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Abstract 1 

Non-crossover gene conversion is a type of meio5c recombina5on characterized by the non-reciprocal 2 

transfer of gene5c material between homologous chromosomes. Gene conversions are thought to occur 3 

within rela5vely short tracts of DNA, es5mated to be in the order of 100-1,000 bp in humans. However, 4 

the number of observable gene conversion tracts per study has so far been limited by the use of pedigree 5 

or sperm-typing data to detect gene conversion events. In this study, we propose a sta5s5cal method to 6 

es5mate the mean length of gene conversion tracts in humans. Our method can handle a large number of 7 

gene conversion tracts, leading to more precise es5mates of the mean tract length. We apply our method 8 

to gene conversion tracts detected in whole autosome sequence data from the UK Biobank using clusters 9 

of iden5ty-by-descent segments. From this dataset, we es5mate the mean gene conversion tract length in 10 

humans to be 459 bp (95% CI: [457, 461]). Stra5fying detected gene conversion tracts by whether they 11 

overlapped with a recombina5on hotspot, we es5mate the mean gene conversion tract length to be 418 12 

bp (95% CI: [416, 420]) and 492 bp (95% CI: [489, 494]) respec5vely, for tracts that overlap and do not 13 

overlap with a recombina5on hotspot.  14 

Introduc.on 15 

During meiosis, homologous chromosomes undergo gene5c recombina5on resul5ng in the transfer of 16 

gene5c material. Double strand breaks that occur during recombina5on are resolved in two dis5nct ways. 17 

Crossovers result in a long tract of DNA (typically spanning millions of base pairs) being exchanged 18 

between homologous chromosomes. On the other hand, non-crossover gene conversions typically result 19 

in a non-reciprocal transfer of alleles within a short tract of around 100-1,000 bp.1 These gene conversion 20 

events are thought to most commonly occur via the synthesis-dependent strand annealing mechanism, 21 

where a double stranded break is repaired by the invasion of a protruding 3’ end into the donor chroma5d. 22 

Gene conversion events may also occur via the resolu5on of two Holliday junc5ons.2  23 
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Gene conversions can be detected in humans by analyzing sequence data from pedigrees or sperm 24 

samples and iden5fying posi5ons in which the allele of one homologous chromosome has been replaced 25 

by the other.1,3–5 The distance between these posi5ons, where alleles are thought to have been converted 26 

by a gene conversion event, can be used to es5mate the length of the gene conversion tract. Using SNP 27 

array and whole genome sequence data from 34 three-genera5on pedigrees, Williams et al. determined 28 

that tract lengths are in the order of 100-1,000 bp based on detected allele conversions. Using three-29 

genera5on pedigrees helps to dis5nguish between allele conversions and genotype errors.1 It can be 30 

difficult to dis5nguish between allele conversions and genotype errors when using two-genera5on 31 

pedigrees or sperm samples.  32 

Williams et al. further iden5fied apparent clusters of gene conversion tracts spanning 20-30 kb, which may 33 

have resulted from discon5nuous gene conversion events occurring in close proximity during the same 34 

meiosis.1 This phenomenon has previously been referred to as complex gene conversions. Complex gene 35 

conversions as long as 100 kb were also found in the deCODE study.5 Complex gene conversions could arise 36 

from mechanisms such as GC biased repair across long stretches of DNA.1 In this study, we will focus on 37 

individual gene conversion tracts where the length spanning the furthest allele converted markers does 38 

not exceed 1.5 kb. 39 

Large numbers of gene conversion tracts can be detected from biobank-scale sequence data using inferred 40 

iden5ty-by-descent (IBD) clusters.6 A gene conversion event occurring aeer the most recent common 41 

ancestor of an IBD cluster will transfer new alleles onto the haplotype if the individual undergoing meiosis 42 

has at least one heterozygous marker within the gene conversion tract. Allele conversions cause discordant 43 

alleles within the IBD cluster in the current popula5on, which can be used to detect past gene conversion 44 

events. Because discordant alleles can prevent the detec5on of the IBD cluster, Browning and Browning 45 

devised a method to use non-overlapping regions of each chromosome for detec5ng IBD clusters and gene 46 

conversions that have occurred on each IBD cluster. Applying their method to whole autosome sequence 47 

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

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2024.12.30.630818doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.30.630818
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 
 

data from 125,361 individuals from the UK Biobank, they found 9,313,066 allele conversions inferred to 48 

belong to 5,961,128 gene conversion tracts. To detect an allele conversion, this method requires at least 49 

two haplotypes within an IBD cluster to have the same alternate allele. This means that genotype errors 50 

will not be falsely iden5fied as allele conversions, unless the same genotype error occurs twice in the same 51 

IBD cluster.6 52 

Efforts have been made to model the length distribu5on of gene conversion tracts using detected gene 53 

conversion tracts in humans and other species.7,8 However, these studies use pedigree datasets, which 54 

only contain informa5on about a small number of meioses. This limits the number of detectable gene 55 

conversion tracts, leading to high uncertainty in es5mates of the mean gene conversion tract length. A 56 

sta5s5cal model assuming a mixture of two nega5ve binomial distribu5ons for tract lengths was applied 57 

to 257 paternal and 247 maternal gene conversion tracts detected from the deCODE study. Confidence 58 

intervals for the mean gene conversion tract length are wide, spanning more than two orders of magnitude 59 

for maternal gene conversion tracts.8  60 

In our study, we propose a parametric model to infer the mean length of gene conversion tracts detected 61 

from the UK Biobank whole autosome data. Our model is inspired by the model by Betran et al., which 62 

was fit to tract lengths detected in Drosophila subobscura.9 Like Betran et al., we refer to the length 63 

spanning the furthest allele converted markers within a gene conversion tract as the observed length of 64 

the gene conversion tract. Within a gene conversion tract, allele conversions only occur at posi5ons where 65 

the individual is heterozygous. Thus, the observed length of a gene conversion tract will likely be shorter 66 

than the actual gene conversion tract length. We account for this difference in length by allowing allele 67 

conversions to occur with the same probability at each posi5on within the same gene conversion tract. 68 

