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SUPPLEMENTAL FIGURES 

 

 

 

Supplemental Figure S1. ddPCR analysis of structural variation at the HsInv0233 inversion region. 

Grey arrows indicate inverted segmental duplications (SDs) and the yellow arrow the orientation of 

the inverted sequence (O1 or O2). ddPCR amplicons are represented as green (outside the inversion) 

and blue (inside the inversion) bars labeled according to their position, and orange triangles 

correspond to the 11.6-kb repeats that mediate a 74.5-kb deletion affecting most of one of the SDs. 

The source of the sequences is indicated below the name of each conformation and in O1-Del a black 

bar below indicates the region included in the BAC clone that supports this structure. The distances 

in kb between each pair of amplicons are represented to the right of each structure, with 

combinations expected to have lower linkages shaded in grey and those affected by the deletion 

shown in orange and red. As a consequence of the deletion, the BD distance is similar in an O1-Del 

and O2 chromosome (and the same happens with AB in the hypothetical O2-Del and O1 

conformation). Since the measured linkage is an average of the two chromosomes of an individual, 

this makes it impossible to interpret the results without additional information and prevents 

accurate genotyping of the inversion orientation. 
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Supplemental Figure S2. Inversion genotype calling by clustering of O1 linkage ratios. (A/B) 

Clustering density plots for two inversions that show separated genotype groups, HsInv0395 and 

HsInv1111 (A), and HsInv1126 that has overlapping clusters (B). Dots indicate the O1 linkage ratio for 

each sample and colors mark genotype groups: O1/O1, red; O1/O2, blue; O2/O2, yellow. Grey dots 

are samples without a clear genotype. R1 and R2 represent two randomly selected O1 linkage ratio 

replicate values for the different samples. For HsInv1126, dots inside the ellipse correspond to 

samples included in both O1/O1 and O1/O2 clusters with similar probability that were not genotyped 

(with the exception of two males in red recovered in the male-specific clustering analysis for Chr X 

inversions). (C) Correlation between the O1 linkage ratios of two replicates for the rest of inversions 

in which a single breakpoint was analyzed, showing the clustering of the samples in the three 

genotype groups (represented as in A and B). The correlation coefficient (R) is indicated within each 

graph and values are always above 0.85, except for the two inversions with amplicons separated by 

more than 145 kb (HsInv0786, R = 0.84, and HsInv0573, R = 0.40). 
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Supplemental Figure S3. Summary of ddPCR inversion genotype scores. Genotype scores 

correspond to the percentage of times that a sample is included within the most likely cluster and 

inversions are ordered according to the distance between amplicons. For virtually all the samples, 

genotypes tend to be very reliable with a score of 1, indicating that they are always clustered in the 

same genotype group (Supplemental Table S3). Genotypes with scores below 0.95 (dashed line) were 

considered unreliable and were not taken into account (grey dots). The inversions that accumulate 

more samples with low scores are HsInv1126, where the IRs are very close together and it was not 

possible to digest the DNA, and the two with the longest IRs at the breakpoints. However, for 

inversion 17q21 (HsInv0573) ddPCR genotypes match perfectly those predicted from tag SNPs. 
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Supplemental Figure S4. Inversion genotyping by haplotype-fusion PCR (HF-PCR). (A) Summary of 

the HF-PCR strategy to genotype the AB breakpoint of an inversion (Turner et al. 2006). A double-

stranded amplicon located outside an inversion is amplified with two primers A1 and A2R (black 

arrows), one of which has a 5’ extension (orange rectangle) with a sequence found within the 

inverted repeat (grey arrow) at the inversion breakpoint. In the same reaction, a single-stranded 

product is linearly amplified at the other side of the breakpoint with primer B1. This single-stranded 

product contains the sequence able to hybridize with amplicon A (orange rectangle) and an AB fusion 

product containing sequences from both sides of the breakpoint is amplified once primer A2R runs 

