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Supplemental Notes

Note S1. Varied confidence in identifying variation across recent duplications

Despite improved representation of duplicated genes in T2T-CHM13, genomic assessment of these regions remains
challenging using short-read Illumina data. Duplicated regions are significantly depleted for SNV in the high-coverage
1KGP dataset compared to unique regions (excluding SD and centromeric satellites ') in T2T-CHM13 (SD98: 11.79; SD:
25.9, unique: 37.49 SNVs/kbp; p-value<0.05 empirical distribution) (Figure SN1A). The autosomal 2.4 Gbp in T2T-
CHM13 accessible for accurate Illumina SNV calling —determined using read depth, mapping quality, and base quality
metrics *—includes only 37.95% and 10.86% of SD and SD98, respectively, while 95.64% of unique space is accessible
(Figure SN2B). In the SD-98 regions, only 56 previously-identified SD98 genes, including 48 protein coding and 8
pseudogenes, are accessible (>90%) to short-reads (Table S1).
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Figure SN1. Assessment of variant calling sensitivity and precision across SD and SD98 regions. (A) SNVs called in SD (blue, left)
and SD98 (orange, right) using the T2T-CHM13 regions. Observed values are shown as vertical bars, while empirical distributions of
the number of variants observed in randomly sampled regions are represented as density plots. (B) Total region size (in Gbp) and
accessible sites size (darker colors), for NonSD (gray), SD (blue), and SD98 (orange). (C) Distribution of biallelic SNVs across non-
overlapping 1-kbp windows across Non-SD (gray), SD (blue), and SD98 (orange), discovered with short-read sequencing (SRS, left)
and long-read sequencing (right) technologies. Number at the bottom represents the total number of 1-kbp windows defined for each
region. (D) Assessment of precision and recall across eight individuals sequenced with Illumina short-read sequencing and PacBio
long-read sequencing reads, for all regions (left) and only accessible sites (right).



To evaluate our ability to detect variants within duplications, we compared SNVs discovered in the T2T-CHM13
reference genome using Illumina short-read and PacBio HiFi long-read data across eight 1KGP individuals included in the
Human Pangenome Reference Consortium (HPRC+) **. While no differences in density (SNV sites within 1-kbp non-
overlapping windows) existed between data types in non-duplicated, we observed reduced mean variant density from
short-read versus long-read data across SD (SRS: 1; LRS: 5) and SD98 (SRS: 0; LRS: 5) (Figure SN1C). Notably, no
differences were observed between technologies when considering only T2T-CHM13 accessible regions *.

Using HiFi-discovered variants as truth, we next assessed variant calling precision and found that 99.5% of SNVs
matched between technologies in non-SD, but decreased to 88.6% and 81.7 % in SD and SD9S, respectively (Figure
SN1D). When considering only short-read accessible regions, SNV precision increased in the three regions assayed to
99.7%, 96.1%, and 94.2% for non-SD, SD, and SD98. Sensitivity—measured as the proportion of HiFi-discovered SNVs
also detected using Illumina data—experienced a pronounced decrease of 24.5% in SD and 0.85% in SD98 compared to
87.6% in Non-SD regions. When considering only short-read accessible regions, however, sensitivity is improved to
72.5%, and 57.8% in SD and SD98, respectively. Overall, these results indicate that existing variants identified across
duplicated regions from Illumina data are generally accurate, particularly in defined accessible regions, but not
comprehensive.

Note S2. Underrepresentation of phenotype and disease associations across SDs

Due to difficulties mapping short reads to highly identical regions, as well as lack of SD representation on SNP arrays,
associated variants and genes across SD-98 regions are depleted in existing genome-wide studies of phenotypes and
diseases, including GWAS catalog (SD-98: 0.29 variants/100kbp; GW: 1.5 variants/100 kbp), ClinVar (SD-98: 20.81
variants/100 kbp; GW: 9.95 variants/100 kbp), and GTEx expression quantitative trait loci (eQTL) databases (SD-98:
398.7 variants/100 kbp; GW: 70.14 variants/100 kbp) (Figure SN2).

GWAS catalogue ClinVar GTEx eQTL
(GRCh38) (GRCh38) (GRCh38)
N
[a]
n
3,000 4,000 5000 6,000 20,00030,00040,00050,000 210K 230K 250K 270K
[co]
(o]
*
o
)

1,000 2,000 3,000 10,000 20,000 30,000 80K 100K 120K

Figure SN2. Assessment of variant association depletion in SD and SD98 regions in short-read-based databases, including the GWAS
catalog, ClinVar, and GTEx eQTL. Observed variation is represented in vertical lines for SD (blue) and SD98 (orange) regions, and
density plots represent empirical distribution of randomly sampled sites of the same size as SD or SD98 regions.