Betran et al. use the same allele conversion probability for nearby gene conversion tracts, but we allow 69 

this probability to differ for each detected gene conversion tract. Betran et al. use a geometric distribu5on 70 
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to model the length distribu5on of gene conversion tracts.9 We allow the length distribu5on to be either 71 

a single geometric random variable or a sum of two geometric random variables.  72 

We validate our model by figng it to detected gene conversion tracts from a coalescent simula5on 73 

incorpora5ng gene conversions, originally described in Browning and Browning (2024).6 Next, we use our 74 

model to es5mate the mean length of gene conversion tracts detected from the UK Biobank whole 75 

autosome data. Finally, we stra5fy these detected gene conversion tracts by whether they overlap with a 76 

recombina5on hotspot, and use our model to es5mate the mean length of gene conversion tracts in each 77 

stratum.  78 

Subjects and methods 79 

UK Biobank whole autosome data 80 

We ran our analysis on whole autosome sequence data from 125,361 individuals from the UK Biobank, 81 

who iden5fied themselves as ‘white Bri5sh’ in the ini5al release of 150,119 sequenced genomes.10 The 82 

data were obtained under UK Biobank applica5on number 19934, and the 150,119 genomes were phased 83 

using Beagle 5.4.11,12  84 

Detec6ng gene conversion tracts 85 

We used gene conversion tracts previously detected in the UK Biobank whole autosome data using IBD 86 

clusters.6 IBD clusters are sets of haplotypes at a locus that have a recent common ancestor. If a recent 87 

gene conversion event transfers new alleles onto a haplotype in the IBD cluster, there will be discordant 88 

alleles within the IBD cluster, which can then be used to detect this gene conversion event. The detec5on 89 

method splits the genome into short, interleaved regions where IBD clusters are inferred or where gene 90 

conversion tracts are detected based on the inferred IBD clusters. These regions were each 9 kb long, for 91 

a total of 18 kb per IBD inference and gene conversion detec5on region pair, and this 18 kb paiern was 92 
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repeated throughout each chromosome. Furthermore, this 18 kb paiern was offset by 0, 6, and 12 kb, 93 

and the analysis repeated for each offset to ensure that allele conversions at all posi5ons could be 94 

detected.6 95 

For each marker within the gene conversion detec5on region, allele conversions were detected based on 96 

the IBD clustering of the marker (within the IBD inference region) that was closest in terms of gene5c 97 

distance. To detect an allele conversion at a posi5on, two haplotypes were required to share one allele, 98 

and two other haplotypes were required to share another allele in the corresponding IBD cluster. This 99 

requirement prevents the method from falsely detec5ng genotype errors as allele conversions. 100 

Furthermore, only markers that had a MAF of at least 5% were considered when detec5ng allele 101 

conversions to prevent muta5ons from being detected as allele conversions.6 102 

Aeer allele conversions were detected, they were clustered to form detected gene conversion tracts. Allele 103 

conversions were considered to belong to the same gene conversion tract if they were located within 1.5 104 

kb of each other, and if the membership of the two sub-clusters (represen5ng the two alleles present in 105 

the IBD cluster) overlaps for the two allele conversions.  106 

Aeer clustering allele conversions to form detected gene conversion tracts within each offset, the results 107 

were combined across offsets. Only detected tracts that started within the central 6 kb of the 9 kb gene 108 

conversion detec5on region for each offset were retained. This is because a detected gene conversion 109 

tract star5ng near the end of a detec5on region is likely to protrude into the neighboring region in which 110 

allele conversions are not detected. This also prevents double coun5ng tracts. 111 

Across all the autosomes, 9,313,066 allele conversions were detected. These allele conversions were 112 

inferred to belong to 5,961,128 detected gene conversion tracts. Furthermore, 82.9% of the detected gene 113 

conversion tracts were comprised of a single allele conversion.6 We refer to the length spanning the 114 

furthest allele converted markers in a detected gene conversion tract as the observed tract length of the 115 
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gene conversion tract. If a detected gene conversion tract is comprised of a single allele conversion, the 116 

observed tract length is one bp.  117 

We label the observed tract lengths of all detected gene conversion tracts as !ℓ!|𝑗 = 1,… ,𝑚* . The 118 

procedure used to detect gene conversion tracts in each offset assumes that gene conversion tract lengths 119 

do not exceed 1.5 kb. To take this into account, we exclude any observed tract lengths exceeding 1.5 kb 120 

when es5ma5ng the mean gene conversion tract length. We also exclude observed tract lengths of one 121 

bp prior to es5ma5on, because the propor5on of observed tract lengths of one bp is overes5mated by our 122 

model (see Supplementary Materials). This is likely because we do not account for linkage disequilibrium 123 

in our model. The effect of linkage disequilibrium on the distribu5on of observed tract lengths is further 124 

