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Abstract

Meiotic recombination involves a combination of gene conversion and crossover events that along
with mutations produce germline genetic diversity. Here, we report the discovery of 3,176 SNP
and 61 indel gene conversions. Our estimate of the non-crossover (NCO) gene conversion rate (G)
is 7.0 for SNPs and 5.8 for indels per Mb per generation, and the GC bias is 67.6%. For indels we
demonstrate a 65.6% preference for the shorter allele. NCO gene conversions from mothers are
longer than those from fathers and G is 2.17 times greater in mothers. Notably, G increases with
the age of mothers, but not fathers. A disproportionate number of NCO gene conversions in older
mothers occur outside double strand break (DSB) regions and in regions with relatively low GC
content. This points to age-related changes in the mechanisms of meiotic gene conversions in
oocytes.

Introduction

New combinations of alleles, generated through the shuffling of material between
homologous chromosomes during meiosis, contribute to genetic diversity. Meiotic
recombination is mostly thought to stem from programmed DNA double-strand breaks
(DSBs)! generated by the evolutionary conserved SPO11 protein? at hotspot locations
determined by the DNA-binding specificity of PRDM93. These DSBs are either resolved
through the reciprocal crossing-over of large regions between homologous chromosomes
(often referred to as recombination in previous publications) or NCO gene conversion, the
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non-reciprocal transfer of short DNA segments between homologues. Crossover events,
which arise through the resolution of the double Holliday junction (dHj)?, are also
frequently accompanied by gene conversions, hereafter referred to as CO gene conversions.
NCO gene conversions most commonly arise via the synthesis-dependent strand annealing
(SDSA) pathway?®, generating short regions of unidirectional homologous exchange®7, but
the resolution of the dHj can also lead to NCO gene conversions82. A schematic overview of
these DSB repair mechanisms is given in Supplementary Figure 1.

Repair through meiotic gene conversion uses sequence copied from a homologous
chromosome. Heteroduplex DNA is formed in the recombination intermediates’® and
mismatched nucleotides in the heteroduplex DNA are subsequently corrected. A preference
of strong (G/C) over weak (A/T) base-pairs of mismatch repaired nucleotides in converted
segments, known as GC bias, has been previously observed!!. Consequently, gene
conversion plays a key role in shaping the genome's GC content'213 | has a potential
confounding impact on mutation rate inferences and evolutionary divergence time
estimates'#1 and may skew allele frequencies increasing the disease burden of recessive
alleles?.

In previous publications, we quantified the rate of chromosomal crossover in meiosis, its
determinants and genomic distribution in humans!7-19. Here we report on the discovery of
allelic gene conversions in meiosis inferred from the germline genotypes of probands and
their relatives. We adopted a study design similar to that of Williams et al.2, based on
probands in three-generation families, where genotypes are available for a proband, its
spouse, both its parents, at least two of its siblings and at least one child. This family
structure was chosen to limit the impact of genotyping errors that can mimic gene
conversion, such that haplotypes carried by the parents can be independently verified in the
siblings and the gene conversion can be verified in the child. We searched for contiguous
tracts of markers (no longer than 100kb) consistent with non-reciprocal transfer of
chromosome fragments in a transmission from parent to proband. This study design is
adapted to the detection of NCO gene conversions, which are typically shorter than 100kb
and where the converted tract is flanked by sequence from the original recipient
chromosome on both sides*20. Our study design does not allow for the detection of the
subset of CO gene conversions, where the converted tract is flanked by sequence from the
original recipient chromosome on only one side*:8. However, we are able to detect crossover
recombination events that are accompanied by one or more such gene conversion events —
hereafter referred to as complex crossover (CCO) gene conversions20-22,

Using this approach, we sought gene conversions in two overlapping datasets. The first
consists of 7,219 proband-family sets genotyped on Illumina HumanHap and Omni
BeadChip arrays (chip datasel). The second consists of 101 whole genome sequenced (at >
30x) proband-family sets (sequencing dataset), 91 of which are contained in the first dataset
(cf. Figure 1).
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As gene conversions can only be detected at polymorphic markers, we restricted our analysis
to high quality SNPs and indels with a minor allele frequency over 0.5%. Indels were further
restricted to be shorter than 10 bp, as longer indels are rare and yield less reliable genotypes.
This restriction left 624,955 SNPs in the chip dataset and 8,195,014 SNPs and 465,054
indels in the sequencing dataset. For each proband-family set, we considered only variants
where at least one parent was heterozygous, the haplotypes transmitted by both parents
could be verified in a sibling and the gene conversion could be verified in an offspring.
Using this approach, we assessed 214,241,663 marker proband pairs (/m0ps) in the chip
dataset, yielding 2,192 mpps involved in a gene conversion (cf. Table 1,Table 2). In the
sequencing dataset, 147,368,280 SNP and 8,715,873 indel mpps were assessed, yielding
1,027 and 61 gene converted mpps, respectively.

