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ABSTRACT. Single-nucleotide variants (SNVs) within segmental duplications (SDs) have not been
systematically assessed because of the difficulty in mapping short-read sequence data to virtually
identical repetitive sequences. Using 102 phased human haplotypes, we constructed 1:1 unambiguous
alignments spanning high-identity SDs and compared the pattern of SNVs between unique and SD
regions. We find that human SNVs are elevated 60% in SDs compared to unique regions. We estimate
that at least 23% of this increase is due to interlocus gene conversion (IGC) with >7 Mbp of SD
sequence converted on average per human haplotype. We develop a genome-wide map of IGC donors
and acceptors, including 498 acceptor and 454 donor hotspots affecting the exons of ~800
protein-coding genes. The latter includes 171 genes that have “relocated” on average 1.61 Mbp in a
subset of human haplotypes. Using a coalescent framework, we show that SD regions are
evolutionarily older when compared to unique sequences with most of this signal originating from
putative IGC loci. SNVs within SDs, however, also exhibit a distinct mutational spectrum where there is
a 27.1% increase in transversions that convert cytosine to guanine or the reverse across all triplet
contexts. In addition, we observe a 7.6% reduction in the frequency of CpG associated mutations when
compared to unique DNA. We hypothesize that these distinct mutational properties help to maintain an
overall higher GC content of SD DNA when compared to unique DNA, and we show that these
GC-favoring mutational events are likely driven by GC-biased conversion between paralogous
sequences.

INTRODUCTION. The landscape of human single-nucleotide variants (SNVs) has been well
understood for more than a decade in large part due to large-scale efforts such as the HapMap and
1000 Genomes Project (McCarroll et al. 2006; 1000 Genomes Project Consortium et al. 2015, 2012;
Sudmant et al. 2015; 1000 Genomes Project Consortium et al. 2010). While these consortia helped
establish the genome-wide pattern of SNVs (as low as 0.1% in frequency) and linkage disequilibrium
based on sequencing and genotyping thousands of human genomes, not all parts of the human
genome could be equally ascertained. Approximately 10-15% of the human genome (1000 Genomes
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Project Consortium et al. 2012) has remained inaccessible to these types of analyses either because of
gaps in the human genome or, more frequently, the low mapping quality associated with aligning
short-read whole-genome sequencing data. This is because short-read sequence data are of
insufficient length (<300 bp) to unambiguously assign reads and, therefore, variants to specific loci
(Sudmant et al. 2010). While certain classes of large highly identical repeats (e.g., alpha-satellites in
centromeres) were readily recognized, others, especially segmental duplications (SDs) (J. A. Bailey et
al. 2001; Jeffrey A. Bailey et al. 2002) and their associated 859 genes (Vollger et al. 2022), in
euchromatin were much more problematic. This led to the misclassification of paralogous sequence
variants (PSVs) as SNVs (Hurles 2002) and, as a result, high-identity SDs became blacklisted from
subsequent genomic analyses (Zook et al. 2019; 1000 Genomes Project Consortium et al. 2015;
Amemiya, Kundaje, and Boyle 2019). This exclusion has translated into a fundamental lack of
understanding in mutational processes precisely in regions predicted to be more mutable due to the
action of ectopic or interlocus gene conversion (IGC) (Teshima and Innan 2012). Leveraging
high-quality phased genome assemblies generated as part of the Human Pangenome Reference
Consortium (HPRC)(Liao et al. 2022), we compare the SNV landscape of duplicated and unique DNA
in the human genome.