discussed in the Supplementary Materials.  125 

Defini6ons and overview of model 126 

Our model follows the general framework described in Betran et al. (1997).9 We model 𝑁, the length of a 127 

gene conversion tract, as a geometric random variable, or (extending the model by Betran et al.) a sum of 128 

two independent and iden5cally distributed geometric random variables. We further let 𝐿 be a random 129 

variable represen5ng the observed tract length of a gene conversion tract, which is the length spanning 130 

the furthest allele converted markers within the gene conversion tract. The event 𝐿 = 0 represents no 131 

allele conversions occurring within the tract, and 𝐿 = 1 represents one allele conversion occurring within 132 

the tract. In the following sec5ons, we derive the condi5onal distribu5on of 𝐿 given 𝑁 and the marginal 133 

distribu5on of 𝐿. We further describe the procedure we use to obtain a maximum likelihood es5mate of 134 

𝜙,  𝜙/, using the observed tract lengths !ℓ!|𝑗 = 1,… ,𝑚* detected from the UK Biobank whole autosome 135 

data.  136 
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The distribu6on of the observed tract length condi6onal on the gene 137 

conversion tract length 138 

The observed tract length of a gene conversion tract, represented by the random variable 𝐿, depends on 139 

where allele conversions occur on the gene conversion tract. We will first assume that allele conversions 140 

happen with probability 𝜓 at every posi5on within some gene conversion tract that is exactly 𝑛 bp long. 141 

Under this scenario, the following condi5onal distribu5on is derived by Betran et al.9 142 

𝑃(𝐿 = ℓ|𝑁 = 𝑛) = 	6
(1 − 𝜓)"																										if	ℓ = 0
𝑛𝜓(1 − 𝜓)"#$																if		ℓ = 1

(𝑛 − 𝑙 + 1)𝜓%(1 − 𝜓)"#ℓ				if	2	≤		ℓ ≤ 𝑛	
. 143 

In the probability above, we condi5oned on the gene conversion tract length, represented by the 144 

random variable 𝑁, being 𝑛 bp long. Obtaining an observed tract length of zero bp is equivalent to allele 145 

conversions not occurring within the gene conversion tract, which happens with a probability of 146 

(1 − 𝜓)". Next, obtaining an observed tract length of one bp is equivalent to an allele conversion 147 

occurring at exactly one posi5on within the gene conversion tract. There are 𝑛 possible posi5ons in 148 

which the allele conversion can occur, and each configura5on happens with a probability of 149 

𝜓(1 − 𝜓)"#$. Finally, to obtain an observed tract length of ℓ bp, where 2	≤		ℓ ≤ 𝑛, we need to observe 150 

two allele conversions that span exactly ℓ posi5ons, and allele conversions cannot occur at the 𝑛 − ℓ 151 

posi5ons flanking the two allele conversions. There are 𝑛 − ℓ + 1 ways to overlay these two allele 152 

conversions on the gene conversion tract, and each configura5on occurs with a probability of 153 

𝜓%(1 − 𝜓)"#ℓ. 154 

Deriving the marginal distribu6on of the observed tract length 155 

If the gene conversion tract length 𝑁 is drawn from geometric distribu5on with mean 𝜙, we have, 156 

𝑃(𝑁 = 𝑛) = ?1 −
1
𝜙@

"#$ 1
𝜙
. 157 
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Legng 𝜆 = 1/𝜙, 158 

𝑃(𝐿 = ℓ) = 	C𝑃(𝐿 = ℓ|𝑁 = 𝑛)𝑃(𝑁 = 𝑛)
'

"(ℓ

	159 

=

⎩
⎪⎪
⎨

⎪⎪
⎧

𝜆(1 − 𝜓)
𝜆 + 𝜓 − 𝜆𝜓 																																	if		ℓ = 0

𝜆𝜓
(𝜆 + 𝜓 − 𝜆𝜓)%

																													if		ℓ = 1

𝜆(1 − 𝜆)ℓ#$	𝜓%

(𝜆 + 𝜓 − 𝜆𝜓)%
																												if		ℓ ≥ 2	

. 160 

This is the marginal distribu5on of the observed tract length 𝐿. However, we do not observe tracts with 161 

an observed tract length of zero bp in our dataset. Furthermore, recall that we only retain observed tract 162 

lengths between 2 and 1,500 bp during es5ma5on (as described above), so we account for this by 163 

trunca5ng the distribu5on of 𝐿 between 2 and 1,500 bp.  164 

We have, 165 

𝑃(2 ≤ 𝐿 ≤ 1500) = C
𝜆(1 − 𝜆)ℓ#$	𝜓%

(𝜆 + 𝜓 − 𝜆𝜓)%

$*++

,(%

=
𝜓%[(1 − 𝜆) − (1 − 𝜆)$*++]

(𝜆 + 𝜓 − 𝜆𝜓)%
. 166 

Then, 167 

𝑃(𝐿 = ℓ|2 ≤ 𝐿 ≤ 1500) = 	
𝑃(𝐿 = ℓ)

𝑃(2 ≤ 𝐿 ≤ 1500)
=

𝜆(1 − 𝜆)ℓ#$	

[(1 − 𝜆) − (1 − 𝜆)$*++]
. 168 

No5ce that condi5oning on 2 ≤ 𝐿 ≤ 1500 removed the parameter 𝜓 from our model.  169 