out. Since the PCR reaction takes place in an emulsion, only one DNA template molecule is expected 

to be found within a single droplet and the fusion product will indicate the presence in the sample of 

an AB junction. By adding a primer C1 able to amplify the other end of the inverted sequence, we can 

detect both AB and AC breakpoints and genotype the inversion. (B) Examples of HF-PCR results. After 

reamplification with nested primers, the three genotypes can be clearly distinguished for the two 

inversions analyzed in this work by visualizing the fusion products in an agarose gel. 
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Supplemental Figure S5. Comparison of detection of 18 inversions genotyped by ddPCR with other 

genome-wide techniques. The total number of individuals analyzed in each study and those in 

common with this work and for whom genotypes can be compared (within parenthesis) are shown 

on top of the graph. Sanders et al. (2016) included samples of two individuals plus a pool of cells 

from 353 individuals. Black dots represent the number of inversions detected in each study. 

HsInv0233 and HsInv0012, not genotyped by ddPCR, are not included, although they were detected 

by Levy-Sakin et al. (2019) and Chaisson et al. (2019) (Supplemental Table S1). Only optical mapping 

and the multi-platform approach (including short and long reads, optical mapping and strand-seq) 

are able to detect a substantial part of the inversions flanked by large IRs analyzed here. Bars indicate 

the proportion of concordant genotype calls among the comparable individuals (green) and that of 

different types of inversion detection errors (orange and yellow). Audano et al. (2019) and Levy-Sakin 

et al. (2019) just provide information about the presence or absence of the inversion in each sample, 

while Sudmant et al. (2015) and Chaisson et al. (2019) provide genotypes. Only the multi-platform 

approach detects correctly the 12 inversions identified in the individual in common. In all cases, 

discrepant ddPCR results are very reliable according to the genotype scores, suggesting that the 

other techniques tend to be too conservative and miss the inverted allele in many samples. For 

example, it had already been found that the inverted allele of HsInv0241, genotyped previously by 

iPCR, was missed in most samples in 1000GP data (Giner-Delgado et al. 2019). Optical mapping is the 

single technique that genotypes better as it is able to go across longer repeats.(Hehir-Kwa et al. 2016; Collins 

et al. 2019; Sudmant et al. 2015; Sanders et al. 2016; Audano et al. 2019; Chaisson et al. 2019; Levy-Sakin et al. 2019)  
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Supplemental Figure S6. LD and SNP distribution in the regions of 15 newly genotyped inversions. 

(A) SNPs within each of the inversions are classified as fixed between orientations (yellow), private to 

one orientation (grey) or shared between orientations (green), and color intensity indicates their 

reliability according to the 1000GP Phase 3 strict accessibility mask and their location outside 

segmental duplications. The presence of shared variants polymorphic in both orientations along the 

entire inversion length is difficult to explain by gene conversion events and it can be thus considered 

a sign of recurrence. (B) Correlation of the maximum LD with 1000GP variants (1 Mb at each side of 

the inversion) in all analyzed individuals (r2) (top) and the proportion of shared SNPs within the 

inverted region (bottom) with IR and inversion size measures for the 15 inversions. Correlation (R2) 

and P values were calculated with the lm R function (Maechler et al. 2018) and are shown within 

each graph. Longer inversions tend to have higher LD with other variants and a lower proportion of 

shared SNPs, whereas the opposite is found for the ratio between the IR and inversion size (IR/Inv 

ratio), consistent with the results of the recurrence model in which this last variable explains a 

significant part of the variance in the number of inversion events. 
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Supplemental Figure S7. Estimation of the number of inversion events from inverted region haplotypes. Each inversion was analyzed using integrated 

haplotype plots (iHPlots) (Giner-Delgado et al. 2019), with the tree indicating the relationship between the different haplotypes, the rightwards (O1) and 

leftwards (O2) arrows the orientations observed for each haplotype, and dots the populations where each haplotype has been found (blue for YRI, light and 