RESULTS

Strategy and quality control: Unlike previous SNV discovery efforts, which cataloged SNVs based on
the alignment of sequence reads, our strategy was assembly driven. We focused on the comparison of
102 haplotype-resolved genomes generated as part of the HPRC (n=94) or other efforts (n=8) (Ebert et
al. 2021; Ebler et al. 2022; IHGSC 2001; Schneider et al. 2017; Nurk et al. 2022; Liao et al. 2022)
where phased genome assemblies had been assembled using high-fidelity (HiFi) long-read sequencing
(Cheng et al. 2021; Jarvis et al. 2022).The extraordinary assembly contiguity of these haplotypes
(contig N50>40 Mbp) provided an unprecedented opportunity to align large swathes (>1 Mbp) of the
genome, including large SD repeats anchored by megabases of synteny (see below). Notwithstanding,
SDs are frequently a source of misassembly even among phased genome assemblies (Ebert et al.
2021), so we performed a number of additional validation experiments to assess the quality of HPRC
SDs and quantify SD missassembly errors. Using the telomere-to-telomere (T2T) reference (v1.1) as a
guide of completeness and the HPRC callset of potentially unreliable regions (Liao et al. 2022), we
determined that, on average, only 1.64 Mbp (1.37%) of the analyzed SD sequence was suspect due to
abnormal read coverage (Supplement). A comparison of copy number variable SD regions in the
haplotype-resolved assembly with orthogonal short-read estimates showed a high degree of copy
number correlation (Pearson R^2 = 0.97, Fig. S1). Only three large (>140 kbp) and highly identical
(>99.3%) SDs were consistently discordant by short-read copy number variant estimates (Fig. S2).
Similarly, we leveraged orthogonal ONT data from the same samples and applied a recently developed
method that assesses read depth based on mapping of distance between unique k-mers (Dishuck et al.
2022). This haplotype-specific analysis confirmed the copy number and integrity of >94% of all tested
SDs. As a final control for potential haplotype-phasing errors, we generated deep ONT and HiFi data
from a second hydatidiform mole (CHM1) where a single paternal haplotype was present (Chaisson et
al. 2015; Vollger et al. 2020) and show that across our many analyses the results from the CHM1
Verkko assembly are consistent with individual haplotypes obtained from diploid HPRC samples
produced by trio-hifiasm (Cheng et al. 2021; Rautiainen et al. 2022) (Figs. S3-S4). We conclude that

2

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted July 7, 2022. ; https://doi.org/10.1101/2022.07.06.498021doi: bioRxiv preprint 

https://paperpile.com/c/XgN0AN/38zP
https://paperpile.com/c/XgN0AN/FCmI
https://paperpile.com/c/XgN0AN/oyG5+9lYp
https://paperpile.com/c/XgN0AN/oyG5+9lYp
https://paperpile.com/c/XgN0AN/npnG
https://paperpile.com/c/XgN0AN/a6Zi
https://paperpile.com/c/XgN0AN/Reqx+VEy1+GvI7
https://paperpile.com/c/XgN0AN/Reqx+VEy1+GvI7
https://paperpile.com/c/XgN0AN/ykdh
https://paperpile.com/c/XgN0AN/Tk9A
https://paperpile.com/c/XgN0AN/aWWD+qn3Y+fmm1+Pui4+hiBy+Tk9A
https://paperpile.com/c/XgN0AN/aWWD+qn3Y+fmm1+Pui4+hiBy+Tk9A
https://paperpile.com/c/XgN0AN/LEIm+WJqS
https://paperpile.com/c/XgN0AN/aWWD
https://paperpile.com/c/XgN0AN/aWWD
https://paperpile.com/c/XgN0AN/Tk9A
https://paperpile.com/c/XgN0AN/8RPf
https://paperpile.com/c/XgN0AN/8RPf
https://paperpile.com/c/XgN0AN/yp57+Bnor
https://paperpile.com/c/XgN0AN/yp57+Bnor
https://paperpile.com/c/XgN0AN/LEIm+hpPC
https://doi.org/10.1101/2022.07.06.498021
http://creativecommons.org/licenses/by-nd/4.0/


Vollger et al.

the vast majority (>95%) of SDs analyzed were accurately assembled from multiple human genomes
allowing the pattern of SNV diversity to be systematically interrogated.

Increased single-nucleotide variation in SD regions. To assess SNVs, we limited our analysis to
portions of the genome where a one-to-one orthologous relationship could be unambiguously assigned
(as opposed to regions with extensive copy number variation). Using the T2T-CHM13 reference
genome, we aligned the HPRC haplotypes requiring alignments to be a minimum of 1 Mbp in length
and carry no structural variation events greater than 10 kbp (Supplemental Methods). While the
proportion of haplotypes compared for any locus varied (Fig. 1a), the procedure allowed us to establish,
on average, 120.2 Mbp 1:1 fully aligned sequence per genome for SD regions out of a total of 217 Mbp
from the finished human genome (T2T-CHM13 v1.1). We repeated the analysis for “unique” regions of
the genome (single-copy regions of the genome) and recovered by comparison 2,508 Mbp as 1:1
alignments (Fig. 1a). All downstream analysis was then performed using this orthologous alignment set.
We first compared the SNV diversity between unique and duplicated regions excluding suboptimal
alignments mapping to tandem repeats or homopolymer stretches. Overall, we observe a significant
60% increase in SNVs in SD regions (Supplemental Methods, Pearson's Chi-squared test with Yates'
continuity correction p<2.2e-16, Fig. 1b,d). Specifically, we observe an average of 15.3 SNV per 10 kbp
versus 9.57 SNVs per 10 kbp for unique sequences (Fig. 1d). An empirical cumulative distribution
(eCDF) comparing the divergence of individual 10 kbp windows between SD and unique sequence
confirms that this is a general property and not driven simply by outliers. The eCDF shows that more
than half of the SD sequences are more divergent than their unique counterparts (Fig. 1b).