As most sequenced individuals also have chip data, it follows that a subset of 5,233,293 chip
data mpps can be informative about the sensitivity and specificity of gene conversion calling
in the two sets. From this subset 1,060,127 were omitted from the sequencing dataset due to
quality control thresholds, leaving 4,173,166 overlapping mpps that were assessed in both
datasets. All yielded concordant results, including an overlap of 43 gene conversions (cf.
Supplementary Note 1.1). We further confirmed phased haplotypes using read pairs
(Supplementary Note 1.2, Supplementary Table 1) and genotypes using Sanger sequencing
(Supplementary Note 1.3) and whole genome sequencing (Supplementary Note 1.4,
Supplementary Table 2), which revealed error rates between 0.0% and 1.1%.

NCO gene conversions in DSB regions and recombination hotspots

We first examined the distribution of NCO gene conversions in the genome and their rate, G.
As most such events are thought to be due to programmed DSBs, we compared our
predicted NCO gene conversions to a map of DSB regions generated from spermatocyte
samples of five human males23, which have a mean size of 1,464 bp, s.d. 586bp. Table 1
shows that NCO gene conversions are highly overrepresented in spermatocyte DSB regions
(odds ratio > 10). In paternal transmissions, the overrepresentation was 42.3 and 45.7 fold in
the chip and sequencing data, respectively. In maternal transmissions, the overrepresentation
was only 5.4 fold and 7.1 fold in chip and sequencing datasets, respectively, albeit highly
significant (p-value < 0.001, for both datasets). As the locations of crossover recombination
hotspots are known to differ between male and female meioses'8, and hot spots are largely
determined by DSB regions?3, it follows that a stronger elevation of maternal G would be
expected against a map of DSB regions from oocytes (such a map is currently not available).
A previous study?0 also showed an overrepresentation of NCO gene conversions in male
DSB regions and indications of a sex difference in their localization. Recent research has
shown that PRDMO alleles carried by the parent strongly influences the locations of DSBs23
and consequently the locations of crossovers and NCOs in chromosomes transmitted to the
offspring. Our results confirm these findings. The PRDM9 allele of the proband strongly
affects the distribution of NCO gene conversion, but not their overrepresentation in DSB
regions (cf.Supplementary Note 2, Supplementary Table 3).
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We next compared NCO gene conversions to a sex specific map of crossover recombination
hotspots24. Crossover recombinations, when estimated in the sexes separately, are enriched
38.0 and 27.6 fold in male and female crossover recombination hotspots, respectivelyl’.
Table 1 shows that for males, the enrichment of G in male crossover recombination hotspots
is 8.2 and 12.7 fold in chip and sequencing datasets, respectively. For females, the
enrichment of G was 4.6 and 8.0 fold in female crossover recombination hotspots.

NCO gene conversion rate

Williams et al.20, estimated G as 5.9/Mb/generation, using a genomewide approach similar
to the one presented here (but restricting to events shorter than 5kb). Comparable estimates
have been obtained based on sperm genotyping®’ (not genomewide) and coalescent
inferences!415.25_Qur genomewide estimate of G is 9.5/Mb/generation in the chip dataset
(unadjusted for SNP ascertainment) and 5.9/Mb/generation in the sequencing dataset (cf.
Table 1). While the sequencing dataset is minimally affected by ascertainment bias, the
markers on Illumina BeadChip arrays are preferentially selected in genomic regions of low
linkage disequilibrium?8, i.e. regions with a high rate of crossover recombination (and
underlying DSBs). After correcting for this ascertainment bias in the chip dataset, we
estimate the genomewide G to be 7.0/Mb/generation (95% CI 6.0-8.0). The difference
between this estimate and the one obtained from the sequencing data is not significant (p-
value: 0.12 ) and both are consistent with previous estimates.

Genomic distribution and sex differences

G increases

An assessment of the genomic distribution of G in the two sexes (cf. Supplementary Note 3)
shows that G is elevated near telomeres and therefore decreases with chromosome length
(Figure 2b). This pattern is analogous to that observed for crossover recombinations827 and
is consistent with a higher stationary GC-content near telomeres?8. Moreover, as in the case
of crossover recombinations, the proportion of events near telomeres is greater in fathers
than in mothers. Overall, G is 2.17 (95% CI 1.94-2.45) and 1.91 (95% CI 1.34-2.58) times
higher in maternal transmissions than paternal transmissions when assessed in the chip and
sequencing datasets, respectively. This sex difference is very similar to that observed for the
crossover recombination ratel”, which is 2.03, although the difference in G can largely be
attributed to longer events in maternal transmissions.

with maternal age

As previous studies have reported an age-related increase in the crossover recombination
rate in females that is not seen in males1929, we examined the impact of age on G. In the
chip dataset, there is a marked increase of G with maternal age of 0.58/Mb/year (95% CI
0.38-0.78, p-value: 1.4-1078) that is not observed in fathers (Figure 2a, Supplementary Note
4). Based on a very small number of events, the maternal age effect in the sequencing dataset
is 0.33/Mb/year (95% CI -0.18 — 0.83). Although this estimate is not significantly different
from 0 (p-value: 0.21), this effect is also not significantly different from the chip data
estimate (p-value: 0.35).