dark green for CHB and JPT, and red for CEU). Inverted region haplotypes are represented by the variable positions (see Methods for variant selection) with 

different colors indicating the two alleles (white, ancestral; grey, hg19 reference; black, derived/alternative), and colored boxes showing the main 

differentiated haplotype clusters. For the unique inversion (A) only the first part of the plot is shown with a yellow box highlighting the single group of 

tightly-clustered inverted haplotypes. In the recurrent inversions (B, C), the orientation of the haplotypes of what we considered the original inversion event 

are included in a grey box and any additional inversion event in a black box (one in HsInv0382 and two in HsInv0608). 
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Supplemental Figure S8. Summary of gene expression changes associated to inversions 

across GTEx tissues. Inversion effects were estimated using FAPI (Kwan et al. 2016) through LD 

patterns with eQTLs in GTEx Analysis Release v7 (see Supplemental Table S10). The direction 

and strength of the beta effect is indicated in blue or red representing, respectively, a lower or 

higher expression associated to the O2 orientation. Gene names in bold correspond to protein 

coding genes, in italics to non-coding RNA genes, and the rest are classified as pseudogenes in 

GENCODE version 26. 
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SUPPLEMENTAL METHODS 

 

High-molecular-weight DNA isolation 

To obtain high-molecular-weight DNA, the cell pellet was resuspended in extraction buffer (10 

mM Tris-HCl pH 8, 10 mM EDTA pH 8, 150 nM NaCl, 0.5% SDS) and incubated overnight with 

slow rotation at 37 °C with RNase cocktail (Invitrogen) and 100 μg/ml Proteinase K (Invitrogen). 

Four purification steps with one volume of TE-equilibrated phenol pH 7.9 (twice), 

phenol:chloroform:isoamyl alcohol pH 7.9, and chloroform:isoamyl alcohol were performed by 

mixing by rotation until an emulsion was formed, and then centrifuging at 5,000 x g for 10-15 

min to separate organic and aqueous phases. Finally, DNA was precipitated by adding 0.1 

volumes of 3 M sodium acetate and 2 volumes of absolute ethanol, centrifuged, washed with 

70% ethanol, and resuspended in 100-300 μl of water. 

 

Genotype clustering 

In order to determine reliably the genotypes of each inversion, we calculated the Euclidian 

distance between individuals (stats::dist R function) (R Core Team 2017) using two randomly-

selected O1 linkage ratios per sample scaled to normal scores (base::scale R function). All 

replicates of every sample were used, except those based on a total linkage <7.5% (or <15% if 

only one measurement was available), low droplet couts (<10,000 droplets) or altered 

amplicon ratios due to deletions or duplications. Also, in HsInv0382, where a deletion 

increases the linkage in one of the breakpoints, samples genotyped only by one breakpoint 

were excluded. Since in some cases there is a variable number of measurements, this process 

was repeated 200,000 times and a mean pairwise distance between individuals was obtained. 

Next, we performed a hierarchical clustering analysis (ward.D implemented method) on this 

similarity matrix to determine group membership (stats::hclust, stats::cutree R functions) (R 

Core Team 2017). Clustering was run to find two or three clusters that were defined taking into 

account that heterozygotes should be centered around 0.5. For Chr X inversions, we repeated 

the analysis only with males clustered into O1 or O2 and, if these genotypes were more robust, 

they were the ones used. Finally, we tried to recover samples without a clear genotype in an 

extra clustering step by selecting proportionally more often those O1 linkage ratios based on a 

higher total linkage when calculating Euclidean distances and repeating the bootstrapping to 

obtain the final genotype clusters. In the successive rounds, genotype score was calculated by 

clustering two thirds of the samples selected at random 10,000 times (ensuring that at least 

three samples of each of the clusters defined with all the individuals were present, with the 

exception of HsInv0786 and HsInv0290 in which there are only two and one O2/O2 

homozygotes) and determining the percentage of inclusion of each sample in its most common 
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cluster. Individual genotypes were assigned the best score of the three clustering rounds 

(Supplemental Table S3). 