Previous publications have shown that African haplotypes are genetically more diverse having on
average ~20% more variant sites against the reference per sample compared to non-Africans (1000
Genomes Project Consortium et al. 2015). To confirm this observation in our data we examined the
number of SNV per 10 kbp of unique sequence in Africans versus non-Africans and (Fig. 1c,d)
observed a 27% (10.8/8.5) excess in Africans. As a result, among Africans we see that the average
distance between SNVs (979 bp) is 19.4% closer than in non-Africans (1,215 bp) as expected (1000
Genomes Project Consortium et al. 2015; Sudmant et al. 2015; IHGSC 2001). African genomes also
show increased variation within SDs but it is less pronounced with an average distance of 784 bases
between consecutive SNVs as compared to 909 bases in non-Africans. Although elevated in Africans,
SNV density is higher in SD sequence across populations and these properties are not driven by a few
sites but, once again, are a genome-wide feature. We put forward three possible hypotheses to account
for this increase although note these are not mutually exclusive: 1) SDs have unique mutational
mechanisms that increase SNVs, 2) SDs have a deeper average coalescence than unique parts of the
genome, and 3) differences in sequence composition (i.e., GC richness) make SDs more prone to
particular classes of mutation.

Signatures of interlocus gene conversion (IGC). A possible explanation for increased diversity in
SDs is IGC where sequence that is orthologous by position no longer shares an evolutionary history
because a paralog from a different location has “donated” its sequence via ectopic template-driven
conversion (Bosch et al. 2004). To identify regions of IGC, we developed a method that compares two
independent alignment strategies to pinpoint regions where the orthologous alignment of an SD
sequence is inferior to an independent alignment of the sequence without flanking information (Fig. S5,
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Supplemental Methods). The orthologous alignment we refer to as an alignment by position (ABP)
while the second we refer to as an alignment by sequence (ABS)—as it is the best sequence alignment
but is no longer necessarily at the orthologous location. ABP was determined using the previously
established >1 Mbp windows of 1:1 alignment and ABS was determined by extracting 1 kbp windows
(with a 100 bp slide) of SD sequence and allowing them to align without considering flanking sequence
information. We defined candidate IGC as positions where the ABS alignment was distinct and
improved compared to the ABP alignment, with the acceptor site defined by the ABP alignment and the
donor site defined by the ABS alignment. Furthermore, we show that our high-confidence IGC calls
(20+ supporting SNVs) have strong overlap with other methods for identifying IGC in regions known to
have IGC (Supplemental Information) (Sawyer 1989, n.d.; Hsieh et al. 2020). Using this approach, we
created a genome-wide map of putative large IGC events for all the HPRC haplotypes where 1:1
orthologous relationships could be established (Fig. 2).

Across all 102 haplotypes, we observe 121,631 putative IGC events for an average of 1,193 events per
human haplotype (Table S1). Of these events, 17,949 are rare and restricted to a single haplotype
(singletons) while the remaining events are observed in multiple human haplotypes grouping into
14,663 distinct events (50% reciprocal overlap at both the donor and acceptor site). In total, we
estimate there is evidence for 32,612 different IGC events (Table S2) at least among the SD regions
that are currently assessed. Considering the redundant IGC callset (n=121,631), the average length of
IGC observed in our data is 6.26 kbp with the largest event we observe being 504 kbp (Fig. S6). On
average, each IGC event has 13.3 SNVs that support the conversion event and 2.03 supporting SNVs
per kbp, and as expected there is strong correlation (R=0.63, pearsons) between the length of the
events and supporting SNVs. We further stratify these results by callset, minimum number of supporting
SNVs, and haplotype (Table S3).