Interestingly, the increase of G with maternal age in the chip is comparable inside and
outside of both crossover recombination hotspots and male DSB regions (Figure 2c,d),
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resulting in a decrease of odds ratios for co-occurence with these genome features (cf.
Supplementary Note 5, Supplementary Figure 2). The average female crossover
recombination rate of maternally transmitted NCO gene conversions further decreases with
age (cf. Supplementary Figure 3). Thus, the NCO gene conversions that accumulate with age
appear to be less tied to programmed DSBs than those transmitted by younger mothers.

G increases with local GC content

G increases with local GC content, defined as the GC content of the 100 base pairs
surrounding each mpp (cf. Supplementary Note 6), a result consistent with GC-biased NCO
gene conversions occurring repeatedly at similar locations in evolutionary history. Local GC
content is elevated in DSB regions (cf. Supplementary Figure 4 and Supplementary Table 4),
in part due to the GC composition of PRDM9 motif30. We consider the correlation with
local GC content inside and outside of DSB regions separately as well as distinguishing
between the chip and sequencing datasets and paternal and maternal transmissions.
Remarkably, even after we have conditioned the data on DSB region status, in seven out of
eight cases G is positively correlated with local GC content (Figure 3 and Supplementary
Table 5).

In the chip dataset, we observe a decrease (p-value: 0.0068) in local GC content with age in
maternally transmitted NCO gene conversions. As this result might be attributed to the high
GC content of the PRDMS binding motif, we restricted to mpps outside of male DSB
regions, where we also observed a decrease (p-value: 0.0037) (Figure 2e). The result also
remained significant after adjustment of local GC content for the HapMap based
recombination rate3! (p-value: 0.0029). Again, this suggests that the NCO gene conversions
that accrue in aging mothers are different in mechanism from those found in younger
mothers.

We investigated whether G was dependent on the SNP type, the base pair composition of the
SNP's two alleles, and found no such effect (cf.Supplementary Table 6).

Complex NCO events

We grouped gene converted mpps into events, based on their proximity. In NCO gene
conversions, most events contain only a small number of gene converted mpps, with an
average of 1.24 mpps per event for the chip dataset and 1.78 gene per event for the
sequencing dataset. The smaller number of mpps per event for the chip dataset than the
sequencing dataset can in part be attributed to the lower marker density. Interestingly, in
NCO gene conversions, maternally transmitted events are tagged by more mpps than
paternally transmitted events; 1.37 vs. 1.04 (p-value < 0.001) and 2.34 vs. 1.23 (p-value <
0.001) mpps per event for chip and sequencing data, respectively. However, we did not
observe an age dependence in the number of mpps per event (cf. Supplementary Figure 5).

We partitioned the set of NCO gene conversions into short and long NCO events, based on a
distance of 1,000 bp (roughly the size of a DSB region), between the first and last gene
converted mpp per event. Supplementary Table 7 shows the length distribution of long NCO
events by distance between the first and last marker. Due to the denser marker set, the length
of the event can be better estimated in the sequencing dataset, hence some events classified
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as short NCO events in the chip data would be classified as long NCO events, if the denser
sequencing data were available (cf. Supplementary Note 7). Table 1 shows that short NCO
events are highly overrepresented in male DSB regions and crossover recombinations
hotspots, while long NCO events are not overrepresented in male DSB regions, but are
overrepresented in crossover recombination hotspots.

The tracts of long NCO events contain both gene converted mpps and non-gene converted
mpps (cf. Supplementary Note 7, Supplementary Table 8). A similar pattern has been
previously observed?0 and are referred to as complex NCO gene conversions. Within
complex events both the gene converted and non-gene converted mpps show a GC bias.

In the chip and sequencing datasets we estimate that, respectively, at least 46.1% and 65.3%
of all long NCO events are complex (cf. Supplementary Table 9). The true rate of complex
events is likely to be higher (cf. Supplementary Note 7), leading us to hypothesize that all
long NCO events may be complex. These long, and mostly complex, NCO events are more
common in maternal transmissions (p-value < 0.001, for chip and sequencing datasets). A
significant increase in G with mother's age is observed both for short and long events (cf.
Supplementary Note 7).