Note S3. Benchmarking and variant calling with cHiFi data

To gain a more comprehensive understanding of genetic variation across pHSD genes, we performed capture HiFi (cHiF1)
sequencing of 172 human samples including individuals from the 1000 Genomes Project and the Genome in a Bottle
(GIAB) CEPH trio (YRI n=50, LWK, n=30, GIH n=29, TSI n=30, CHB n=30; CEU n=3; Table S13). Additionally, we
sequenced 26 HGDP individuals from 12 additional populations, totaling 200 cHiFi samples from 18 different
populations, representing five continental superpopulations, and 18 father-mother-child trios.

The capture sequencing protocol included tiled baits across all duplicated regions of interest and only exons in non-
duplicated space (Figure S12). As a result, unique exons exhibited significantly lower coverage compared to duplicated
exons (Mann-Whitney U test, p-value=2.2e-16) (Figure SN3A). Importantly, we did not observe significant differences in
coverage between ancestral and derived paralogs, despite the baits being designed based on the ancestral sequence (Mann-
Whitney U test, p-value>0.05). Globally, considering a cutofft MAPQ score greater than 10, we achieved an average
coverage of 27x within regions of interest. We also assessed for the occurrence of PCR duplicates given that they pose
three problems: 1) the true output of diverse representation of reads that are sequenced is reduced, 2) lead to false positive
variant calls skewing allele frequencies, and 3) may introduce erroneous mutations that do not reflect true population
variants. We found 66% of sequenced reads to be unique genome-wide, and within the intended capture space, 34% of the
total unique reads mapped to the regions of interest.
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Figure SN3. Benchmarking capture HiFi sequencing variants. (A) Comparison of sequencing coverage between derived and
ancestral paralogs (left), unique exons and duplicated exons (middle), and tiled versus untiled regions (right). (B) Impact of mapping
quality (MAPQ) and genotyping confidence thresholds on the total number of variant sites (left), variant sites with excess
heterozygosity (middle), and median Mendelian concordance across 18 trios (right). (C) Effect of per-sample genotype quality and
minimum read depth thresholds on the total number of variant sites (left), variant sites with excess heterozygosity (middle), and
median Mendelian concordance across 18 trios (right).

We next identified small variants using a GATK joint genotyping pipeline. Focusing on biallelic SNPs, we optimized
parameters for variant calling across SDs by benchmarking minimum thresholds for mapping quality (MAPQ) and
genotyping confidence, using both population data and trio-based analysis. Specifically, we assessed deviations from
Hardy-Weinberg equilibrium by calculating inbreeding coefficients from the founder population (excluding offspring),
with an inbreeding coefficient below -0.3 considered indicative of excess heterozygosity. Additionally, we evaluated
Mendelian concordance within trios. As MAPQ and genotyping confidence thresholds tighten, the total number of variant
sites decreased, while biological metrics improved, including increased Mendelian concordance and reduced excess
heterozygosity (Figure SN3B). The greatest improvement in variant accuracy was observed when increasing genotyping
confidence from 0 to 10, with a threshold of 30 yielding the most accurate results. A minimum MAPQ threshold of 20
further reduced sites with excess heterozygosity and improved Mendelian concordance across all genotyping confidence
levels, while only marginally reducing the number of detected variants.

We conservatively proceeded with a minimum MAPQ of 20 and a minimum genotyping confidence threshold of 30.
Given that duplicated regions are recalcitrant to filtering techniques such as VQSR, we applied hard filtering thresholds
based on per-sample genotype quality and read depth. Starting with a median Mendelian concordance of 0.96 prior to
filtering, we observed a significant increase in concordance with increasing read-depth and genotype-quality thresholds,
achieving near 100% concordance at a genotype quality of 50, or with the combination of read depth 8 and genotype
quality 20 (Figure SN3C). To balance genotype accuracy with sensitivity, we opted for a more lenient minimum genotype
quality threshold of 20 combined with a read depth of 8, resulting in the identification of 28,476 biallelic SN'Vs across the
200-individual cohort.



Supplemental Note Methods

Variant depletion across duplicated regions

Variants from 1KGP individuals mapped to T2T-CHM13 (v1.0) ? were filtered for biallelic SNPs using bcftools view
using parameters --exclude-types indels and --max-alleles 2. Observed values were obtained by intersecting SD and SD98
coordinates with the variant file using bedtools intersect. Empirical distributions were obtained by randomly sampling
regions of identical size as SD and SD98 regions using bedtools shuffle with -noOverlapping -maxTries 10000 -f 0.1
parameters. Previously published centromeric satellites coordinates ' were also excluded using the flag -excl.