As men5oned earlier, !ℓ!|𝑗 = 1,… ,𝑚*	represents the observed tract lengths in our dataset. When figng 170 

the model, we use the filtered set of observed tract lengths, !ℓ!|𝑗 = 1,… ,𝑚, 2 ≤ ℓ! ≤ 1500*. 171 

Henceforth, we will also index our random variable 𝐿 using 𝑗. 𝐿!  represents the random variable 172 

corresponding to the observed tract length of detected gene conversion tract 𝑗 in our dataset. We have, 173 
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𝑃L𝐿! = ℓ!M2 ≤ 𝐿! ≤ 1500, 𝜆N = 	
𝜆(1 − 𝜆)ℓ!#$	

[(1 − 𝜆) − (1 − 𝜆)$*++]
. 174 

Finally, we consider the case when 𝑁 follows a sum of two independent and iden5cally distributed 175 

geometric random variables. The deriva5on of 𝑃L𝐿! = ℓ!M2 ≤ 𝐿! ≤ 1500N under this segng is included 176 

in the Appendix. Under this segng, 𝑃L𝐿! = ℓ!M2 ≤ 𝐿! ≤ 1500N depends on 𝜓!, so we estimate 𝜓!  for 177 

each tract 𝑗 before es5ma5ng 𝜙. The procedure to estimate 𝜓!  for each tract 𝑗 is described in the 178 

following section. 179 

Es6ma6ng the allele conversion probability for each detected tract  180 

Recall that 𝜓!  represents the probability that an allele conversion will occur at each posi5on within 181 

detected gene conversion tract 𝑗. When 𝑁 is a sum of two geometric random variables, the likelihood of 182 

the observed tract length for detected gene conversion tract 𝑗,	𝑃L𝐿! = ℓ!M2 ≤ 𝐿! ≤ 1500N, depends on 183 

𝜓!  (see Appendix), so we need to es5mate 𝜓!  for 𝑗 = 1,… ,𝑚 to obtain a maximum likelihood es5mate 184 

for the mean gene conversion tract length 𝜙.  185 

Allele conversions occur at posi5ons within each gene conversion tract where the individual is 186 

heterozygous. Therefore, the probability that a randomly selected individual from the popula5on is 187 

heterozygous at a given marker can be used to es5mate the probability that an allele conversion will 188 

happen at this marker, once it is included in a gene conversion tract. However, it is difficult to derive a 189 

closed form expression for the marginal distribu5on of 𝐿 when we only allow allele conversions to occur 190 

at SNV posi5ons, and with differing rates at each SNV posi5on. Thus, we let allele conversions occur with 191 

the same probability 𝜓! 	at all posi5ons within detected gene conversion tract 𝑗. We use the average 192 

heterozygosity rate of posi5ons near detected tract 𝑗 to es5mate 𝜓!.  193 
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Legng	𝑎!  and 𝑏!  (𝑎! ≤ 𝑏! ) represent the posi5ons on the chromosome corresponding to the furthest 194 

allele converted markers within detected gene conversion tract 𝑗, we average the heterozygosity rate 195 

across the set of posi5ons Q𝑎! − 5000, 𝑏! + 5000R to es5mate 𝜓!:     196 

𝜓/! =
1

𝑏! − 𝑎! + 10001
C 2𝑝-(1 − 𝑝-)

.!/*+++

-(0!#*+++

. 197 

Here, 𝑝-  denotes the MAF of posi5on 𝑖 on the chromosome in which the gene conversion event occurred. 198 

𝑝-  is calculated using the sample of 125,361 White Bri5sh individuals from the UK Biobank. Variants with 199 

MAF less than 5% were excluded when detec5ng allele conversions, so we cannot observe allele 200 

conversions at these posi5ons (see the sec5on, Detec5ng gene conversion tracts). Therefore, if the MAF 201 

is less than 5% at posi5on 𝑖, we set 𝑝- = 0. The formula 2𝑝(1 − 𝑝) for heterozygosity at a marker assumes 202 

that Hardy-Weinberg equilibrium holds, which is a reasonable approxima5on for common variants in a 203 

rela5vely homogeneous popula5on.   204 

If either	𝑎! − 5000 or 𝑏! + 5000 exceeds the end of the chromosome, the averaging only takes place 205 

within the bounds of the chromosome (e.g. if 𝑎! = 100 and 𝑏! = 200, we only average the heterozygosity 206 

rate from posi5ons 1 to 5,200).  207 

Maximum likelihood es6ma6on of the mean gene conversion tract 208 

length 209 

Given observed tract lengths !ℓ!|𝑗 = 1,… ,𝑚*, we propose the following maximum likelihood es5mator 210 

for 𝜙, the mean gene conversion tract length, when the gene conversion tract length 𝑁 is drawn from a 211 

geometric distribu5on. Recall that the version of the model in which 𝑁 is geometric was parameterized by 212 

𝜆 = 1/𝜙, but we can simply maximize with respect to 𝜙. In other words, 213 
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𝜙/ = argmax
1