Gene conversion of indels

We estimate G for indels as 5.8/Mb/generation (95% CI 4.1-7.9), comparable to that for
SNPs. Our results show a bias of 65.6% (95% CI 53.3-76.6, p-value: 0.018, cf.Table 3)
toward the shorter allele for indels in allelic gene conversions (cf. Supplementary Note 8). A
direct estimate of gene conversions involving indels has to our knowledge not been
previously reported. Comparisons between species have yielded conflicting results; a
deletion bias has previously been reported for non-allelic gene conversion32, while a bias
towards insertion has previously been reported for allelic gene conversion33,

Complex crossover (CCO) gene conversions

In crossovers we are only able to detect complex events (cf. Supplementary Note 9,
Supplementary Figure 6). The rate reported for CCO gene conversions should be interpreted
with caution, as it refers to the fraction of mpps within a distance of 100kb from a crossover
recombination that show evidence of gene conversion (cf. Supplementary Note 9) and is not
a genomewide rate. We observe a greater CCO gene conversion rate in the sequencing
dataset, where more events are detectable (cf.Table 2). Due to our inability to detect all
complex events the true CCO gene conversion rate is likely to be higher than the estimates in
both datasets.

The CCO gene conversion rate is greater than the NCO gene conversion rate (p-value <0.001
chip dataset, < 0.001 sequencing dataset). This confirms that as a group CCO gene
conversions are not independent of crossovers. How CCO gene conversions are related to
crossover recombinations remains to be elucidated.

A large majority of the CCO gene conversions we identified are maternal, demonstrating
that complex crossovers are more common in maternal transmissions, as is the case for NCO
gene conversions. Another similarity is that, we observe an increase in CCO gene conversion
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rate with maternal age of 14.0/Mb/year (95% CI 0.7— 27.3, p-value: 0.04), in the chip dataset
(cf. Figure 4a). Moreover, the fraction of crossovers that are complex increases with
maternal age (p-value: 0.02 in the chip dataset) (cf. Supplementary Note 9,Figure 4b). In the
sequencing dataset, we observe that 0.31% of all paternally transmitted crossover
recombinations are complex. This result is in close agreement with a previous estimate of
0.33% obtained using sperm analysis?2.

Like previous studies’20, our results reveal a significant GC bias for NCO gene
conversions?, where strong base pairs (G or C) preferentially appear on polymorphic gene
converted base pairs (cf.Table 1): the GC bias is 67.6% (95% CI 65.7-69.8) in the chip
dataset and 69.3% (95% CI 65.8-72.3) in the sequencing dataset. Short and long NCO
events exhibit the same GC bias (cf.Table 1).

Our results (cf. Supplementary Note 10) indicate that the bias is greater in maternal than
paternal transmissions (p-value: 0.032 chip, 0.004 sequencing). Further, CpG SNPs show a
greater GC-bias than other SNPs (p-value: 0.038 chip, <0.001 sequencing).

The GC bias in CCO gene conversionns is 70.2 (95% CI 62.5-77.8) in the chip dataset and
70.1 (95% CI 63.1-78.8) in the sequencing dataset, which is not significantly different from
that observed in NCO gene conversions (p-values were: 0.56 and 0.73 for the chip and
sequencing data, respectively).

Discussion

In summary, we have used both SNP chip and whole genome sequencing datasets from
three-generation families to search for meiotic gene conversions in humans. Overall, we
identified 3,237 mpps involved in gene conversions. Based on the sequencing data, we
obtained a sex-averaged estimate of G, as 5.9/Mb/generation. Crucially, our results
demonstrate that G varies with both age and sex. Thus, the rate for mothers (7.7/Mb/
generation) is 1.91 (95% CI 1.34 — 2.58) times greater than for fathers (4.1/Mb/generation),
in the sequencing dataset. Given that the fraction of heterozygous loci (where gene
conversions can be detected) in lcelanders34 is 6:1074, it follows there is an expectation of 7
detectable NCO gene conversions from fathers and 14 from mothers. These numbers are 12
and 23, respectively, based on a worldwide average heterozygosity3® of 1.1073.

A surprising result was the magnitude of the age-related increase of G in females, where we
estimate a 2.42 (95% CI 1.83-3.10) fold increase from the ages of 20 to 40 years. In the case
of crossover recombination, the estimated increase between these age points is only 1.042
fold (4.2%), which is thought to be the result of greater viability of eggs with more crossover
events1929, Such selection might account for some of the age-related increase of G in
females. However, given the more drastic increase in G, some other age-related factor must
be at work. The increased G in older mothers is less biased towards male DSBs, sex specific
crossover recombination hotspots (cf. Supplementary Note 5) or regions of high local GC
content (cf. Supplementary Note 6). Although our results are not conclusive, they indicate
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that a large fraction of the increase in crossover recombinations with maternal age are due to
complex crossover recombinations (cf. Supplementary Note 9).

Overall, the large fraction of NCO gene conversions in spermatocyte DSB regions and
crossover recombination hotspots is consistent with the view that most of them occurred in
response to programmed DSBs prior to the meiotic prophase 1 arrest of oocytes in the fetal
ovary38. However, an accumulation of programmed DSBs over subsequent decades does not
seem a likely source of the age-related increase of NCO gene conversions in females. Other
possible sources may be linked to the age-related deterioration of the oocytes across the
decades that they are in dictyate arrest, possibly leading to non-disjunction37:38. This
deterioration may be due to damage-induced DSBs, deficiencies in checkpoint
mechanisms36:39, failure of cohesins to maintain the cohesion of sister-chromatids36:40 or
that cohesive linkages are not restored at the same rate as they are lost38. Further research is
needed to determine the source of these additional NCO gene conversions in older females
and whether they have the same source as the additional CCO gene conversions. It is
obviously interesting to note in this context that risk of aneuploidies increases drastically
with the age of mothers*! — although there is no direct evidence to link aneuploidies with the
age-related increase of gene conversions.

