These results, together with the 
long-range enrichment of C>G DNMs near maternal NCOs and the 
substantial accumulation of strand-coordinated C>G DNMs in ageing 
mothers9,54, indicate that the resected region around DSBs is larger  
than NCOs.

Age-related NCOs are not regulated
For maternal meioses, we found that the number of NCOs per off-
spring increased (P = 5.73 × 10−7, t-test) with maternal age at the birth 
of the proband by 20.3 (95% CI: 15.7–24.9) events per decade (Fig. 2g 
and Supplementary Table  12), in line with the age dependence 
observed for both CO1 and gene conversion rates24. No age effects 
were observed for paternal meiosis (P = 0.78, t-test), as with pater-
nal COs1. Combining the maternal estimates, we found an increase 
in the number of DSBs per meiocyte of 82.5 (95% CI: 64–101) events 
per decade (Supplementary Table 12), with most new DSBs resolved 
as NCOs (Fig. 2h). Thus, pregnancies carried to term by 20-year-old 
mothers were products of meiocytes with an average of 349 (95% 
CI: 329–368) DSBs, whereas those of 40-year-old mothers resulted 
from meiocytes with an average of 514 (95% CI: 488–539) DSBs, a 50% 
increase. For a parental age of 20 years, maternal meiocytes contained 
significantly fewer DSBs (P < 2 × 10−3, bootstrap test) than paternal 
meiocytes, which contained on average 474 (95% CI: 438–554) DSBs, 
corresponding roughly to the average number of DSBs in 35-year-old  
mothers.

The increase in NCOs with maternal age occurred entirely outside 
DMC1 hotspots, with no change in the number of oNCOs inside the 
DMC1 hotspots (P = 0.88, t-test). Consequently, over a span of two 
decades from the age of 20 years, the percentage of oNCOs within 
DMC1 hotspots decreased from 29.0% (95% CI: 27.6–30.4) to 15.9% (95% 
CI: 14.0–17.8) (Supplementary Table 12). Both of these values were 
significantly smaller than the corresponding results for paternal 
oNCOs, which were 51.7% (95% CI: 50.7–52.7) and depended minimally 
on paternal age (effect = −1.75% per decade, P = 0.032, t-test). Mater-
nal CO hotspots are another measure of programmed DSB activity in 
maternal meiosis. Here also, we saw a decrease in the percentage of 
oNCOs that fell within hotspots, from 32.8% (95% CI: 31.4–34.3) at the 
age of 20 years to 22.1% (95% CI: 20.1–24.1) at the age of 40 years (Sup-
plementary Table 12). Thus, nearly all the age increase in NCOs took 
place outside CO hotspots.

These results indicate that maternal NCOs may become less tightly 
regulated with age, but we also found that maternal NCO rates increased 
disproportionally in CGER9; the proportion of oNCOs in CGER almost 
doubled for maternal age between 20 and 40, from 13.8% (95% CI: 12.5–
15.0) to 24.6% (95% CI: 22.9–26.3). This increase was much greater than 
that for COs; thus, the meiotic NCO/CO ratio increased markedly in 
CGER, from 3.0 (95% CI: 2.2–3.7), to 8.4 (95% CI: 7.3–9.5), whereas outside 
CGER it increased from 3.3 (95% CI: 3.1–3.5) to 4.7 (95% CI: 4.4–5.0) for 
maternal age of 20 to 40 years (Supplementary Table 12).

Sex-specific contribution of DSB to DNMs
Extrapolating the increase in mutation rate to all NCOs (Supplemen-
tary Note 10), we found the average fractions of DNMs that could be 
attributed to NCOs to be 1.69% (95% CI: 1.22–2.15) and 10.95% (95% CI: 
8.74–13.03) for paternal and maternal meiosis, respectively. Mutagen-
icity had already been established for COs1 (Supplementary Table 9), 
leading to estimates of about 0.11% and 0.38% for the CO contribution 
to the paternal and maternal mutation rates, respectively (Extended 
Data Table 3). The total contributions from both NCOs and COs (that 
is, from DSBs) were therefore 1.80% (95% CI: 1.29–2.31) and 11.3% (95% 
CI: 9.0–13.6) for paternal and maternal meiosis, respectively.