C log𝑃(𝐿! = ℓ!|2 ≤ 𝐿! ≤ 1500, 𝜙)
!∈3"#$%%

, 214 

where 𝐼%$*++ = !𝑗 = 1,… ,𝑚|2 ≤ ℓ! ≤ 1500*. When 𝑁 is a sum of two geometric random variables, we 215 

parameterize the distribu5on of 𝐿 using 𝛾 = 2/𝜙 (see Appendix). Unlike the geometric case, our marginal 216 

distribu5on of 𝐿!  truncated between 2 and 1,500 s5ll depends on 𝜓! , so for each 𝑗 , we plug in our 217 

es5mated 𝜓/!  in place of 𝜓!. Then, we can again maximize with respect to 𝜙: 218 

𝜙/ = argmax
1

C log𝑃(𝐿! = ℓ!|2 ≤ 𝐿! ≤ 1500, 𝜙, 𝜓! = 𝜓/!)
!∈3"#$%%

. 219 

To find the argmax, we use Brent’s method, implemented in the op5m func5on in R.13  220 

To choose between the two distribu5ons of 𝑁, we propose calcula5ng the Akaike Informa5on Criterion 221 

(AIC) under each version of the model.14 Lower AIC indicates that the distribu5on of 𝑁 that is used is a 222 

beier fit to the data.  223 

Bootstrap confidence intervals 224 

We calculate 95% bootstrap confidence intervals for 𝜙 . We denote the number of detected gene 225 

conversion tracts with observed tract length between 2 and 1,500 bp as M𝐼%$*++M. To obtain each bootstrap 226 

sample, we sample with replacement M𝐼%$*++M observed tract lengths from the set !ℓ!|𝑗 = 1,… ,𝑚, 2 ≤227 

ℓ! ≤ 1500*. Each bootstrap sample consists of the set of observed tract lengths !ℓ!* and allele conversion 228 

probabili5es !𝜓!* corresponding to the resampled indices. 229 

We refit our model to 500 bootstrap samples and obtain a new maximum likelihood es5mate of 𝜙 for each 230 

bootstrap sample. We take the 0.025 and 0.975 quan5les of the resul5ng bootstrap distribu5on of 𝜙/ and 231 

use this as the bounds of our 95% bootstrap confidence interval. 232 
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Simula6on study 233 

We use simulated data described in Browning and Browning (2024).6 20 regions of length 10 Mb were 234 

generated for 125,000 individuals using the coalescent simulator msprime v1.2.15 The demographic model 235 

for the simula5on was an exponen5ally growing popula5on with an ini5al size of 10,000 and a growth rate 236 

of 3% per genera5on for the past 200 genera5ons. To simulate recombina5on and muta5on, a 237 

recombina5on rate of 1 cM/Mb and a muta5on rate of 1.5 × 10#4 per bp per meiosis were used. Gene 238 

conversions were simulated with an ini5a5on rate of 0.02 per Mb and gene conversion lengths were 239 

simulated from a geometric distribu5on with a mean tract length of 300 bp. The processes used to add 240 

uncalled dele5ons and genotype errors are described in Browning and Browning (2024).6 Variants with 241 

MAF ≤ 0.01 were excluded, the phase informa5on was removed, and Beagle 5.4 was used to sta5s5cally 242 

phase the genotypes.11 The mul5-individual IBD analysis detected 284,838 allele conversions belonging to 243 

226,007 detected gene conversion tracts across the 20 regions. We fit our model to the detected gene 244 

conversion tracts in each of the 20 regions to es5mate the mean gene conversion tract length in each 245 

region. For the purposes of this simula5on study, we refer to the detected gene conversion tracts in each 246 

region as a separate replicate dataset. We refer to figng our model to the detected gene conversion tracts 247 

in each of the 20 regions as a separate replicate of this simula5on study.    248 

We fit our model under two segngs, one assuming a geometric distribu5on and the other assuming a sum 249 

of two geometric random variables for the gene conversion tract lengths 𝑁. Because the true tract lengths 250 

in this simula5on study are drawn from a geometric distribu5on, we are interested in whether the version 251 

of the model in which 𝑁 is geometric will be favored using AIC.  252 
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UK Biobank analysis 253 

We apply our methods to the UK Biobank whole autosome data to es5mate the autosome-wide mean 254 

gene conversion tract length. In addi5on, we run a stra5fied analysis, stra5fying observed tract lengths by 255 

whether the corresponding gene conversion tract overlapped with a recombina5on hotspot.  256 

We use the deCODE gene5c map to define recombina5on hotspots on each autosome.16 For each 257 

autosome, we first calculate a background recombina5on rate by dividing the gene5c distance between 258 

the two most distant markers on the gene5c map (in cM) by their physical distance (in Mb). Next, we 259 

similarly calculate local recombina5on rates between nearby markers on this autosome by dividing the 260 

gene5c distance between the two markers by their physical distance. Ini5ally, we calculate the local 261 

recombina5on rate between the first marker in the gene5c map, and the marker closest to it that is distant 262 

by at least 2 kb. We next calculate the local recombina5on rate between this newly iden5fied marker and 263 

the marker closest to it that is distant by at least 2 kb. We repeat this process un5l the last marker on this 264 

autosome is included in a local recombina5on rate calcula5on, or un5l we cannot iden5fy further markers 265 

that are at least 2 kb away. 266 

If the local recombina5on rate between two markers is more than five 5mes the background 267 

recombina5on rate of the autosome, we classify the region spanning these markers as a recombina5on 268 

hotspot. We cluster adjacent recombina5on hotspots together into one hotspot. We stra5fy the observed 269 

tract lengths !ℓ!|𝑗 = 1,… ,𝑚* based on whether the detected gene conversion tract overlapped with a 270 

recombina5on hotspot. We then obtain a maximum likelihood es5mate and a 95% bootstrap confidence 271 

interval for the mean gene conversion tract length, separately for tracts that overlap and do not overlap 272 

with a recombina5on hotspot. 273 
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Results 274 