Short-read and long-read variant calling benchmarking

Comparison between SNVs discovered with PacBio HiFi and Illumina sequencing were obtained for eight individuals of
the 1KGP and HPRC+ datasets mapped to T2T-CHM13 (v1.0) %, including individuals HGO1109, HG01243, HG02055,
HG02080, HG02145, HG02723, HG03098, and HG03492. Biallelic SNVs were selected using beftools view °.
Concordance between platforms, measured as precision and sensitivity, was obtained with rtg-tools vcfeval © for
autosomal Non-SDs, SDs, and SD-98 regions, using PacBio HiFi variants as a truth-set. Short-read accessible regions
were obtained from Aganezov et al. >

Variant-phenotype associations depletion

Databases of genetic analyses were obtained from GWAS Catalog v1.0 (mapped to GRCh38.p12) 7, ClinVar (rel.
20200310) ® and GTEx v8 single-tissue eQTL (dbGaP Accession phs000424.v8.p2; mapped to GRCh38, excluding
chromosome Y) °. Empirical distributions were generated by intersecting each dataset with randomly sampled regions of
identical size to SD and SD-98 generated with bedtools shuffle -noOverlapping -maxTries 10000 -f 0.1.

Empirical p-value calculation

One-tailed empirical p-values were calculated as: p-value = (M + 1) / (N + 1), where M is the number of iterations
yielding a number of features less than (depletion) observed and N is the number of iterations. Empirical p-values were
calculated using 10,000 permutations.

cHiFi variant calling benchmarking

cHiFi coverage across regions of interest was calculated using samtools depth with --min-MQ 10. Inbreeding coefficients
and Mendelian concordance were calculated for biallelic SNPs only, selected with bcftools view --max-alleles 2 and
beftools view --exclude-types indels. Inbreeding coefficients were extracted from GATK Joint Genotyping output '°,
which were originally calculated considering only the parental samples. Mendelian concordance was calculated for each
threshold combination using rtg mendelian, excluding trios where any of the members had a missing genotype with
beftools view -1 'F MISSING=0'. Total number of variant sites were obtained with beftools stats.
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Figure S1. Pipeline to group SD98 genes into gene families.
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Figure S12. Capture strategy (Ren-Seq) followed by PacBio high-fidelity long-read sequencing. World map shows representative
sample sites for each ancestry with legend and total sample counts on the right (n=200; n=144 unrelated).
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Figure S18. Human genetic variation landscape of CD8B. The CD8B locus in T2T-CHM13v1.0 reference genome in the UCSC
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Figure S19. Folded Site frequency spectrum of the CD8B and CD8B2 loci. Minor allele frequency (MAF) calculated across 35-kbp
regions overlapping CD8B (light gray) and CD8B2 (dark gray) from variants detected in the combined dataset including long-read
assemblies and capture PacBio HiFi sequencing from individuals of African ancestry (AFR, n=88 individuals), European ancestry
(EUR, n=29 individuals), and American ancestry (AMR, n=18 individuals). Three individuals of European ancestry (NA20582,