The increase in the mutation rate in the regions from 3–100 kb result-
ing from maternal NCOs was more pronounced (P < 0.002, bootstrap 
test) for NCOs inside CGER. Within CGER, we estimate that DSBs con-
tribute 38.8% (95% CI: 31.4–46.7) of maternal DNMs. This percentage 
is strongly age dependent because of the age-related increase in the 
number of maternal DSBs. Thus, at the maternal age of 20 years the DSB 
contribution to the genome-wide DNM rate is 2.0% (95% CI: 0.8–3.7), 
increasing to 31.0% (95% CI: 18.6–44.8) at the age of 40 years. Within 
CGER, the corresponding contribution percentages are about 8.2% 
(95% CI: 1.9–15.8) and 80.4% (95% CI: 44.0–122.2). Thus, age-related 
NCOs within CGER are the main contributors to increased DNM rates 
in older mothers.

Discussion
We present, for both sexes, human NCO recombination maps for live 
offspring, along with complete recombination maps incorporating 
both COs and NCOs and maps of DSB resolution. These maps are 
an important tool for exploring the meiotic process and represent 
a major stepping-stone towards building a better understanding of 
the distribution of NCOs, DSB resolution, and the interplay between 
recombination and mutation, the two key processes underlying the 
generation of human genetic diversity. A better understanding of 
the recombination process may enable us to recognize the condi-
tions under which this process fails and results in aneuploidies and  
pregnancy loss.

The numbers of NCOs and COs were positively correlated in both 
paternal and maternal meiosis; thus, the age increase observed in 
maternal COs1,55,56 is not due to DSBs being preferentially resolved as 
COs as the mother ages, but to an overall increase in meiotic DSBs in 
oocytes that result in successful pregnancies. Although the human 
maps for NCOs and COs are highly correlated, there are, as in other 
species6,17,57–59, genomic regions in which COs are clearly avoided—not 
because of a depletion of DSBs, but owing to DSB resolution. COs are 
likely to be suppressed in transcribed regions because of possible dis-
ruptive effects on the coding integrity of genes41, and in pericentro-
meric regions where their presence has been associated with meiotic 
segregation errors and aneuploidy49,60.

Chromosomal abnormalities may constitute a major cause of infer-
tility and pregnancy loss as they are found in more than 50% of mis-
carriages and only 0.1% of live births61. Chromosomal abnormalities 
are mostly maternally transmitted, with abnormal placement of COs 
probably having a key role. We recently discovered62 that a missense 
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variant in SYCE2 is associated with both pregnancy loss and several 
meiosis-related phenotypes, including distance of COs from telom-
eres1. SYCE2 is a key protein involved in the assembly of the synap-
tonemal complex backbone, the protein lattice that affects pairing 
of homologous chromosomes during meiosis. Proper segregation of 
chromosomes during meiosis depends on a tightly regulated placement  
of COs.

Paternal DSBs seem to be much more tightly regulated, as evi-
denced by the much higher fraction of oNCOs occurring within DMC1 
(refs. 10,11) and CO1 hotspots. The difference becomes more promi-
nent with maternal age, consistent with nearly all maternal-age-related 
increases in NCOs occurring outside DMC1 and CO hotspots. We pos-
tulate that different processes underlie age-related and other NCOs; 
however, our data do not reveal these processes.

DNMs are enriched near NCOs, with sex differences in both the range 
of impact on NCO-induced DNMs and the associated spectrum of DNMs. 
Paternal DNMs are primarily over-represented within 3 kb from an 
NCO, consistent with almost all paternal NCOs affecting a limited range 
around DSBs. By contrast, we observed elevation of the maternal DNM 
rate up to 100 kb. The total mutational contribution of DSBs is about 
1.8% and 11.3% in paternal and maternal meiosis, respectively. For moth-
ers, the contribution increases with age and is larger in CGER, for which 
our results indicate that the age-related increase in DNMs may be largely 
driven by NCOs.

The generation of new sequence diversity can be seen as an unwit-
ting battle between the sexes. Mothers contribute mostly through 
COs, whereas fathers do so through DNMs. Fathers also contribute 
more through NCOs than mothers, in that they yield more of them, 
whereas NCOs from mothers are longer and therefore contain more 
MPPs. We show that recombination contributes a substantial fraction 
of the DNMs. The rate of DNMs is increased in the areas flanking DSBs, 
no matter whether they are resolved through CO or NCO or come from 
the mother or the father.
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Methods