Our results further demonstrate that the control of gene conversions differs between the
sexes. While most paternally transmitted NCO events are short and complex crossovers are
rare in paternal transmissions, maternally transmitted NCO events tend to be long and
complex. Our results suggest that there is a different biological mechanism underlying short
and long NCO events and consequently maternal and paternal transmissions. As the
definition of an event is based solely on proximity of gene converted mpps, we cannot
discern whether the gene converted mpps within the same long event occurred
simultaneously in a single process or in several collocated processes. Crossover interference
has recently been shown to decrease with maternal age*2, possibly leading to double
crossover recombination events which in our study design could be detected as long NCO
events. The complex nature of long NCO events and their GC bias make it unlikely that
crossover interference explains a large fraction of long NCO events (cf. Supplementary Note
7). Paternal NCO gene conversions may be enriched for those derived from the SDSA
pathway and maternal NCO gene conversions may be enriched for those resulting from dHj
resolution®. The long NCO events, which are complex and mostly maternally transmitted
may also arise from a more complex set of underlying biological mechanisms*3, including
repeated template switching®4. Analysis of sperm®22, oocyte?® or tetrad analysis® are
promising approaches for obtaining a more complete picture of meiotic gene conversion and
its mechanisms.

Our results and others!2.13.20 show that gene conversions are biased towards GC base-pairs,
while mutations are biased towards AT base-pairs and increase with age in both sexes#6:47,
but more strongly with father's age*8. Now it is clear that gene conversions increase with
mothers' age. On average, the number of gene conversions per generation is comparable to
that of mutations. Intriguingly, this means that the nucleotide composition of the human
genome represents an equilibrium that is maintained by an unwitting battle between the
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sexes, where male driven AT-biased mutations are offset by female driven GC-biased gene
conversion events.

Online methods

In order to detect gene conversions, we use three-generation pedigrees, where a proband as
well as both of its parents, at least two of the proband's siblings, a child of the proband and
the proband's spouse are all genotyped (cf. Figure 1).

Data descriptions

We use two datasets of Icelandic samples collected as a part of disease association efforts at
deCODE genetics3#: Chip data consisting of 7,219 probands genotyped on Illumina
HumanHap and Omni BeadChip arrays and sequencing data consisting of 101 whole
genome sequenced probands.

The study was approved by the Icelandic Data Protection Authority (ref. 2004120649) and
the National Bioethics Committee, Iceland (ref. VSN 13-028). All participating subjects
who donated blood signed informed consent. Personal identities of the participants and
biological samples were encrypted by a third party system approved and monitored by the
Icelandic Data Protection Authority.

A description of how families were selected and datasets were proprocessed is given in
Supplementary Note 11. A list of the chip types used in the chip dataset is given in
Supplementary Table 10.

Identifying gene conversion mpps in pedigrees

Gene conversions appear in the proband's haplotype as short tracts of mpps from one of the
parent's haplotype on the background of its other haplotype, i.e. the markers in question are
inherited from one haplotype while nearby markers on both sides are inherited from the
other haplotype. We can detect them if the two haplotypes of a parent and the haplotype
transmitted from the parent to the proband are known.

To determine the haplotypes of the parents we phase their nuclear family (the parents, the
proband and its siblings). This is done in three steps; In the first step we construct a set of
mpps, where we are confident of the inheritance pattern from a given parent of the sibling
group. We refer to these mpps as anchors. In the second step, we phase the remaining mpps
by minimizing the discrepancy between the genotypes of the mpps compared to the
inheritance pattern observed at neighboring anchors. In the third step, we determine the
location of crossover recombinations in order to phase the proband.

Finally, we identify gene conversions as tracts of inconsistencies between genotypes of the
proband and the phased inheritance pattern at each mpp. If the tracts of inconsistencies
indicate a gene conversion we attempt to verify them in the proband's children.

A schematic overview of the algorithm is given in Supplementary figure 7.
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Determining anchor mpps

Phasing the

An anchor is an mpp where one parent is heterozygous, the other is homozygous and the
genotypes of the proband, its parents and all of its siblings meet the accuracy thresholds
defined above. With respect to the heterozygous parent, the phase of the sibling group (the
proband and its siblings) is unambiguous at anchors and the sibling group can be partitioned
into two sets, determined by which allele was inherited from the heterozygous parent. Two
adjacent anchors, with the same heterozygous parent, induce the same partition in the sibling
group, unless either anchor is genotyped incorrectly or a gene conversion or crossover
recombination occurred between them.