Simula6on study  275 

We fit our model to the observed tract lengths from each replicate of the simula5on study. Recall that a 276 

geometric distribu5on with mean 300 bp was used to simulate gene conversion tract lengths in this 277 

simula5on study. We es5mate the mean tract length 𝜙 under both model segngs (assuming a geometric 278 

distribu5on and a sum of two geometric random variables for gene conversion tract lengths). Es5mates 279 

and confidence intervals from each replicate are shown in Figure 1. The mean es5mate of 𝜙 across the 20 280 

replicates was 289 bp under the geometric segng, which is slightly lower than the true 𝜙 value of 300 bp 281 

used to simulate the gene conversion tracts. The true value of 300 bp was contained in our 95% bootstrap 282 

confidence intervals in 15 out of the 20 replicates. However, when we incorrectly assume a sum of two 283 

geometric random variables for gene conversion tract lengths, the mean es5mate of 𝜙 across the 20 284 

replicates was 421 bp, which is much higher than the true value of 300 bp. Furthermore, none of our 95% 285 

bootstrap confidence intervals captured the true value of 300 bp under this segng.   286 

Based on the AIC, the geometric segng was a beier fit in all 20 replicates. The difference in AIC (the AIC 287 

for the geometric segng subtracted from the AIC assuming a sum of two geometric random variables) 288 

ranged from 11 to 41 across the 20 replicates. 289 
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 290 

Figure 1. Es,mated mean gene conversion tract lengths across replicate simula,ons. The doied 291 

horizontal line represents the true mean gene conversion tract length. Gene conversion tract lengths were 292 

simulated under a geometric distribu5on, and analyses were conducted assuming that tract lengths are 293 

geometric (red) or a sum of two geometric random variables (blue). We plot our es5mate and 95% 294 

bootstrap confidence interval under both segngs of the model for each replicate simula5on. 295 

UK Biobank analysis 296 

We applied our es5ma5on method to the observed tract lengths detected from the UK Biobank whole 297 

autosome data. When assuming that gene conversion tract lengths are geometric, our model es5mates 298 

the mean gene conversion tract length to be 459 bp (95% CI: [457, 461]). When assuming that tract lengths 299 

are drawn from a sum of two geometric random variables, our model es5mates the mean gene conversion 300 

tract length to be 649 bp (95% CI: [647, 651]). The geometric segng had lower AIC, indica5ng a beier fit 301 

to the data, and the difference in AIC between the two segngs was 66,237.  302 
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We next detected recombina5on hotspots on all 22 autosomes. We found 32,279 recombina5on hotspots 303 

on all autosomes, with the longest hotspot being 51,470 bp on Chromosome 13. To illustrate how we 304 

detect recombina5on hotspots, we plot the recombina5on hotspots that we found on a region on 305 

Chromosome 21 in Figure S1. 306 

Taking the subset of observed tract lengths in which the corresponding detected tracts overlapped with a 307 

recombina5on hotspot, we reran the analysis. For these observed tract lengths, we es5mate the mean 308 

gene conversion tract length to be 418 bp (95% CI: [416, 420]) assuming a geometric gene conversion tract 309 

length distribu5on.  310 

For the subset of observed tract lengths in which the corresponding detected tracts did not overlap with 311 

a recombina5on hotspot, we es5mate the mean gene conversion tract length to be 492 bp (95% CI: [489, 312 

494]) assuming a geometric gene conversion tract length distribu5on. In both subsets, the AIC was smaller 313 

under the geometric segng rela5ve to the segng in which we assume that gene conversion tract lengths 314 

are drawn from a sum of two geometric random variables. 315 

Discussion 316 

Previous studies have tried to measure gene conversion tract lengths in humans by detec5ng allele 317 

conversions from pedigree and sperm-typing data.1,3–5 However, in these studies, it is only possible to 318 

detect gene conversion events occurring in a rela5vely small number of meioses. Efforts to detect gene 319 

conversions from pedigree data have been limited by the number of mul5-genera5onal pedigrees that 320 

have been genotyped. Sperm-typing studies have also been limited by the availability of appropriate data. 321 

In sperm-typing studies, dis5nguishing genotype errors from allele conversions is also difficult. A sta5s5cal 322 

method has been proposed to infer the length distribu5on of gene conversion tracts in humans,8 but the 323 
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rela5vely small number of detected gene conversion tracts has made it difficult to es5mate the mean gene 324 

conversion tract length with precision. 325 

By applying the mul5-individual IBD method to the UK Biobank whole autosome data, we were able to 326 

detect gene conversion events across mul5ple meioses in the ancestral history of this popula5on.6 Using 327 

this method, 5,961,128 gene conversion tracts were detected, which is at least several orders of magnitude 328 

larger than what had been detected in humans in the past. In the largest pedigree study conducted to 329 

detect gene conversions, only around 2,000 gene conversion events were detected from a combina5on of 330 

7,219 three-genera5on pedigrees genotyped with a SNP chip and 101 whole-genome sequenced three-331 

genera5on pedigrees.5  332 

We proposed a likelihood-based es5ma5on method, inspired by a previous method by Betran et al.,9 to 333 

infer the mean gene conversion tract length from a large number of detected gene conversion tracts. In 334 

our method, the length distribu5on of gene conversion tracts can be specified to either be geometric or a 335 

sum of two geometric random variables, and it is possible to select the beier figng distribu5on based on 336 