Data
To call gene conversions, we used whole-genome sequence data for 
parents and children in 2,132 Icelandic families with two or more chil-
dren, comprising a total of 10,840 meioses. The dataset was made up 
of Icelandic samples collected as part of disease-association efforts 
at deCODE genetics and consisted of data for 173,025 SNP chip-typed 
individuals, of which a subset of 63,118 had been whole-genome 
sequenced63,64 (Supplementary Note 1). All participants were Iceland-
ers who signed an informed consent form and donated biological sam-
ples for genotyping as part of various research projects at deCODE 
genetics approved by the National Bioethics Committee in Iceland. 
Data were processed in agreement with the approvals issued by the 
National Bioethics Committee, conditions set by the Data Protection 
Authority (ref. PV_2017060950ÞS) on procedures to ensure security 
in the processing of personal data for scientific research within the 
health sector conducted by deCODE genetics, and the Act on Scientific 
Research in the Health Sector no. 44/2014.

NCO calls
Gene conversions were detected in offspring by phasing the geno-
types of both children and parents on a curated set of SNPs and indel 
variants. Phasing could be done on informative variants (MPPs), that 
is, those that were heterozygous in one parent and homozygous for 
the other. The phasing was trivial for the offspring as one of the par-
ents was homozygous. The parents were then phased against the set 
of children. This phasing allowed us to assign a grandparental origin 
to haplotypes in the offspring and thus detect where the grandpar-
ental origin of haplotypes changed, indicating either COs or NCOs. 
Haplotypes that spanned less than 100 kb between such changes 
were regarded as gene conversion candidates and could be grouped 
into an oNCO if they were consecutive and did not form part of a CO  
(Supplementary Note 4).

Quality checks
The phasing of the parent at variants for which a candidate gene conver-
sion transmission had been detected in offspring was verified with two 
approaches. Phasing was confirmed if variants of alternative grand-
parental origin in the offspring were close enough that they could be 
observed together on a sequence read for the parent. If the variants 
were further apart, we used the Icelandic genealogical database to find 
one or more relatives that shared, identical by descent with the parent, 
large haplotypes containing the variants to be checked. If those relatives 
happened to be also homozygous at those variants, we could use the 
relationship of the parent and the relative to establish whether the vari-
ant was paternally or maternally inherited (Supplementary Note 2.1).

We also benchmarked our methodology by comparison with earlier 
methods24 that used three-generation family structures with three or 
more siblings (Supplementary Note 3.4). All summary statistics were 
comparable (Supplementary Tables 13 and 14), with no unexplained 
discrepancies (Supplementary Table 15). Finally, to check whether 
family size affected our results, we verified that all summary statistics 
were comparable between families with only two children and larger 
families (Supplementary Table 16).

Length distributions, NCOs and DSBs
The length distributions of the NCOs (observed or not) were mod-
elled as mixtures of negative binomial distributions using the NCOurd 
approach23 (Supplementary Note 4). NCOurd models the mismatch 
repair of single-stranded DNA at the site of NCOs and requires the 
complete set of oNCO along with the set of MPPs for each proband. 
The set of MPPs was used to compute a tract function for each oNCO 
and a detection probability function, which depended on the length. 
The mixture components of the resulting length distribution were 

separated into two groups: short and extended, having mean length 
under and over 1 kb, respectively.

The NCOurd results and the detection probability function were used 
to derive the expected fraction of NCOs detected as oNCOs. Using this 
detection fraction and the total number of oNCOs, we estimated the 
average number of NCOs (NNCO) per offspring; then, the average number 
of DSBs (NDSB) per meiocyte was estimated from NNCO and the average 
number of COs (NCO) per offspring (Supplementary Note 4.4) as follows:

N N N= 4 × + 2 × .DSB NCO CO

Statistics, confidence intervals and P values
Unless otherwise specified, all statistics pertain to the data for the 
full cohort (possibly in groups) and the length distributions that were 
computed with the full cohort. Reported averages were computed using 
the full cohort, with confidence intervals computed by bootstrapping 
from the set of parents (Supplementary Note 11). Thus, quantities were 
computed per parent on the basis of the data for the children; then, 
statistics were computed for 1,000 bootstrap samples from the set of 
parents. The lower and upper limits of the confidence intervals cor-
respond to the 2.5 and 97.5 percentile of the bootstrap statistics. The 
same bootstrap approach was used for computing matched pairs for 
estimating P values for comparison of two datasets (Supplementary 
Note 11).

