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Supplementary Notes 

1. Detailed descriptions of structural variants 

The two largest SV alleles occurred within a single mSV and were 259 Kbp and 284 Kbp 

long, resulting in deletions of 14 and 16 IGHV genes, respectively (Fig. 1a; Supplementary 

Figure 3a). These deletions were observed only in White individuals (n=7). This observation is 

likely explained by the fact that one of the segmental duplication blocks that mediates these 

deletions occurs on a complex SV allele with genes IGHV3-64D and IGHV5-10-1, which is 

found at higher frequencies in European populations1. These large deletions have been partially 

resolved from AIRR-seq data2, giving further support to their authenticity.  

The region surrounding IGHV3-30 and IGHV4-28 and related genes (IGHV4-30-2, 

IGHV3-30-3, IGHV4-30-4, IGHV3-30-5, IGHV4-31 and IGHV3-33) has been identified 

previously as a SV hotspot3. In earlier studies, 4 SV alleles in this region were fully resolved3,4. 

The longest resolved SV allele spans ~100 Kbp and harbors 4 ~25 Kbp segmental duplications, 

consisting of repeating IGHV4 and IGHV3 gene cassettes. In this study, we observed 4 of the 

previously characterized SV alleles, as well as 8 novel SV alleles (Fig. 1a; Supplementary 

Figure 3b). Relative to the longest SV allele, the other 11 SV alleles contained deletions that 

varied by position and ranged in size from 23.9 to 74.2 Kbp.  

The other SV hotspot identified was an mSV with 4 SV alleles spanning 136 Kbp and 

included the genes IGHV4-38-2, IGHV3-43D, IGHV3-38-3, IGHV1-38-4, IGHV4-39 and IGHV3-

43 (Fig. 1a; Supplementary Figure 3c). The SV allele harboring these genes is present in our 

custom reference and was previously resolved3. In addition to this haplotype, we identified three 

deletions (two novel) and one insertion containing two newly discovered paralog genes with 

100% sequence identity to IGHV4-38-2*02 and IGHV3-43D*03. Self-alignment of the haplotype 



with the insertion to itself further identified that the ~52.2 Kbp insertion is a partial duplication of 

a previously resolved SV allele3. Additionally, we employed adaptive (“read-until”) nanopore 

sequencing in combination with the targeted HiFi long-read sequencing derived assemblies to 

fully span this event.   

In addition to the previously characterized SV allele including IGHV3-23 and IGHV3-

23D, we identified a duplication that contained three IGHV3-23 gene copies (Fig. 1a; 

Supplementary Figure 3d). Out of the 6 individuals carrying this duplication, 5 were Asian. A 

higher IGHV3-23 gene copy number in Asians was reported previously in an early restriction 

fragment length polymorphism study5.  

While many SVs have been characterized in the IGHV gene region, SVs within the IGHD 

gene region have usually been predicted using AIRR-seq data, with very limited evaluation by 

germline locus sequencing6,7. Critically, IGHD genes make up a large portion of the 

complementary determining region 3 (CDR3), the most somatically variable Ab region8 and a 

critical determinant of antigen specificity9. In our cohort, we characterized a previously inferred 

deletion spanning 9.6 Kbp, deleting 6 (IGHD2-8, IGHD1-7, IGHD6-6, IGHD5-5, IGHD4-4, and 

IGHD3-3) out of the 26 (23%) IGHD genes (Fig. 1a; Supplementary Figure 3e). Interestingly, 

this deletion was common (allele frequency = 0.18), present in 23 out of 76 individuals for which 

genotyping was possible, and homozygous in 5 individuals. One of the homozygotes was also 

heterozygous for the largest 284 Kbp deletion in the IGHV gene region (Fig. 1d). Just between 

these two SVs, this individual carried a unique IGH haplotype with 6 deleted IGHD genes and 

16 IGHV deleted genes. Taking into account the other SVs concurrently observed, an additional 

13 IGHV genes were deleted, totaling 35 deleted IGHV and IGHD genes across both 

haplotypes in this individual (Fig. 1d).  