On average, we identify 7.47 Mbp of sequence per haplotype affected by IGC. Overall, 33.8% (60.77
Mbp / 180.0 Mbp) of the analyzed SD sequence is affected by IGC in at least one human haplotype.
Furthermore, among all SDs covered by at least 20 assembled haplotypes, we identify 498 acceptor
and 454 donor IGC hotspots with at least 20 distinct IGC events (Table S4, Fig. 2d). IGC hotspots are
more likely to associate with higher copy number SDs compared to a random sample of SD windows of
equal size (median of 9 overlaps compared to 3, one-sided Wilcoxon rank sum test p<2.2*e-16).
Therefore, IGC appears to be preferentially located in higher copy number repeats. The number of
distinct IGC events at a particular locus is moderately correlated with the log of the copy number over
the same window (Pearson's R = 0.2, p<2.2e-16). IGC hotspots also preferentially overlap higher
identity duplications (median 99.4%) compared to randomly sampled windows (median 98.0%,
one-sided Wilcoxon rank sum test p<2.2*e-16).

These events intersect 1,179 protein-coding genes and of these genes 799 have at least one coding
exon affected by IGC (Table S5). As a measure of functional constraint, we used the probability of being
loss-of-function intolerant (pLI) for each of the 799 genes (Lek et al. 2016). Among these, 314 have no
pLI score likely due to the limitations of mapping short-read data from population samples. Of the
remaining genes we identify 38 with a pLI greater than 0.5, including genes important in disease (F8,
HBG1, C4B) and evolution (NOTCH2, TCAF). Of the genes with high pLI scores, 12 are the acceptor
site for at least 50 IGC events including CB4, NOTCH2, and OPNL1W. We identify a subset of 418
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nonredundant IGC events that are predicted to move the entirety of a gene body to a “new location” in
the genome. As a result 171 different protein-coding genes with at least 2 exons and 200 coding base
pairs are repositioned by IGC in a subset of human haplotypes (Table S6). These gene-repositioning
events are large (average 26 kbp; median 16.7 kbp) and supported by a high number of SNVs (average
64.7; median 15.3 SNVs) suggesting they are unlikely mapping artifacts. Remarkably, these IGC gene
relocations move the reference gene model on average 1.66 Mbp (median 216 kbp) from its original
location with potential differential consequences with respect to regulation. These include several
disease-associated genes (e.g., TAOK2, C4A, C4B, PDPK1, IL27) and genes that have alluded
complete characterization due to their duplicative nature (Richter et al. 2019; Sekar et al. 2016; Shahi
et al. 2020; Pietri et al. 2013).

Evolutionary age of SDs. Notwithstanding the potential of IGC to reshape the organization of the
genome for specific human haplotypes, we estimate that IGC contributes modestly to the significant
increase of human SNV diversity in SDs. For example, if we apply the least conservative definition of
IGC (1 supporting SNV) and exclude all putative IGC events from the human haplotypes, we estimate it
accounts for only 23% of the increase in single-nucleotide variation within SDs (Fig. S7), though IGC
from donor haplotypes not observed in our dataset could potentially increase this estimate. An
alternative explanation may be that the SDs are evolutionarily older, perhaps due to reduced selective
constraint on duplicated copies (Force et al. 1999; Conant and Wagner 2003). To test if SD sequences
appear to have a deeper average coalescence than unique regions, we constructed a high-quality
locally phased assembly (hifiasm v0.15.2) of a chimpanzee genome (Pan troglodytes) to calibrate age
since the time of divergence and to distinguish ancestral versus derived alleles in human SD regions
(Supplemental Methods). Constraining our analysis to syntenic regions between human and
chimpanzee (Supplemental Methods), we characterized 4,316 SD regions (10 kbp in size) where we
had variant calls from at least 50 human and one chimpanzee haplotype. We selected at random 9,247
analogous windows from unique regions for comparison. We constructed a multiple sequence
alignment for each window and estimated the time to the most recent common ancestor (TMRCA) for
each 10 kbp window independently. We infer that SDs are significantly older than the corresponding
unique regions of similar size (Fig. S8) (one-sided Wilcoxon rank sum test p value=4.3e-14), assuming
that mutation rates have remained constant over time within these regions since the
human/chimpanzee divergence. The TMRCAs inferred from SD regions are on average 22% more
ancient when compared to unique regions (650 vs. 530 thousand years ago (kya)) but only a 5%
difference is noted when comparing the median (520 vs. 490 kya). However, this effect all but
disappears (only a 0.2% increase) after excluding windows classified as IGC (Figs. S9-S10, one-sided
Wilcoxon rank sum test p = 0.05; mean TMRCAunique = 0.528, mean TMRCASD = 0.581, median
TMRCAunique= 0.495, median TMRCASD= 0.496).