An exception to this approach was used for the estimates of confi-
dence intervals for length distribution parameters, and for the numbers 
of NCOs and NCO-derived quantities. For these, we computed 1,000 
different length distributions by sampling data from the set of parents 
as described above. Reported values correspond to a computation done 
with the full cohort, and the confidence intervals were computed on 
the basis of the bootstrap estimates as outlined above.

All computed P values were two-sided.

NCO maps
NCO maps were computed on a grid of overlapping 3-Mb windows at 
intervals of 1 Mb (Supplementary Note 5). Self-consistent distributions 
for the number of paternal and maternal NCOs per window were derived 
on the basis of the number of oNCOs falling within the window and the 
expected NCO detection fraction in the window. The expected number 
of NCOs per window could then be obtained from those distributions.

DSB maps were created from the NCO and CO maps, with the DSB 
map value (nDSB) given in terms of the NCO map value (nNCO) and the 
CO map value (nCO) as:

n n n= 4 × + 2 × .DSB NCO CO

We explored DSB resolution with a normalized NCO/CO difference 
map, ΔDSB, given by:

Δ =
−

+
.

n
N

n
N

n
N

n
N

DSB

NCO

NCO

CO

CO
NCO

NCO

CO

CO

Here, NNCO and NCO indicate the average numbers of NCOs and COs per 
offspring, respectively. We note that ΔDSB takes the values 1 and −1 if all 
DSBs within a given map window are resolved as NCOs and COs, respec-
tively, and 0 if the resolution conforms to the genome-wide average.

Analysis of telomere and centromere distances
Distances were measured from the centre of each map window. Dis-
tances to telomeres were measured to the ends of the chromosomes 
as given by GRCh38 (ref. 65). Distances to centromeres were measured 
to the edge of the centromere66,67. If the window centre was within the 
centromere, the distance was regarded as zero. Distances were binned 
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in bins of size 1 Mb, and the x coordinate of each point in the graph was 
the centre of the corresponding bin.

DNMs
We explored the mutagenicity of NCOs by analysing the enrichment of 
DNMs near oNCOs (Supplementary Note 10); that is, we compared the 
observed numbers of DNMs in bins at different distances from oNCOs 
with the number of DNMs expected on the basis of the normative DNM 
rate. The normative DNM rate was computed per proband on the basis 
of the age of the parent at the birth of the proband. A Bayesian approach 
using a beta distribution prior was used to estimate the paternal–mater-
nal split of unphased DNMs. We analysed whether the rate enrichment 
might be due to sequence context by computing the enrichment after 
permuting the DNMs among probands. No enrichment was found after 
permutation (P > 0.2), indicating that the observed enrichment was due 
to the mutagenicity of NCOs. We performed the enrichment analysis 
separately for each component of the NCO length distributions, ena-
bling us to compute the final enrichment of DNMs near NCOs, weighted 
appropriately for NCOs rather than oNCOs. Finally, we estimated the 
contribution of NCOs to the overall number of DNMs by multiplying the 
total number of NCOs and the enrichment of the DNMs rate near NCOs.

DNM spectra were compared with a two-sided χ2 test. The χ2 sta-
tistic and P value were computed for the difference between the 
oNCO-proximal spectrum and the genome-wide spectrum for the 
probands in the study. The null distribution for the χ2 statistic was 
simulated by sampling one million times from the complete set of 
DNMs for the probands in the study. We sampled the same number 
of DNMs as in the oNCO-proximal spectrum, using data from the 
same number of DNM-transmitting parents as in that spectrum. For 
fathers, we found 74,950 events with χ2 statistic larger than that com-
puted for the oNCO-proximal spectrum, giving a P value of 0.075. For 
mothers, no events were found with larger χ2 statistic than that for the 
oNCO-proximal spectrum. For the maternal distribution, we computed 
an inflation factor as the number of degrees of freedom (7) divided by 
the average of the χ2 statistic across the million simulations (6.96). As 
this factor (7/6.96 = 1.006) was greater than 1.0, we quote the unad-
justed P value for the difference between the spectra.

Odds ratios (with P values and confidence intervals) for the strand 
asymmetry of oNCO-proximal DNMs were calculated using the 
fisher.test function of R68. For each class, we omitted DNMs transmit-
ted by parents to two or more distinct children in the class. For the 
reported classes, this only affected the maternal C>T class, for which 
two DNMs were omitted from the calculation, with minimal effect 
on the P value and odds ratio. To determine whether the fraction of 
oNCO-proximal DNMs within a mutation class differed significantly 
from the genome-wide fraction shown in Fig. 1, we used bootstrapping 
(Supplementary Note 11) to compute an odds ratio and two-sided test 
to determine whether the bootstrap values differed significantly from 1.