NA20525, NA20542) were excluded from this analysis. P-values were obtained comparing CD8B MAF distribution between
populations using Kolmogorov-Smirnov test.
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Jfrmpd?2 stable knockout allele (5 bp deletion):
ATGAGCACGTTTGTGACCCTGGCCGAGGTGCTGGAGTCACGAGCAGCACCGCTGGAGGAGGA[CGAGG]TCT
GGGCTCTGCTCTTGGGTGCCACAGAAGCTCTGATAGACATCTCCAGTAAAGATGATGGGAACATGTGCTGT
GTGATCAGCCCCGGCTCCATGCTCCTCTCTGCAGTCGGCAGTATTGCCTTCAAGACCTGCAGCCGATCTGAA
GACGTGGGTTCATTCACTTGCCCAGAAATGTCTCAGAGCAACACTTCCTCCAGGAGACTGGCCTCAGAGAA
AATGGTGGTTTACTCACTAGGCATGACTCTCTATTGGGCAGTGGATTATAATCTTCCACAAAATCAGCCTGT
CCAGGTCAGCGACACCCTGAACAGTCTTCTACTGAGCATGTGCGAGGATGTGGCTCACAGACGGGTGAACC
TCCTGACGGTGCTGGAGACGGCTGAAAATCACCATCAGACTGCAGTCCTGCCGCGACCAGAGAAAACTATC
AGACAGATGGCAGAGGACGTACTTCAGACTGAAAAACCCTCAAATGATTCTGCTCATCTCATAGACCGAAG
CCAAATGGTTAGAGAAAGACTTCGGGGTGCTTCCAGTCAGAACTCAGTTTGGACACAGAAAGGGAACAGCA
CACCGTCAGCAGCAGACTTCAGCAGATTTCACAGTTCACACCAGAGAAGCAGAAACAGCACATATATGAGC
CAAAGTCCTGTTCTTGACCGACGCCGTCAGTTCGCCTTGAGGCCAGATCAGCTGTTTGCCTCTTCTTTTAGCC
TTAATGAACGGAAAATGAAGGATACGGGCCCAGAGTTCATCCGGATGCTGGAGGAGCCTCTTGTCGTTTTA
GAGCTGCCTAATTCTATTGTGTCAAACAAAGGGAAGTCAAGTTCAAACCAAAGGGACTTGACGGTTTTGAT
GCCAAACGGACAGAACGTTCTGCTCAAGTGCGATGTAAAGTGCAGAGGACGCGACGCATTCGATATGATCG
TCGCTCACACAAATCTCGTCGAGCATTTCTACTTCGGCCTTGCATATAGTTATGATAATGAGTTTTTCTTCCT
CGACAATGACACAAAAATATCCAAAGTTGCCCCAGGAGACTGGAAAAAAGTGCCCACTGCCACATTCGTGC
TTCACTTCCGCATTAAATATTTTGTGAGCGACGTATCTCTCCTTCTAAACAAGTTCACCCGTCATCAGTTCTA
CCTGCAGCTCAGACGTGATCTTCTGGACGATCGGCTGCAGTGTAATGAGGAGACCTGCCTGTTTCTCGGTGC
CTTGGCTCTTCAGG
CTGAGTTTGGAGACAGTTTGCCTGAGGTCTATGGGAAGAACTACTATCAGCCTGAGCATTATGTTTCCAAGA
GTGTTGTACAGAAAATGGCAATGCCATGCCTGAAAGAAGAGCTGCTGCGTTTACACGTCAACAATGCCAAC
ATGAGCGCAGAGGAGGCCGAACTCGAGTTCCTCAAGAGCGTTCAGCAGCTGCCGGAGTATGGTGTGCTGTT
TCACCGCGTGGCCCGAGAGAAGAAGCCTGTGTTTGGAGAGCTTCTGCTGGGAGTCTGTGCCAAGTGCATCA
CTGTGTATGAAGTTATTAATAACTGCCGCACCGCAAGCCTTACATTCCATTGGAGAGACACGAGCAGCATC
ACCTCAACTCGGCGCAAGTTCATCATTGAATGCAGCACCAGCAAAAAGAAGCACGTCTTTCTGACCGAAAA
GTCTAAAGTTGCCAAATACCTGTGCGACCTCTGCTCCGCACAGCACAAGTTTCACAAAGAGATGAGCTCTCG
G
CAGCTCACGCACAGCCTGGCTTCAGAGGAGAGTATTGTTCAGTACGCAGCCCTGTGCAGAGCTCAGAATAA
TGAGGTGAACGACAGCAGCGCTGACGAATCCATGAGCAAACTCTGTGAAGACATCGCCACCCGGATCGAG
GCCAAGATCAAACTACAGCGAGACTTACTGGACAACACCGGATCCCAAAGTCCAATTCTACAGAGAAGCCT
TTGTAGTACTCCAAAGCGCGGCTCTGACGTCCCTTCAGTGTCTTCGCCTCTAAGAGACACGCCAACAGGTGC
CCGTACTCCAGAGAGGGAAATCATCTGCGTTTCCCTTAAAAAAGACCCTAAAGTCGGACTTGGTATTGTCAT
AGTTGGAGAAGACACCGCTGGGAAATTGGACCTCGGGATCTTCATCGCTTCAGTTGTACCTGGAAGTCCAG
CAGATCGAGATGGACGCATCAAACCAGGTGGTCGTCTGATCTCTCTGAATCAGCTCAGTCTGGAGGGCATG
TCGTTTAGTGAAGCCGCTGACATCATGCAAAGCAGCTCCAATGACGTGGAGCTCATCATTTCACAGCCCAA
AGCTCAGTGCAAGCGTGGAGGATCTGTTTCTCTGAACGAGCGCAGCTACGAGTCTCAGAGCACAATCCTGG
CAGACGGCAGAACCGGAGACGAGTTTCTGGACGAGCTGGTCAGTGTCATGATGACCCCGAAAGCCTCGAAC
AGACTGCACGTTCCTGAGGTCCGCATCATCAACGCACAGGATGATTATTCCAGATCAGCGTCTCTGATCAGC
CTGAGGCCAGAAGAGTTTACAGTGACGCTCATGAAGTCTGGAGGCAGTCTGGGCATCAGCATTGCCGGAGG
AGTGAACACAGGTCTCCGCTACGGTGGAATTTACATCAAGAGTCTGGTGTCAGGTGGCGTGGCGGAACAAG
ACGGACGAATACAGACAGGAGACAGACTGTTGGAAGTGGACGGCATCAGACTTCAGGGATTCACAGATCA
GCAGGCGGCTGAATGTTTGGCCAGAACAGGCGAGGTTGTGGGTCTGGTTCTGGAGCGAGATGGCGGCTCTA
TGCTTCAGCAAGGGCCTGGAAGCCCTCAACTACGGAACACTCTCTCCATCTGCACACCCGGTCCTGCTGGAA
CACAGGCCAGAA