2. Biased discovery of novel alleles in self-reported non-White 

individuals 

The number of novel alleles identified across the cohort was not equally distributed among 

individuals. The majority of individuals (n=125; 81%) contained at least one novel allele, with 76 

(61%) individuals having 1 to 3 novel alleles. Of the 8 individuals who had 10 or more novel 

alleles, 5 self-reported as Black or African American. Of the 35 individuals who had 5 or more 

novel alleles, 14, 7, 4, 2 and 6 were Black or African American, White, South Asian, East Asian 

and Hispanic or Latino, respectively. This corresponds to 70%, 8%, 20%, 18% and 32% of 

individuals from each respective subgroup. Furthermore, of the 25 novel alleles found in 5 or 

more individuals, 3 were found specifically in one subgroup. These novel alleles corresponded 

to genes IGHV3-30-3, IGHV1-38-4 and IGHV1-69D, which are all found within SVs. Additionally, 

each of these novel alleles appeared at a high frequency, with the novel alleles for IGHV3-30-3, 

IGHV1-38-4 and IGHV1-69D found in 8 Asian, and 7 and 5 Black or African American 

individuals, respectively.  

 

 

 

 

 

 



Supplementary Tables 

Supplementary Table 1. Sequencing statistics across SMRT sequencing systems 

System # of 

individuals 

Mean 

polymerase 

passes (range) 

Mean expected HiFi 

read quality (range) 

Mean IGH HiFi 

coverage (range) 

Plex per 

SMRT 

cell 

RSII 40 6.0 (3.4 - 12.3) 97.6% (95.9% - 98.7%) 48.7 (6.1 - 90.8) Single 

Sequel 40 19.2 (12.1 - 23.9) 99.9% (98.9% - 99.9%) 40.8 (7.1 - 92.6) Multi 

Sequel IIe 74 21.4 (15.3 - 51.9) 99.9% (99.9% - 99.9%) 109.5 (2.4 - 331.7) Multi 
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Supplementary Figure 1. PacBio sequencing and assembly statistics.  

The statistics described include (a) number of polymerase passes, (b) read quality, (c) IGH 

locus coverage, (d) read length, (e) assembly sizes, (f) number of contigs and (g) contig sizes. 

Each statistic is separated by PacBio platforms. The number of sequencing runs on the RS, 

Sequel, and Sequel II platforms is 40, 40, and 74, respectively. Boxplots display the median, 
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25th percentile, 75th percentile, and whiskers that extend up to 1.5 times the inter-quartile range 

(IQR) from the respective percentiles. Any data points outside the whiskers are also plotted. 

 

 

 

 

 

 

 

 

 

 

 

 



  

Supplementary Figure 2. Number and length of merged reads for each AIRR-seq dataset 

after processing.  

(a) Number of reads for different AIRR-seq protocols. (b) After processing, the AIRR-seq reads 

are merged. Due to the difference between AIRR-seq protocols, the mean merged read lengths 

differ between AIRR-seq protocols. The number of sequencing datasets from the DFCI/Original 

(V-primers), Stanford (V-primers), and UofL (5’ RACE) AIRR-seq protocols is 56, 47, and 51, 

respectively. Boxplots display the median, 25th percentile, 75th percentile, and whiskers that 

extend up to 1.5 times the inter-quartile range (IQR) from the respective percentiles. Any data 

points outside the whiskers are also plotted. 
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Supplementary Figure 3. Large SVs with novel SV alleles.  

(a) A multi-allelic structural variant (mSV) with three alleles, including the reference assembly 

allele. Two of the SV alleles represent 259.1 and 284.9 Kbp deletions, deleting up to 16 genes. 

(b) mSV with 12 alleles. (c) mSV with 5 alleles: reference allele, 3 deletions and 1 insertion 

representing a partial duplication relative to the reference. (d) Duplication SV including alleles 

harboring 1 to 3 copies of the IGHV3-23 gene. (e) Deletion in the IGHD gene region that deletes 

6 IGHD genes. Red asterisks (a-e) indicate SV alleles that were not previously resolved at the 

genomic level. 
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Supplementary Figure 4. SNVs genotyped as hemizygous.  

(a) Identical figure as Figure 1a, replicated here for context. (b) Fraction of hemizygotes across 

all common single nucleotide variants (SNVs) color coded by minor allele frequency. (c) The 

fraction of hemizygotes across all common SNVs. The embedded panel is an example of a 

hemizygous SNV. 
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Supplementary Figure 5. Number of SNVs in different gene components across all IGHV 

genes.  

For each IGHV gene, the number of SNVs identified in exons, introns and RSSs are shown.  
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Supplementary Figure 6. Examples of polymorphic indels and small SVs.  