Age effects
We performed linear regressions to analyse how parental age at birth 
of offspring affected various recombination statistics. For statistics 
that pertained to oNCOs and COs, for which we had an observed statis-
tic per proband, we computed the linear regression directly on those 
data. For estimated statistics, such as the number of NCOs and DSBs, 
we split the cohort into groups on the basis of parental age and com-
puted the average statistic for each group. Confidence intervals were 
estimated for each group using bootstrapping as described above. The 
linear regression was then performed on the average, weighted with 
the inverse of the estimated confidence interval.

Mixed model linear regression was used for the analysis of the DMC1 
and maternal CO hotspot annotations of oNCOs. This was done with 
the lmerTest69 package in R68. Here, we computed the statistic for each 
proband and performed the regression on the complete set of data. 
Confidence intervals for linear regression results were computed 

on the basis of Student’s t-distribution within the packages used for 
computation69–71.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Recombination maps, proband information, gene conversions, 
oNCOs and DNMs are available at Zenodo (https://doi.org/10.5281/
zenodo.14025564)72; GRCh38 at http://ftp.1000genomes.ebi.ac.uk/
vol1/ftp/technical/reference/GRCh38_reference_genome/; GIAB 
whole-genome sequencing samples at https://ftp-trace.ncbi.nlm.nih.
gov/ReferenceSamples/giab/data/; structural variant data of Beyter 
et al. at https://github.com/DecodeGenetics/LRS_SV_sets; and RefSeq 
at https://www.ncbi.nlm.nih.gov/refseq/. Eichler structural variant 
calls are shared on dbVar (https://www.ncbi.nlm.nih.gov/dbvar) under 
accession dbVar:nstd162. DMC1 hotspots are available at https://www.
science.org/doi/suppl/10.1126/science.adh2531/suppl_file/science.
adh2531_data_s1.zip. PRDM9 and H3K4me3 data of Altemose et al. at 
https://ftp.ncbi.nlm.nih.gov/geo/series/GSE99nnn/GSE99407/suppl/. 
Gnomad structural variants at http://gnomad-sg.org/downloads; and 
CO recombination data at https://www.science.org/doi/suppl/10.1126/
science.aau1043/suppl_file/aau1043_datas1.gz and https://www. 
science.org/doi/suppl/10.1126/science.aau1043/suppl_file/aau1043_
datas2.gz. The raw sequence data and the Icelandic genealogical data-
base cannot be made publicly available because Icelandic law and the 
regulations of the Icelandic Data Protection Authority prohibit the 
release of individual-level and personally identifying data. Data access 
for raw data can be granted for scientific purposes only at the facilities 
of deCODE genetics in Iceland, subject to Icelandic law regarding data 
usage. Anyone wishing to gain access to the data should contact B.V.H. 
(bjarni.halldorsson@decode.is) or K.S. (kstefans@decode.is). Requests 
for access are generally considered monthly. Summary statistics for 
GWAS studies are available at https://www.decode.com/summarydata/.

Code availability
We used the following publicly available software in conjunction 
with the above-described algorithms: GraphTyper (v.2.7.1), https://
github.com/DecodeGenetics/graphtyper; NCOurd, https://github.
com/DecodeGenetics/NCOurd; R (v.4.2.2 with lm v.4.2.2, xoi v.0.67-1), 
https://www.r-project.org/; Python (v.3.8.1 with numpy v.1.24.2, pandas 
v.1.4.0, scipy v.1.10.1, statsmodels v.0.13.2), https://www.python.org/
downloads/.
 
63.	 Kong, A. et al. Detection of sharing by descent, long-range phasing and haplotype 

imputation. Nat. Genet. 40, 1068–1075 (2008).
64.	 Kong, A. et al. Parental origin of sequence variants associated with complex diseases. 

Nature 462, 868–874 (2009).
65.	 Schneider, V. A. et al. Evaluation of GRCh38 and de novo haploid genome assemblies 

demonstrates the enduring quality of the reference assembly. Genome Res. 27, 849–864 
(2017).

66.	 Cheung, V. G. et al. Integration of cytogenetic landmarks into the draft sequence of the 
human genome. Nature 409, 953–958 (2001).