AGAGCTGTCCTGCCATCACCATGACCAGACCCTTCAACATCAAGCCCAGAGACTACAGCTTTGTGTCGGAC
GGTAATAAAAAACAACATTCAGGAGGTGACGCTTAA

gpr89 stable knockout allele (8 bp deletion):
ATGTCTTTCTTCGTAGATTCAGTGATTATGTTCACTTCTCAGGTGCTGTTTTTTGGATTTGGGTGGCTGTTTTT
CATGCGTCAGTTGTTTAAAGATTATGAGGTTCGGCAGTATGTGGTGCAGGTGGTGTTCTCCATCACGTTCGC
CTTCTCTTGCACAATGTTTGAGCTCATTATCTTTGAGATCCTCGGTGCATTGAGCAGCTCGTCCAGGTATTTC
CACTGGAAGCTGAATTTGTATGTAATATTGCTGGTTCTGATATTTGTGGTGCCTTTCTACATTGGCTACTTTG
TGGTCAGTAATATACGTTTATTGCAGAGACAGAGGTTGCTTTTTTCATGTGTGGTCTGGTTTACATTCATGTA
TTTCTTTTGGAAACTGGGCGATCCTTTTCCTATACTCAGTCCCAAACATGGTATTCTGTCCATTGAGCAGCTG
ATCAGTCGCGTGGGGGTCATTGGGGTCACTCTAATGGCTCTACTGTCCGGTTTTGGTGCTGTGAACTGTCCG
TACACATACATGTCATATTTCCTAAGGAATGTGACAGACAGTGATATCTTGGCTCTTGAGAGAAGACTCCTA
CAAACTATGGATATGATTGTCAGTAAAAAGAAAAGGATTGCCATGACAAGAAGGCAGAT[GTACCAGC]GA
GGAGAAGAGCAGAATAAACAGACAGGATTCTGGGGGATGATCAAGAGTGTGACCTCTTCACCATCAGGCA
GTGAGAATCTGTCTCTGATCCAGCAGGAAGTGGATGCTCTGGAGGAACTCAGCAGACAGCTTTTCTTGGAG
ACTGTAGATCTGCAGGCAACCAAGGAGCGGATAGAATACTCAAAAACATTTCAAGGGAAATACTTTAACTT
CTTAGGGTATTTCTTCTCCATCTACTGTGTGTGGAAAATATTCATGGCCACTATAAACATAGTGTTTGACCGT
GTGGGGAAGACTGACCCGGTGACGAGGGGAATCGAGATCACCGTCAACTATCTTGGAATTCAGTTTGATGT
CAAGTTCTGGTCTCAGCACATTTCCTTTATTCTGGTGGGAATCATTATAGTCACATCCATACGAGGCCTTTTA
ATCACACTCACCAAGTTTTT
CTACGCCATCTCCAGCAGCAAGTCCTCCAATGTTATTGTGCTCGTCTTGGCTCAGATCATGGGCATGTATTTT
GTGTCGTCTGTTCTGCTGATGCGGATGAGCATGCCGCTGGAGTACCGCAGTATTGTGTCAGAGGTGTTGGGT
GAACTGCAGTTTAACTTCTACCACCGCTGGTTCGACGTGATCTTTTTGGTCAGCGCTCTCTCCAGCATCCTCT
TCCTCTACCTGGCACATAAACAGGCACCCGAGAAGCACATGGCCCTGTGA

Figure S21. Alleles in the stable knockout lines for fimpd2 and gpr89 with the deleted bases highlighted.
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