AIC.   337 

We used a coalescent simula5on incorpora5ng gene conversion events to validate our es5ma5on method. 338 

We found that our model accurately es5mated the mean gene conversion tract length when the length 339 

distribu5on of gene conversion tracts was correctly specified to be geometric. Our model resulted in 340 

biased es5mates of the mean gene conversion tract length when the length distribu5on was incorrectly 341 

specified. To assess the robustness of our model to misspecifica5on of the tract length distribu5on, we ran 342 

a separate simula5on study (see Appendix). We see from this study that the AIC selected model results in 343 

rela5vely unbiased es5mates across a range of true tract length distribu5ons. 344 

We fit our model to detected gene conversion tracts from the UK Biobank whole autosome data. We 345 

es5mated the mean gene conversion tract length to be 459 bp (95% CI: [457, 461]) from this dataset. The 346 
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width of our confidence interval is much narrower than confidence intervals from previous studies, while 347 

our es5mate is higher than previous es5mates for humans. Hardarson et al. es5mate the mean paternal 348 

and maternal gene conversion tract length to be 177 bp (95% CI: [61.0, 389]) and 41.9 bp (95% CI: [16.4, 349 

2,925]) respec5vely, based on 257 paternal and 247 maternal gene conversion tracts detected from 350 

sequenced three-genera5on pedigrees.8 Jeffreys and May es5mate the mean length to be in the range of 351 

55-290 bp based on minimum and maximum possible lengths of detected gene conversion tracts 352 

determined from allele converted markers.3 Our es5mate of 459 bp is not inside this range.  353 

It is important to acknowledge that our method omits observed tract lengths exceeding 1.5 kb, because 354 

we cannot accurately detect observed tract lengths corresponding to longer gene conversion tracts. 355 

Complex gene conversion events, which result in both allele converted and non-allele converted markers, 356 

oeen span more than 1.5 kb.5 357 

We further ran a stra5fied analysis based on whether the detected gene conversion tracts from the UK 358 

Biobank whole autosome data overlapped with a recombina5on hotspot. Applying our model on just the 359 

detected tracts that overlapped with a recombina5on hotspot, we es5mated the mean gene conversion 360 

tract length to be 418 bp (95% CI: [416, 420]). On the other hand, when applying our model to just the 361 

tracts that did not overlap with a recombina5on hotspot, we es5mated the mean gene conversion tract 362 

length to be 492 bp (95% CI: [489, 494]). Thus, we found a significant difference in mean tract lengths 363 

between hotspots and non-hotspots, with smaller tract lengths in hotspots. This is a preliminary finding 364 

and we cau5on that the difference could be aiributable to unknown technical factors. We recommend 365 

further analysis to confirm this result. Recombina5on hotspots correlate with other genomic features such 366 

as GC rate,17 so the difference, if real, may be caused by factors other than recombina5on rate. 367 
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Appendix 411 

Deriving the marginal distribu6on of 𝑳 when 𝑵 is a sum of two 412 

geometric random variables 413 

We consider the case in which 𝑁 is distributed as a sum of two independent and iden5cally distributed 414 

geometric random variables each with mean 𝜙/2. We have, 415 

 𝑃(𝑁 = 𝑛) = (𝑛 − 1) _1 − %
1
`
"#%

_%
1
`
%

. 416 

Legng 𝛾 = %
1

, 417 

𝑃(𝐿 = 𝑙) = 	C𝑃(𝐿 = 𝑙|𝑁 = 𝑛)𝑃(𝑁 = 𝑛)
'

"(,

	419 

=

⎩
⎪
⎨

⎪
⎧

5"($#7)"

(5/7#57)"
																																										if		𝑙 = 0

%5"7($#7)
(5/7#57)&

																																										if		𝑙 = 1
5"($#5)'("7"[(,#:)(5/7#57)/%]

(5/7#57)&
								if		𝑙 ≥ 2	

. 418 

Then, 420 

𝑃(2 ≤ 𝐿 ≤ 𝑀) = 	C
𝛾%(1 − 𝛾),#%𝜓%[(𝑙 − 3)(𝛾 + 𝜓 − 𝛾𝜓) + 2]

(𝛾 + 𝜓 − 𝛾𝜓):

<

,(%

422 

=
(𝛾 + 𝜓 − 𝛾𝜓)𝜓%[(3 −𝑀)𝛾(1 − 𝛾)<#$ − (1 − 𝛾)<#$ − 2𝛾 + 1] + 2𝛾𝜓%[1 − (1 − 𝛾)<#$]

(𝛾 + 𝜓 − 𝛾𝜓):
.	423 

Finally, 421 
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𝑃(𝐿 = 𝑙|2 ≤ 𝐿 ≤ 1500) = 	
𝑃(𝐿 = 𝑙)

𝑃(2 ≤ 𝐿 ≤ 1500)
424 

=
(𝛾 + 𝜓 − 𝛾𝜓)(𝑙 − 3)𝛾%(1 − 𝛾),#% + 2𝛾%(1 − 𝛾),#%

(𝛾 + 𝜓 − 𝛾𝜓)[(3 −𝑀)𝛾(1 − 𝛾)<#$ − (1 − 𝛾)<#$ − 2𝛾 + 1] + 2𝛾[1 − (1 − 𝛾)<#$]
. 425 

No5ce that unlike the case where 𝑁 is geometric, 𝑃(𝐿 = 𝑙|2 ≤ 𝐿 ≤ 1500) depends on 𝜓.  426 