67.	 Furey, T. S. & Haussler, D. Integration of the cytogenetic map with the draft human 
genome sequence. Hum. Mol. Genet. 12, 1037–1044 (2003).

68.	 R Core Team. R: A Language and Environment for Statistical Computing (R Foundation for 
Statistical Computing, 2017).

69.	 Kuznetsova, A., Brockhoff, P. B. & Christensen, R. H. B. lmerTest package: tests in linear 
mixed effects models. J. Stat. Softw. 82, 1–26 (2017).

70.	 Seabold, S. & Perktold, J. Statsmodels: econometric and statistical modeling with Python. 
In Proc. 9th Python in Science Conference (eds van der Walt, S. & Millman, J.) 92–96 
(SciPy, 2010).

71.	 O’Leary, N. A. et al. Reference sequence (RefSeq) database at NCBI: current status, 
taxonomic expansion, and functional annotation. Nucleic Acids Res. 44, D733–D745 (2016).

72.	 Pálsson, G. DecodeGenetics/PalssonEtAl_Nature_2024: initial release of data. Zenodo 
https://doi.org/10.5281/zenodo.14025564 (2024).

Acknowledgements We thank the study participants.

https://doi.org/10.5281/zenodo.14025564
https://doi.org/10.5281/zenodo.14025564
http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/GRCh38_reference_genome/
http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/GRCh38_reference_genome/
https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/
https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/
https://github.com/DecodeGenetics/LRS_SV_sets
https://www.ncbi.nlm.nih.gov/refseq/
https://www.ncbi.nlm.nih.gov/dbvar
https://www.ncbi.nlm.nih.gov/dbvar/?term=nstd162
https://www.science.org/doi/suppl/10.1126/science.adh2531/suppl_file/science.adh2531_data_s1.zip
https://www.science.org/doi/suppl/10.1126/science.adh2531/suppl_file/science.adh2531_data_s1.zip
https://www.science.org/doi/suppl/10.1126/science.adh2531/suppl_file/science.adh2531_data_s1.zip
https://ftp.ncbi.nlm.nih.gov/geo/series/GSE99nnn/GSE99407/suppl/
http://gnomad-sg.org/downloads
https://www.science.org/doi/suppl/10.1126/science.aau1043/suppl_file/aau1043_datas1.gz
https://www.science.org/doi/suppl/10.1126/science.aau1043/suppl_file/aau1043_datas1.gz
https://www.science.org/doi/suppl/10.1126/science.aau1043/suppl_file/aau1043_datas2.gz
https://www.science.org/doi/suppl/10.1126/science.aau1043/suppl_file/aau1043_datas2.gz
https://www.science.org/doi/suppl/10.1126/science.aau1043/suppl_file/aau1043_datas2.gz
https://www.decode.com/summarydata/
https://github.com/DecodeGenetics/graphtyper
https://github.com/DecodeGenetics/graphtyper
https://github.com/DecodeGenetics/NCOurd
https://github.com/DecodeGenetics/NCOurd
https://www.r-project.org/
https://www.python.org/downloads/
https://www.python.org/downloads/
https://doi.org/10.5281/zenodo.14025564


Author contributions The paper was written by G.P. and B.V.H. with input from M.T.H., H.J.,  
V.S., O.A.S., H.P.E., U.T., P.S., A.H., D.F.G. and K.S. Gene conversions and NCOs were analysed  
by G.P. and M.T.H., and DNMs by H.J. Annotation analysis was by O.A.S. and S.A.G. Genotyping 
was performed by H.P.E.; imputation was performed by P.I.O. and A.G, supervised by G.M.; and 
statistical analysis was by G.P., M.T.H. and B.V.H., supervised by B.V.H. and D.F.G. The study was 
supervised by B.V.H. and K.S. All authors agreed to the final version of the manuscript.

Competing interests All authors are employees of deCODE genetics/Amgen.

Additional information
Supplementary information The online version contains supplementary material available at 
https://doi.org/10.1038/s41586-024-08450-5.
Correspondence and requests for materials should be addressed to Bjarni V. Halldorsson or 
Kari Stefansson.
Peer review information Nature thanks the anonymous reviewers for their contribution to the 
peer review of this work. Peer reviewer reports are available.
Reprints and permissions information is available at http://www.nature.com/reprints.

https://doi.org/10.1038/s41586-024-08450-5
http://www.nature.com/reprints


Article

Extended Data Fig. 1 | Co-conversion probability and oNCO extent.  
a| Proportion of gene converted markers as function of distance from the  
first marker of oNCOs. b| Proportion of markers that are within the oNCO  

(gene converted or not) as a function of distance from the first marker of oNCOs. 
The fraction of markers within oNCOs for a given distance provides a lower bound 
on fraction of oNCOs shorter than that distance.