Given an mpp and a parent we define a left anchor as the closest anchor with a lower
numerical coordinate where the parent is heterozygous. A right anchor is defined
analogously with a higher numerical coordinate.

Unless a genotyping error occurred we can be confident in the inheritance pattern for all
anchor mpps. We now remove mpps that appear to be the result of a genotyping error from
the set of anchor markers. When removing these we may also remove mpps that are the
result of a gene conversion. In a later step we determine whether the mpp is the result of a
gene conversion or a genotyping error.

Mpps whose partition does not agree with neighboring anchors are removed. To formally
delineate which markers are removed from the set of anchors, we define the discrepancy
between two anchors as the minimum number of individuals that need to be moved between
the sibling group partitions of the anchors such that the partitions become identical. We
compute a local discrepancy score for an anchor, A, as the sum of the discrepancy between
A and its two closest anchors to the left and two closest anchors to the right. The anchor A is
removed if, when doing so, the sum of the discrepancy scores of all other anchors is reduced.

parents

At a given mpp the sibling group can be split into four inheritance groups based on which of
the two haplotypes they inherit from each parent. The inheritance groups are not known but
when there are no crossover recombinations, gene conversions or genotyping errors, the
haplotypes will agree with the haplotypes of both parents inherited at the neighbouring
anchors. We define two inheritance groupings, left and right. The left inheritance grouping is
determined by the left anchors of both parents and the right inheritance grouping is based on
the right anchors of both parents. Both the left and right inheritance groupings should be
identical to the inheritance grouping at the given mpp unless there has been a crossover
recombination for either parent in the region or the mpp being examined is gene converted in
the proband or one of its siblings. A genotyping error in one of the siblings or either parent
may also occur, causing the genotypes not to agree with the left and right inheritance
groupings even if they are identical to the true inheritance grouping at the mpp.

Given the genotypes of the individuals in the nuclear family and the inheritance groupings
we assign alleles to the parents' haplotypes. For binary mpps, there are a total of 24 = 16
possible assignments of the two alleles to the four haplotypes. For each such assignment we
infer genotypes of both parents and the siblings according to the left inheritance grouping
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and compare them to observed genotypes. We define left phasing discrepancies in the
nuclear family as the combined number of mismatches between observed and inferred
genotypes. Right phasing discrepancies are defined analogously from the right inheritance
groups. For each assignment of alleles to haplotypes we define the number of phasing
discrepancies as the smaller of the left and right phasing discrepancies. A phasing
discrepancy can be explained with a crossover recombination, a gene conversion or
genotyping error.

If there exists exactly one assignment of the alleles to the parents' haplotypes with fewer
than two phasing discrepancies, the mpp is considered phased by the assignment. All other
Mpps are removed from further consideration as candidates when searching for gene
conversions. When the assignment has no phasing discrepancy either there is no gene
conversion or the mpp is part of a gene conversion tract that includes neighboring anchors.
Assignments with a single phasing discrepancy are further candidates for where a gene
conversion may have taken place. Not all single phasing discrepancies will represent a gene
conversion as they may also represent a genotyping error or a non-gene converted mpp in a
long gene conversion tract including both neighboring anchors.

When there are more than one assignments that have fewer than two phasing discrepancies
we cannot reliably determine which assignment is the correct one, since all of them can arise
from a single genotyping error or gene converted mpp. An example of when an mpp has
multiple assignments with fewer than two phasing discrepancies is when one of the parents'
haplotypes is not carried by any members of the sibling group. If all individuals are correctly
genotyped and there is no gene conversion then the correct assignment of haplotypes leads
to zero phasing discrepancies, while switching the assignment of the haplotype not carried
by any members of the sibling group leads to one phasing discrepancy.

When all assignments of alleles to the parents' haplotypes yield at least two phasing
discrepancies, then the mpps genotypes are not consistent with the left and right inheritance
groupings, even when allowing for a single individual to be either carrier of a gene
conversion or having a genotyping error. This can occur due to multiple recombinations, a
structural variant at the locus, a misplacement of the marker in the assembly or repeated
genotyping errors at the marker.

Determining crossover recombinations

For each proband we locate crossover recombinations from each parent separately. We refer
to an mpp as informative if the phase of the proband can be determined directly at the mpp
without any assumption about the phase inherited from the other parent. Thus, the set of
informative mpps includes anchor mpps as well as mpps where the parent of interest is
heterozygous and either the proband or the other parent are homozygous. In particular, the
set includes mpps where some of the siblings of the proband do not meet genotyping
accuracy thresholds.