 

Haplotype fusion PCR (HF-PCR) 

For HF-PCR, to separate both inversion breakpoints, first 250 ng of genomic DNA were 

digested overnight at 37 °C in a volume of 20 μl including 5 U of SwaI for HsInv395 or SalI for 

HsInv605 and 1x buffer, the restriction enzyme was then heat inactivated at 65 °C for 15 min, 

and 25 ng of DNA were used as template. Emulsion PCR reactions were performed in 25 μl in 

96-well plates for 40 cycles as previously described (Turner and Hurles 2009). The main 

differences were that we used SOLiDTM EZTM Bead Emulsifier Oil Kit (Applied Biosystems) to 

form the emulsions, and that after amplification we carefully transferred the emulsion to a 

fresh plate, added 50 μl of 1x Phusion HF buffer (Thermo Scientific) to increase volume, 

centrifuged for 5 minutes at maximum speed and recovered the aqueous phase containing the 

amplification products. Next, we did a 30-cycle reamplification step with 1 μl of a 1/10 dilution 

of the previous PCR, 1.5 U Taq DNA polymerase (Roche), and 200-400 nM of each of the three 

nested primers in a 25 μl total volume (Turner et al. 2006). Sequences of all primers can be 

found in Supplemental Table S15. Finally, 10 μl of the PCR reaction were loaded into a 3% 

agarose gel for visualization. 

 

Analysis of inversion frequency 

Frequency differences between populations were measured with Weir and Cockerham’s FST 

estimator implemented in vcftools (v0.1.15) (Danecek et al. 2011), using the 92 samples 

common to the 1000GP and only females for Chr X inversions or paired male chromosomes for 

the Chr Y inversion. FST values of each inversion were compared with an empirical distribution 

from 10,000 genome-wide biallelic 1000GP SNPs polymorphic in at least two of the 

populations, matched by chromosome type (autosome or Chr X) and excluding those SNPs 

overlapping inversion regions 100 kb. Correlation between MAF and the logarithm of the 

physical and genetic lengths of inversions was measured with a linear model implemented in 

robustbase::lmrob R function (Maechler et al. 2018), including data from 45 inversions in a 

larger sample of the same populations (Giner-Delgado et al. 2019). Inversion physical length 

corresponds to the distance between IRs and genetic length was interpolated from Bhérer at 

al. (2017) high-resolution recombination map, using the female map for Chr X and the sex 

average map for autosomes. No genetic length was available for Chr Y inversions and 

HsInv0608 (Chr X), which falls outside the last marker in the map. (Bhérer et al. 2017) 

 

  



15 
 

Calculation of inversion mutation rate 

To calculate the mutation rate in Chr Y inversion HsInv0416, we estimated a number of 

30,931.1 generations for all branches involved in the phylogeny that relates the 48 analyzed 

males (Poznik et al. 2016), including a C-T branch split time of 76,000 years, a total number of 

mutations of 5,591, and an average number of mutations of all branches of 549.5, plus a 

generation time of 25 years (Repping et al. 2006). Considering that four independent inversion 

events were detected, this results in an inversion mutation rate of 1.29 x 10-4 inversions per 

generation. The mutation rate for other inversions was extrapolated from the average of the 

values of the two Chr Y inversions (HsInv0416 and HsInv0832) based on the predicted number 

of inversion events per chromosome according to the model. 