(a) A polymorphic 86 bp variable number tandem repeat (VNTR) upstream of IGHV3-20. Across 

the cohort most individuals have 4 copies of the motif, however, some individuals have up to 9 

copies. (b) A complex SV upstream of IGHV1-3 is most likely derived from a degenerate 

tandem repeat. Three different SV alleles were identified with different motif sequences. The 

number of motif copies differed between SV alleles. An alignment of the consensus motif 

sequence to all the motifs in the SV alleles showed low sequence identity.  
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Supplementary Figure 7. Number of novel alleles per gene.  
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Each line is a gene. The x-axis are the genomic coordinates of the gene and y-axis displays the 

number of novel alleles per gene. Blue lines correspond to IGHD genes, and black lines 

correspond to IGHV genes.  

 

 



 

Supplementary Figure 8. Gene usage QTL statistics for the IgG repertoire.  

The five panels show (1) number of associated variant using ANOVA and linear regression (P 

value < 9e-6 threshold after Bonferroni correction) and (2) the P value, (3) adjusted R2 for 
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variance in gene usage explained, (4) fold change between genotypes and (5) the variant type 

for the lead guQTL.  

 

 



 

Supplementary Figure 9. Comparison of the IgM and IgG gene usage association results.  

(a) The overlap of gene usage QTL genes between IgM and IgG. (b) The overlap of gene usage 

QTL variants between IgM and IgG. (c) Gene usage correlation between the IgM and IgG 

repertoire. 
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Supplementary Figure 10. Gene usage for genes in the largest deletion identified.  

Individuals carrying the deletion (n=7 individuals) had overall lower usage of deleted genes than 

individuals that did not carry the deletion (n=147 individuals). Boxplots display the median, 25th 

percentile, 75th percentile, and whiskers that extend up to 1.5 times the inter-quartile range 

(IQR) from the respective percentiles. Any data points outside the whiskers are also plotted. 

 

 

 



 

 

Supplementary Figure 11. Gene usage for individuals with variable IGHV3-23 gene copy 

number.  

IGHV3-23 is affected by a DUP SV and therefore the number of IGHV3-23 copies varies 

between individuals. The boxplot shows variation in gene usage between individuals with 

different IGHV3-23 diploid copy number. Individuals were grouped in cases for which copy 

number (either “4” of “5” copies) could not be determined. The number of individuals with 2, 3 4 

and 4 or 5 copies is 34, 58, 46 and 6, respectively. 
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Supplementary Figure 12. Gene usage for IGHD3-10 is associated with the IGHD gene 

region deletion.  

IGHD3-10 is outside of the deletion (SV (1) in Fig. 1a) in the IGHD gene region, but its usage is 

associated with the deletion genotype. The number of individuals with a REF/REF, REF/DEL 

and DEL/DEL genotype is 51, 18, and 5, respectively. Boxplots display the median, 25th 

percentile, 75th percentile, and whiskers that extend up to 1.5 times the inter-quartile range 

(IQR) from the respective percentiles. Any data points outside the whiskers are also plotted. 

 

 

 

 

 

 

 



 

 

Supplementary Figure 13. Example of guQTL conditional analysis for the gene IGHV3-66.  

(a) Boxplot showing gene usage variation for IGHV3-66, partitioned by genotypes at the lead 

guQTL. (b) Conditional analysis for IGHV3-66 finds additional variants (P value = 5.38E-13) 

associated with gene usage (linear regression; P < 1e-5 threshold after Bonferroni correction). 

Manhattan plot showing the statistical significance of all SNVs tested for secondary effects on 

gene usage (red indicates Bonferroni corrected significant SNVs), after selecting individuals 

from a single genotype group from the original lead guQTL (blue dotted box, panel a). (c) 

Boxplot showing gene usage variation partitioned by genotypes at the secondary guQTL. 
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Boxplots display the median, 25th percentile, 75th percentile, and whiskers that extend up to 1.5 

times the inter-quartile range (IQR) from the respective percentiles. Any data points outside the 

whiskers are also plotted. 

 

 

 

 

 



 

Supplementary Figure 14. Network of all genes connected by shared guQTLs.  

In the network, nodes represent genes, and edges connect two nodes (genes) if both have at 

least one overlapping guQTL. This was performed for all genes based on IgM guQTL analysis 

results. 
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Supplementary Figure 15. Cliques found in the network.  

(a) Cliques represented predominately by genes within SVs; (b) two cliques represented by 

genes that are both directly and indirectly impacted  SVs; and (c) cliques represented by genes 

primarily associated with SNVs, rather than SVs. 
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