SD mutational spectra. As a third possibility, we considered potential differences in the sequence
context of unique and duplicated DNA. It has been recognized for almost two decades that human SDs
are particularly biased toward Alu repeats and GC-rich DNA of the human genome (Jeffrey A. Bailey,
Liu, and Eichler 2003; Zhang et al. 2005; Nakken et al. 2009). Notably, among the SNVs within SDs we
observed a significant excess of transversions (1.78 Ti/Tv) when compared to unique sequence (2.06
Ti/Tv) ((p<2.2e-16, Pearson’s Chi-squared test with Yates’ continuity correction). Increased mutability of
GC-rich DNA is expected and may explain, in part, the increased variation in SDs and transversion bias
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(Kiktev et al. 2018; Zhu et al. 2014; Duncan and Miller 1980). Using a more complete genome, we
compared the GC composition of unique and duplicated DNA specifically for the regions considered in
this analysis. We find that on average that 42.4% of the analyzed SD regions are guanine or cytosine
(43.0% across all SDs) when compared to 40.8% of the unique portions of the genome (p-value <
2.2e-16, one-sided t-test). Interestingly, this enrichment drops slightly (41.8%) if we exclude IGC
regions. Consequently, we observe an increase of all GC-containing triplets in SD sequences compared
to unique regions of the genome (Fig. 4a). Furthermore, the enrichment levels of particular triplet
contexts in SD sequence correlate with the mutability of the same triplet sequence in unique regions of
the genome (Pearson R = 0.77, p = 2.4e−07, Fig. 4b). This effect is primarily driven by CpG-containing
triplets, which are enriched between 14 and 30% in SD sequences; however, there is still a (weaker)
correlation in the non-CpG-containing triplets (Pearson R = 0.2). Extrapolating from the mutational
frequencies seen in unique sequences, we estimate that there is 3.21% more variation with SDs due to
their sequence composition alone.

To further investigate the changes in GC content and their effect on variation in SDs, we compared the
triplet mutational spectra of SNVs from unique and duplicated regions of the genome to determine if
there were significant shifts in the predominant modes of mutation (DeWitt 2020; Carlson, DeWitt, and
Harris 2020). We considered all possible triplet changes (3-mers), first quantifying the number of
ancestral GC bases and triplets in SDs (Fig. 4a) (Jiang et al. 2007; Harris 2015; DeWitt 2020). A PCA
of these normalized mutational spectra shows clear discrimination (Fig. 4c) for both unique and SD
regions (PC1) beyond that of African and non-African diversity. We observe several differences when
comparing the triplet-normalized mutation frequency of particular mutational events in SD and unique
sequences (Fig. 4d). Most notable is a 7.6% reduction in CpG transition mutations–the most
predominant mode of mutation in unique regions of the genome due to spontaneous deamination of
methylated CpGs (Duncan and Miller 1980) (Table S7).

The most striking changes in mutational spectra in SD sequences are: a 27.1% increase in C>G
mutations, a 15.3% increase in C>A mutations, and a 10.5% increase in A>C mutations. C>G
mutations are associated with double-stranded breaks in humans and some other apes (Jónsson et al.
2017; Rahbari et al. 2016; Goldmann et al. 2018; Gao et al. 2019). This effect becomes more
pronounced (+40.4%) in our candidate IGC regions consistent with previous observations showing
increases in C>G mutations in regions of non-crossover gene conversion and double-strand breaks
(Elliott et al. 1998; Jónsson et al. 2017; Gao et al. 2019). However, the increase remains in SD regions
without IGC (+20.0%) perhaps due to extensive non-allelic homologous recombination (NAHR)
associated with SDs or undetected IGC events (Sudmant et al. 2015; Chaisson et al. 2015; Huddleston
et al. 2017; Chaisson et al. 2019; Ebert et al. 2021).