 

Gene expression analysis 

For gene expression analysis in lymphoblastoid cell lines, Geuvadis RNA-seq reads (EMBL-EBI 

ArrayExpress experiment E-GEUV-1) (Lappalainen et al. 2013) were aligned against the human 

reference genome GRCh38.p10 (excluding patches and alternative haplotypes) with STAR 

v2.4.2a (Dobin et al. 2013). We estimated gene expression levels as reads per kilobase per 

million mapped reads (RPKM) based on GENCODE version 26 annotations (Harrow et al. 2012) 

and quantified transcript expression with RSEM v1.2.31 (Li and Dewey 2011), filtering out non-

expressed genes and transcripts with <0.1 RPKM in >80% of the samples. RPKM values were 

normalized by quantile transformation across all samples and expression of each 

gene/transcript was adjusted to a standard normal distribution by rank-based inverse normal 

transformation. Association with the expression of 418 genes and 2,044 transcripts was 

calculated for all biallelic variants with MAF >0.05 (including the inversion) within 1 Mb at 

either side of the transcription start site through linear regressions implemented in FastQTL 

(Ongen et al. 2016). Since technical or biological confounders reduce the power to find 

associations, we adjusted expression values by the top three 1000GP genotyping principal 

components (corresponding to population structure), sequencing laboratory, gender, and an 

optimal number of PEER (probabilistic estimation of expression residuals) components (Stegle 

et al. 2012) for eQTL finding (for genes and transcripts, respectively, 12 and 15 for the 

experimental and 25 and 30 for the imputed set). 

 

In order to estimate inversion gene-expression effects in other tissues, first we randomly took 

three samples of 30 experimentally genotyped individuals following ethnic proportions of GTEx 

donors (25 individuals from CEU, 4 YRI and 1 EAS) per inversion-gene pair and tissue to 

calculate LD patterns between each inversion and neighbouring SNPs, which were 

subsequently used to impute the corresponding inversion association P values from GTEx V7 

release eQTL P values (The GTEx Consortium 2017). If any P value was lower than the genome-
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wide empirical threshold defined by GTEx for each gene and tissue (The GTEx Consortium 

2017), we generated 30 samples of 30 individuals to calculate statistical significance more 

accurately. The eQTL P value of the inversion was defined as the median of permuted P values 

and the association confidence interval as the 25th and 75th percentiles, since the small 

number of individuals for LD calculation can produce extreme P values. In addition, we filtered 

out those associations with estimated P value lower than GTEx significance threshold or with a 

confidence interval spanning more than two orders of magnitude. Effect sizes were calculated 

as a function of MAF and P value, whereas direction was determined through LD with eQTLs 

using PLINK v1.9 --r2 in-phase option (Purcell et al. 2007). LD was estimated as the median LD 

of permutations as explained above. The conservative nature of this analysis is represented by 

HsInv0389, in which only four of the 16 genes previously associated to the inversion based 

directly on the LD with GTEx eQTLs from a larger number of samples were identified.  

 

GWAS enrichment analysis 

To determine enrichment of GWAS signals within the inversions we used a similar approach as 

in Giner-Delgado et al. (2019). First, we translated GWAS Catalog 

(http://www.ebi.ac.uk/gwas/) [release 2018-06-25, v1.0] (MacArthur et al. 2017) coordinates 

to hg19 using Ensembl REST API (Yates et al. 2016) and grouped together the signals associated 

with SNPs in high LD (r2 ≥ 0.8) in 1000GP data and corresponding exactly to the same 

phenotype, resulting in 67,035 non-redundant SNP-trait associations. Then, we created a 

background distribution of each inversion with 1,500 random genomic regions of the same size 

than the inverted segment to calculate the enrichment P values. We excluded from 

permutations Chr Y, gaps, and the major histocompatibility complex region (chr6:28,477,797-

33,448,354), known to harbor a vast number of associations. In addition, we tested that the 

GWAS enrichment was not biased by the allele SNP frequencies by selecting 150 random 

regions per inversion with comparable patterns of common variants (number of 1000GP loci 

with global MAF > 0.05 per kb 20%) and without this criteria, which showed very similar 

results (R2 = 0.99). To explore which inversions were driving the enrichment, we repeated the 

analysis for each inversion independently using a one-tailed permutation test (to account for 

inversions with zero GWAS signals). 
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