Similarly to the case where 𝑁 is geometric, we index our random variable 𝐿 using 𝑗 so that 𝐿!  represents 427 

the random variable corresponding to the observed tract length for detected tract 𝑗 in our dataset. This 428 

5me, we also index 𝜓 using 𝑗 so that an allele conversion happens with probability 𝜓!  at every posi5on 429 

within the 𝑗th detected tract (the es5ma5on of 𝜓!  is described in the sec5on, Es5ma5ng the allele 430 

conversion probability for each detected tract). We have, 431 

𝑃L𝐿! = 𝑙!M2 ≤ 𝐿! ≤ 1500, 𝛾, 𝜓!N432 

=
L𝛾 + 𝜓! − 𝛾𝜓!NL𝑙! − 3N𝛾%(1 − 𝛾),!#% + 2𝛾%(1 − 𝛾),!#%

L𝛾 + 𝜓! − 𝛾𝜓!N[(3 −𝑀)𝛾(1 − 𝛾)<#$ − (1 − 𝛾)<#$ − 2𝛾 + 1] + 2𝛾[1 − (1 − 𝛾)<#$]
	. 433 

Simula6on study to assess the robustness of the model 434 

We run a simula5on study to assess how well our model can es5mate the mean tract length 𝜙 when we 435 

misspecify the length distribu5on of gene conversion tracts. Recall that in our model, we allow this 436 

distribu5on to be geometric or a sum of two geometric random variables.  437 

In this simula5on study, we simulate observed tract lengths !ℓ!|𝑗 = 1,… ,𝑚* using four distribu5ons for 438 

the length distribu5on of gene conversion tracts (Figure S2): 439 

1. Geometric distribu5on with mean 300 bp 440 

2. Sum of two geometric random variables, each with mean 150 bp 441 

3. Sum of three geometric random variables, each with mean 100 bp 442 

4. Discrete uniform distribu5on with support from 1 to 599 bp 443 
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All four distribu5ons have mean 300 bp. Recall that in the previous coalescent simula5on, we generated 444 

20 regions of length 10 Mb for 125,000 individuals using the coalescent simulator msprime v1.2.15 In this 445 

simula5on study, we generate observed tract lengths by simula5ng gene conversion tracts on the first 446 

region (out of the 20 regions) from the previous coalescent simula5on. To simulate one set of observed 447 

tract lengths, we first sample 100,000 individuals with replacement from the 125,000 individuals. For each 448 

resampled individual, we follow these steps: 449 

1. We randomly select a star5ng posi5on for the gene conversion tract, chosen uniformly across the 450 

10 Mb region. 451 

2. We draw the length of the gene conversion tract from one of the four specified distribu5ons. 452 

3. We determine the observed tract length as the length spanning the furthest heterozygous markers 453 

within the simulated gene conversion tract. 454 

Markers with MAF less than 5% were not considered in step 3, similarly to how we do not detect allele 455 

conversions at these markers using the mul5-individual IBD method.6 This procedure results in 100,000 456 

observed tract lengths, some of which may be zero bp	due to the absence of heterozygous markers within 457 

the corresponding gene conversion tracts. For each of the four distribu5ons listed earlier, we repeat this 458 

procedure 100 5mes to obtain 100 sets of 100,000 observed tract lengths. Then, we fit our model under 459 

both segngs for 𝑁 (geometric and sum of two geometric random variables), to each set of observed tract 460 

lengths (aeer retaining tract lengths between 2 and 1,500 bp). For each set of observed tract lengths, we 461 

obtain both a point es5mate and a 95% bootstrap confidence interval for 𝜙 . The empirical bias and 462 

standard error of our es5mates under each segng of 𝑁 is shown in Table 1. Under the AIC selected segng, 463 

we use the es5mate from the segng of 𝑁 with the smaller AIC value in each of the 100 sets.  464 

We also calculated the coverage of our 95% bootstrap confidence intervals. When the gene conversion 465 

tracts were simulated from a geometric distribu5on, and we specified 𝑁 to be geometric in our model, 466 
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our 95% confidence intervals covered the true mean of 300 in 34 out of the 100 replicates. When the gene 467 

conversion tracts were simulated from a sum of two geometric random variables, and we specified 𝑁 to 468 

be this distribu5on in our model, our 95% confidence intervals covered the true mean of 300 in 79 out of 469 

the 100 replicates. When we simulated the gene conversion tract lengths from the remaining two 470 

distribu5ons, the coverage was 0% under both segngs of the model. 471 

 472 

 473 

 474 

 475 

 476 

 477 

Table 1. Bias and standard error from simula,on study to assess robustness. We report the empirical 478 

bias and standard error (in parentheses) of our es5mates across 100 replicates for each distribu5on used 479 

to simulate the gene conversion tract lengths and for each segng of 𝑁. Under the AIC selected segng, we 480 

use the es5mate from the model with the smaller AIC value in each of the 100 replicates. 481 

 Bias (SE) 

Geometric	𝑁 Sum of geometric	𝑁 AIC selected 

Geometric -16 bp (7) 114 bp (9) -14 bp (16) 

Sum of two geometric -102 bp (4) -8 bp (6) -17 bp (29) 

Sum of three geometric -133 bp (4) -53 bp (6) -53 bp (6) 

Uniform -143 bp (3) -70 bp (4) -70 bp (4) 
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