To further investigate the potential effect of GC-biased gene conversion (gBGC) on the mutational
spectra within SDs, we measured the frequency of (A,T) > (G,C) mutations in SD regions with evidence
of IGC to see if ​​cytosine and guanine bases are being preferentially maintained as might be expected in
regions undergoing gBGC. If we measure the frequency of (A,T) > (C,G) in windows where at least one
haplotype has evidence of IGC, then we see the frequency is 4.7% higher than in unique regions of the
genome; interestingly, in SDs without IGC this rate is reduced compared to unique sequence (-3.5%).
Additionally, there is a 5.8% reduction in (G,C) > (A,T) bases consistent with IGC preferentially restoring
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CG bases that have mutated to AT bases via gBGC. These results indicate that gBGC between
paralogous sequences may be a strong factor in shaping the mutational landscape of SDs. However,
while the (A,T) > (C,G) frequency is comparable in SD regions not affected by IGC the mutational
landscape at large is still very distinct between SDs and unique parts of the genome. In PCA of the
mutational spectra in SDs without IGC, the first principal component captures 94.6% of the variation
clearly distinguishing the mutational spectrum of SDs and unique DNA (Fig. S11).

DISCUSSION

Since the first publications of the human genome (IHGSC 2001; Venter et al. 2001), the pattern of
single-nucleotide variation within recently duplicated sequence has been difficult to ascertain, leading
initially to the misclassification of PSVs as SNVs (Jeffrey A. Bailey et al. 2002; Fredman et al. 2004).
Later, indirect approaches were used to infer true SNVs in SDs but these were far from complete
(Nakken et al. 2009). More often than not, large-scale sequencing efforts simply excluded such regions
in an effort to prevent PSVs from contaminating SNP databases (1000 Genomes Project Consortium et
al. 2015; Zook et al. 2019). The use of phased genome assemblies as opposed to sequence reads had
the advantage of allowing us to establish 1:1 orthologous relationships, and the ability to discern the
effect of IGC while comparing the pattern of single-nucleotide variation for both duplicated and unique
DNA within the same haplotypes. As a result, we identify over 1.99 million nonredundant SNVs in a
gene-rich portion of the genome previously considered largely inaccessible.

We find that number of SNVs is elevated by ~60% in duplicated DNA when compared to unique DNA
and these findings are consistent with recent primate comparative and de novo mutation studies from
long-read sequencing data (Logsdon et al. 2021; Noyes et al. 2022), which support an elevated
mutation rate for repetitive DNA. We estimate that at least 23% of this increase is due to the action of
IGC between paralogous sequences that essentially diversify allelic copies through concerted evolution
(Chen et al. 2007). IGC within SDs appears to be remarkably pervasive in the human genome
compared to earlier estimates (Dumont and Eichler 2013) with over 32,000 candidate regions (n=799
genes) identified and the average human haplotype showing 1,192 events when compared to the
reference. The events can be remarkably large with the top 10% of the size distribution over 14.4 kbp in
length having the net effect that entire genes are relocated hundreds of kbp into a new genomic context
when compared to the reference. It should be stressed, however, that our method relies on the
discovery of a closer match within the reference; by definition this limits the detection of IGC events to
regions where the donor sequence is already present in the reference as opposed to an alternate.
Moreover, we only interrogated regions where 1:1 synteny could be established. As more of the
genome is assessed in the context of a pangenome reference framework, it is likely that the proportion
of IGC will increase especially in regions such as the centromere and acrocentric, which currently are
not well assembled or characterized (Liao et al. 2022).

One of the most striking features of duplicated DNA is its higher GC content; there is a clear skew in
the mutational spectrum of SNVs to maintain this property of SDs beyond expectations from unique
DNA. We find a 27.1% increase in transversions that convert cytosine to guanine or the reverse across
all triplet contexts. GC-rich DNA has long been regarded as hypermutable. For example, C>G
mutations preferentially associate with double-stranded breaks in humans and apes (Jónsson et al.
2017; Rahbari et al. 2016; Goldmann et al. 2018; Gao et al. 2019) and GC-rich regions in yeast show
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~2-5 times more mutations depending on sequence context compared to AT-rich DNA (Zhu et al. 2014;
Kiktev et al. 2018). Interestingly, in human SD regions, we observe a paucity of CpG transition
mutations, characteristically associated with spontaneous deamination of CpG dinucleotides and
concomitant transitions (Duncan and Miller 1980). The basis for the latter is unclear but it may be
partially explained by the recent observation that duplicated genes show greater degree of
hypomethylation when compared to their unique counterparts (Vollger et al. 2022). We propose that
excess of guanosine and cytosine transversions is a direct consequence of GC-biased gene conversion
(Duret and Galtier 2009) driven by an excess of double-stranded breaks that result from a high rate of
NAHR events among paralogous sequences.
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Figures