In order to distinguish candidate gene conversions from crossover recombinations, we look
for all inheritance tract changes in the proband. Initially, we assign inheritance tract changes
to all regions between two adjacent informative mpps where the proband inherits alleles
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from different haplotypes of the parent of interest. The region of an inheritance tract change
can be further narrowed if the parent of interest is heterozygous for additional mpps between
the two informative markers, if the haplotype of the other parent is known, and if the two
informative mpps agree on a haplotype for the other parent. In this case, we assume that the
proband inherited the same haplotype for the whole region from the other parent and we can
determine the proband's phase at the all mpps in the region where the parent of interest is
heterozygous. If the two informative mpps do not agree on a haplotype for the other parent,
the inheritance tract change region is excluded from the search for gene conversions. Once
the inheritance tract change region has been narrowed, we assign an inheritance tract change
to the center of the region.

A crossover recombination is assigned to all tract changes where no other tract change
occurs within 100 kb. All other tract changes are candidate gene conversions. Additionally, a
crossover recombination is assigned if there is an odd number of multiple consecutive tract
changes within 100 kb of each other; more precisely, the crossover recombination is
assigned to the leftmost or rightmost tract change depending on which induces fewer gene
converted mpps (see below). In this case a crossover recombination has occurred along with
possible gene conversions.

Determining gene conversion mpps

Having assigned crossover recombinations and phased the haplotypes of the parents, we
search in the proband for mismatches in observed genotypes compared to the genotypes
defined by the haplotypes inherited from the parents.

We search for gene conversion from each parent separately for all mpps in the phased mpp
set after applying the quality filters described in Supplementary Note 12.

Mpps passing these filters are counted towards the denominator in our rate computations. If
there is a mismatch between the proband's genotype and its phase-determined haplotypes,
we examine whether this mismatch can be due to a gene conversion.

If the mismatch can be explained with the other haplotype of the parent of interest, we
attempt to verify the gene conversion in the proband's children. We verify the genotype in
one of two ways; If a child is homozygous, we verify the gene converted haplotype without
requiring the proband's spouse to be genotyped. Otherwise, if the proband's spouse is
genotyped and homozygous we use that together with the child's genotype to verify the gene
converted haplotype. We may be unable to verify the haplotype due to inconsistencies such
as structural variants, a misplacement in the assembly or repeated genotyping errors.

In order to verify a putative gene conversion in the proband's child, we first determine
whether the child carries the gene converted haplotype. We search for the closest mpps to the
left (of lower numerical order) and to the right (of higher numerical order) where the
proband is heterozygous and the spouse is homozygous, ignoring mpps at the end of
chromosomes where there is no such left or right mpp. At these mpps we can determine
which haplotype the child inherited from the proband. If the child inherited the same
haplotype from the proband at both of these mpps and the distance between these mpps is
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less than 1 Mb we assume that the child is carrying the corresponding haplotype. The gene
conversion can be verified in the child if this is the gene conversion haplotype.

If a marker shows evidence of being part of a structural variant, being misplaced in the
assembly or having more than one genotyping error, the marker is flagged as problematic in
the family. Specifically, a marker is flagged as problematic either if all of the assignments of
alleles to the parents' phases produces two or more phasing discrepancies or if we fail to
verify a gene conversion in one of the proband's children. Markers that are flagged as
problematic in more than one family are removed from the set of quality markers input to
the algorithm.

Crossover regions and CCO vs. NCO gene conversions

For each crossover recombination we defined a crossover region as the adjacent 100 kb in
each direction. If a gene converted mpp was found within the crossover region the region
was iteratively extended so that it contained all mpps within 100 kb of the crossover
recombination and the gene converted mpps found.

Mpps determined to be within and outside a crossover region were used in the computation
of CCO gene conversion rate and NCO gene conversion rate, respectively.

Determining gene conversion events

Gene conversion events are determined once all gene converted mpps have been determined.
While searching for gene converted mpps we restrict our search to contiguous tracts of mpps
where the length of the tract is 100kb. Gene conversion events may however contain both
gene converted mpps and non-gene converted mpps.

Within non-crossovers, we arranged mpp positions from a parent-proband pair into distinct
gene conversion events by traversing the chromosome in numerical order. We considered the
first gene converted mpp found on a chromosome to be part of a new event and iteratively
extended the event if a gene converted mpp was found within 100 kb of the previous gene
converted mpp. Consequently, gene conversion events may be longer than 100kb.

Within crossovers, mpps neighbouring the same crossover recombination were considered a
part of the same event.

Crossover recombination map data

We use a dataset of crossover recombinations24 preprocessed as described in Supplementary
Note 13.

Computation of rates, confidence intervals and p-values

We compute the observed gene conversion rate as the number of mpps where a gene
conversion occurs divided by the number of mpps that were tested for a gene conversion.

For two events, A and B, we compute the odds ratio as (N11*N22)/(N12*N21), where N11
represents the number of mpps that are part of event A and B, N12 the number of mpps that
are part of A and not B, N21 the number of mpps that are part of B and not A and N22 the
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number of mpps that are part of neither event. Odds ratios for crossover recombination
hotspots are computed considering only those markers where the crossover recombination
rate has been estimated.