Extended Data Fig. 2 | Variation of recombination maps with distance  
to nearest telomere. The figure shows the average map values vs. distance  
to the nearest telomere, computed on a grid of 3 Mb overlapping windows  
and normalized individually with respect to their genome-wide mean.  
The x-coordinates for the telomere distance are shifted slightly in opposite 

directions for paternal/maternal meiosis so that error bars don’t overlap  
for nearby points. The error bars indicate 95% confidence intervals and are 
computed by bootstrap sampling 1000 times from the set of windows within 
each distance bin.
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Extended Data Fig. 3 | Variation of recombination maps with GC content. 
The GC content is computed on the same overlapping 3 Mb windows as the 
maps, split into deciles and the average map values computed for the windows 
that fall into each decile. All maps except ΔDSB are normalized individually with 
respect to their genome-wide mean. The x-coordinate in the figures shows the 

median GC content in each decile, shifted slightly in opposite directions for 
paternal/maternal meioses so that errors bars don’t overlap for nearby points. 
The error bars indicate 95% confidence intervals and are computed by bootstrap 
sampling the map values 1000 times from the set of windows within each decile.



Extended Data Fig. 4 | Variation of recombination maps with replication 
timing. The replication timing is computed on the same overlapping 3 Mb 
windows as the maps, split into deciles and the average map values computed 
for the windows that fall into each decile. All maps except ΔDSB are normalized 
individually with respect to their genome-wide mean. The x-coordinate in the 
figures corresponds to the median replication time in each decile, shifted 

slightly in opposite directions for paternal/maternal meioses so that errors bars 
don’t overlap for nearby points. Early replication time corresponds to replication 
timing of 1.0, Mid corresponds to 0.0, and Late corresponds to −1.0. The error 
bars indicate 95% confidence intervals and are computed by bootstrap sampling 
the map values 1000 times from the set of windows within each decile.
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Extended Data Fig. 5 | Distribution of NCO-proximal DNMs. The count of phased SNP/Indel DNMs near oNCOs vs. distance from the center of the oNCO.



Extended Data Fig. 6 | Comparison of mutation spectra for phased DNMs. 
DNMs are considered proximal to oNCOs and COs if they are within 3 kb and 
100 kb for paternally and maternally phased DNMs, respectively. The length of 

bars indicates the mutation class fraction, computed for 5400 probands. Error 
bars represent 95% confidence intervals, computed using 1000 bootstrap 
samples.
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Extended Data Fig. 7 | Strand asymmetry spectra for SNP DNMs. The count 
of phased SNP DNMs within the regions of enriched DNM rate around oNCOs, 
i.e. within 3 kb for paternal DNMs and within 100 kb for maternal DNMs. Strand 
asymmetry of DNM variants and their complement is observed in four mutation 

classes: maternal C > A (Fisher’s test p-value: 0.039), maternal C > G (Fisher’s test 
p-value: 2.3·10−6), and maternal C > T (Fisher’s test p-value: 7.0·10−5), and paternal 
CpG > TpG (Fisher’s test p-value: 4.7·10−3).



Extended Data Table 1 | Cohort and recombination data

The total number of meioses and MPPs in the study, along with the number of oNCOs and 
gene-converted markers. Also shown are the number of oNCOs and NCOs, split into short  
and extended events. 95% confidence intervals are shown in parentheses where applicable.
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Extended Data Table 2 | Relative rates of oNCOs and COs1 in 
annotated regions of the genome

The CO hotspots used are from sex-specific genetic maps1. The ChromHMM annotation40 for 
paternal and maternal meiosis is a consensus annotation (Supplementary note 6.3) for several 
samples measured in testis and ovary, respectively.



Extended Data Table 3 | Enrichment of DNMs near NCO and 
COs and the estimated contribution of recombination to the 
total DNMs rate

The contribution to the DNMs rate is computed from the elevation and the estimated numbers 
of NCOs and COs per offspring. For COs we use the enrichment estimates from a prior  
publication1 and the CO count of the current cohort.
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