Figure 1. Increased single-nucleotide variation in SDs. a) The portion of the haplotype-resolved human
genome aligned in Mbp for SD regions (top) and unique regions (bottom) of the genome based on 1:1 syntenic
blocks per human superpopulation (color). b) Empirical cumulative distribution showing the average % sequence
divergence of 10 kbp windows within the syntenic regions stratified by unique (gray), SD (red), and the X
chromosome (green). Dashed lines represent individual haplotypes and thick lines represent the average trend of
all the data. c) Distribution of the average distance to the next closest SNV in SD (red) and unique (gray) space
separating African (top) and non-African (bottom) samples. Dashed vertical lines are drawn at the mean of each
distribution. d) Average number of SNV per 10 kbp window in SD (red) vs. unique (gray) space by
superpopulation and with mean value displayed underneath each violin. e) Density of SNVs within 10 bp of each
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other for SD space (top, red) and unique regions (bottom, gray) for chromosomes 1, 6, 8, and X showing the
relative density of known (e.g., HLA) and new hotspots of single-nucleotide variation.

Figure 2. Candidate interlocus gene conversion events. a) Mbp of interlocus gene conversion (IGC) observed
in HPRC haplotypes, as a function of the minimum number of SNVs that support the IGC call. Dashed lines
represent individual haplotypes and the solid line represents the average. b) Correlation between IGC length and
the number of supporting SNVs. c) Distribution of the distance between IGC acceptor and donor sites for
intrachromosomal events by chromosome. d) Density of IGC acceptor (top, blue) and donor (bottom, orange)
sites across the “SD genome”. The SD genome consists of all major SD regions (>50 kbp) minus the intervening
unique sequences. e) All intrachromosomal IGC events on the human haplotypes analyzed for chromosome 15.
Arcs drawn in blue (top) have the acceptor site on the left-hand side and the donor site on the right. Arcs drawn in
orange (bottom) are arranged oppositely. Protein-coding genes are drawn as vertical black lines above the
ideogram, and large duplication (blue) and deletion (red) events associated with human diseases are drawn as
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horizontal lines just above the ideogram. f) Zoom of the 100 largest IGC events on chromosome 15 between 17
and 31 Mbp.
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Figure 3. Protein-coding genes affected by IGC. a) Number of IGC events intersecting exons of protein-coding
genes as a function of a gene’s probability of loss of function (pLI). b,c) Number of times a gene exon acts as an
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acceptor (b) or a donor (c) of an IGC event. d) IGC events at the complement factor locus, C4A and C4B and e) the
opsin middle and long wave-length sensitive genes (OPN1MW and OPN1LW locus). Predicted donor (orange) and
acceptor (blue) segments by length (green) and average number of supporting SNVs (red) are shown. The number
of human haplotypes supporting each configuration are depicted by the histograms to the right. f,g) IGC events that
reposition entire gene models for the FCGR (f) and the TRIM (g) loci. For additional examples of gene-associated
IGC, see Supplementary Figures.
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Figure 4. Sequence composition and mutational spectra of SD SNVs. a) Compositional increase in
GC-containing triplets (3mers) in SDs versus unique regions of the genome (colored by GC content). b) Shows a
correlation between the enrichment of certain triplets in SDs compared to the mutability of that triplet in unique
regions of the genome. Mutability is defined as the sum of all SNVs that change a triplet divided by the total count
of that triplet in the genome. The enrichment ratio of SD over unique is indicated in text next to each triplet
sequence. c) PCA of the mutational spectra of triplets in SD (circles) vs. unique (triangles) regions polarized
against a chimpanzee genome assembly and colored by the continental superpopulation of the sample. d)
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Heatmap of the log-fold change in the triplet-normalized mutation frequency between SDs and unique sequences
for the same mutational event.
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