All confidence intervals presented are 95% confidence intervals and all p-values are two-
sided. Confidence intervals for G, odds ratios, number of mpps per event, rate of increase in
G between age of 20 and 40 and GC bias, are computed using a bootstrap method*®. For the
chip dataset 1,000 sets of 7,219 individuals are sampled with replacement from the set of
7,219 probands. For the sequencing dataset 1,000 sets of 101 individuals are sampled with
replacement from the set of 101 probands. The statistic in question is computed within each
set, creating a list of 1,000 statistics. Following the sorting of this list, the lower bound of the
confidence interval is computed as the mean of entries 25 and 26 and the upper bound is
computed as the mean of entries 975 and 976.

Age of parent effects are determined using a weighted linear regression using the function
Im in R, To determine age effect of G we first compute G for each proband-parent pair
separately. The final model can be expressed as: Im( G ~ ParentAge, weights = sqrt(N)),
where N is the number of mpps considered for the proband. To determine age effect on other
statistics we compute for each proband-parent pair separately the statistic, S, in question.
The final model can be expressed as: Im( S ~ ParentAge, weights = sqrt(N)).

Linear regression, its confidence intervals and p-values, for distance to the telomere and
length of chromosome, were computed using the Im function in R, using a matrix containing
all mpps where a gene conversion event could be ascertained. All other linear regressions
were implemented using Python®1,

All other p-values, not previously discussed, were computed using bootstrapping. 1,000
simulations are used analogously to the description above and a p-value is computed by
counting the number of times the single-sided event of interest occurred and dividing by the
number of simulations. The single-sided p-value was then multiplied by 2, in order to obtain
a double-sided p-value. In cases when the event of interest did not occur in 1,000
simulations the p-value was reported as < 0.001.

In order to compute G corrected for crossover recombination, a linear regression was
performed with gene conversion as a response and local sex specific crossover
recombination rate as an explanatory variable. All marker proband pairs where an NCO gene
conversion could be ascertained and the crossover recombination rate had been determined
were used. A corrected G was computed by inserting the genomic average crossover
recombination rate?4, of 1.572 cM/Mb for maternal transmissions and 0.772 cM/Mb for
paternal transmissions, into the regression formula. Confidence intervals were computed
using the predict.Im function in R.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure2.
NCO gene conversion rate, G. As a function of a) age of parent, b) distance from telomere,

¢) age of mother stratified by presence in DSB region and d) age of mother stratified by
presence in crossover recombination hotspots. €) percent GC content of neighboring 100
bases for gene converted markers outside of double strand break regions as a functionof age
of mother. Blue represents paternal and red maternal transmission. Error bars represent 95%
confidence intervals. a) Number of parents in each age bin are presented in top of figure.
a,c,d,e) Individuals are grouped into 2 year age bins with all individuals younger than 20
grouped together and all individuals 40 years or older grouped together. b) mpps are
grouped into 5Mb bins. Crossover recombination rate is computed as the average over all
marker proband pairs in a bin of average crossover recombination rate in +/— 5kb interval
around a marker. cM = centiMorgan, Mb = 1 million base pairs.
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NCO gene conversion rate G, as a function of GC content of neighboring 100bp. a) G
outside of male DSB regions. b) G inside of male DSB regions. Error bars represent 95%
confidence intervals. The dotted line represents a linear model. NCO = non-crossover, DSB
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Complex crossovers (CCO) and maternal age. a) Complex crossover (CCO) gene conversion

rate by maternal age in the chip dataset. b) Fraction of maternally transmitted crossovers in
the chip dataset that are complex, as a function of mother's age. Error bars represent 95%
confidence intervals. The dotted line represents a linear model.
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Table 3
Gene conversion of indels
Sequencing dataset
Paternal Mater nal Total
Converted mpps 23 38 61
NCO 22 28 50
CCO 1 10 11

N mpps considered
NCO
Cco

Observed gene conversion rate per Million bp (95% CI)

NCO
CCo

Deletion bias (95% CI)

NCO
Cco

OR NCO in DSB (95% Cl)

OR NCO in crossover recombination hotspots (95% CI)

4,391,571 4,324,302 8,715,873
4,382,511 4,310,148 8,692,659

9,060 14,154 23,214
5.2 8.8 7.0
(3.0-80)  (55-12.1)  (5.0-9.0)
5.0 6.5 5.8
(27-78)  (3.9-95)  (4.1-7.9)
110 707 474
55.5% 71.1% 65.6%
(33.3-77.5) (53.2-84.5) (53.2-77.4)
545 67.8 62.0
(31.0-75.4)  (50.0-82.8) (48.0-74.7)

- 80 81.8
35.6 49 13.9
(14.8-86.0) (1.0-11.8)  (7.0-24.1)

10.4 8.4

(2.0-29.0)  (0.0-25.4)

Page 25

OR = odds ratio, DSB = double strand break, mpp = marker proband pair, Cl = confidence interval, CCO = complex crossover, NCO = non-

crossover.
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