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Summary

Genome sequencing (GS) has emerged as a transformative tool in the diagnosis of rare diseases with complex phenotypes. This tech
nology uncovers structural, intronic, non-coding, and mitochondrial variants that traditional methods might miss, thereby facili
tating the understanding of the underlying genomic basis of human disorders. We enrolled 10,305 patients with suspected rare dis
eases or hereditary cancer risk syndromes from 21 centers throughout Brazil. Their genomes were sequenced with short, paired-end 
reads, and diagnostic reports were provided for 9,448 of these patients. The overall diagnostic yield was 35.6%, and 4.6% of all positive 
reports had GS-exclusive findings (e.g., short copy-number variants overlapping fewer than three exons, deep intronic variants, short 
tandem repeat expansions, and mitochondrial structural variants—usually not detected by other diagnostic tests such as exome 
sequencing). Preliminary analysis of transcriptome sequencing (TS) or long-read GS combined with GS interpretation provided a small 
but welcome improvement in diagnostic yield (0.1% and 1.0% of positive reports, respectively). Almost 3,200 variant/phenotype in
terpretations were submitted to ClinVar. GS is proving to be an invaluable resource for shortening the diagnostic odyssey of patients 
with rare diseases, providing crucial genomic diagnostics, and enriching genetic databases with variant interpretations from underrep
resented populations. Therefore, GS has the potential to significantly enhance the precision of healthcare in genetically diverse pop
ulations.

Introduction

Rare diseases have an estimated prevalence ranging be
tween 1.5% and 6.2% in the general population,1 which 
translates to between 3.2 and 13.2 million affected indi
viduals in Brazil alone. Brazil, notable for its universal 
health care system (the Sistema Único de Saúde [SUS]),2

has made significant strides in improving rare disease 
diagnosis since 2014. Brazilian healthcare centers now 
offer newborn metabolic screening and genetic tests, 
including karyotyping, fluorescence in situ hybridization 
(FISH), multiplex ligation-dependent probe amplification 
(MLPA), and array-based comparative genomic hybridiza
tion (array-CGH).

Genome sequencing (GS) and transcriptome sequencing 
(TS) have emerged as transformative tools in the diagnosis 
of rare diseases with complex phenotypes. GS enables deep 
analysis of the genome, uncovering structural, intronic, 
non-coding, repeat-expansion,3 and mitochondrial vari
ants (since it does not rely on off-target reads4) that tradi
tional methods might miss, whereas TS provides a compre
hensive view of RNA expression, facilitating the 
understanding of gene function and regulation.5

Countries including the United Kingdom, Australia, 
Belgium, Canada, France, and many others have pio
neered genetics-based precision medicine national pro
grams,6–8 underscoring the global recognition of these 
technologies’ diagnostic potential. Unfortunately, Brazil

ian populations have been underrepresented in these in
ternational genomics initiatives.

The Brazilian Ministry of Health launched the Genomics 
and Precision Medicine National Program (“Brazil Ge
nomes”) in 2020. The program seeks to implement preci
sion medicine within the Brazilian national public health
care system. The Brazilian Rare Genomes Project (BRGP) is 
one of the Brazil Genomes initiatives and was created to 
foster the implementation of genomic medicine, thereby 
improving the diagnostic capacity for rare disorders.9

This study investigates the diagnostic power of GS 
within the Brazilian public healthcare system in the 
context of the BRGP, demonstrating its potential to signif
icantly shorten the diagnostic odyssey for patients and 
enrich genetic databases with variant interpretations 
from underrepresented populations. The findings pre
sented herein highlight the high value of integrating these 
advanced genomic tools into public healthcare. In addi
tion, we run two pilot research subprojects to complement 
the GS findings. The first pilot involved TS, and the second 
involved long-read GS. We also report the preliminary 
findings of those endeavors here.

Moreover, as Brazilian populations have high genetic 
diversity and are underrepresented in ancestry and hu
man genetic variation databases, a secondary objective is 
to assess the ancestry of the participants, generating data 
that will help the implementation of precision medicine 
in the country.
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Subjects, material, and methods

Inclusion and exclusion criteria
The overall inclusion criteria include a suspicion of a rare 
disease with a probable genetic etiology or hereditary can
cer risk syndromes. There was no requirement for individ
uals to have completed specific molecular testing (e.g., mi
croarray or targeted gene panels) prior to enrollment. Prior 
genetic testing history was ascertained by recruiting phy
sicians during enrollment interviews.

For pediatric patients, parents or legal guardians were 
asked for consent before inclusion, with additional con
sent required for secondary-finding investigations. Pa
tients were excluded from the project if they refused the 
invitation for inclusion, had a prior positive molecular 
or karyotypic diagnosis, or if the condition was likely 
caused by environmental factors. The study was reviewed 
and approved by Hospital Israelita Albert Einstein’s 
Research Ethics Committee (São Paulo, Brazil. Protocol 
number: CAAE 29567220.4.1001.0071).

Patient data collection and cohort allocation
Once patients or their families provided written informed 
consent, their information was stored electronically in the 
REDCap10,11 and PhenoTips12 databases. Physicians then 
assigned each patient to one of 20 disorder cohorts based 
on specific criteria (neurologic disorders, neuromuscular 
disorders, neurocutaneous disorders, inborn errors of 
metabolism, skeletal disorders, hereditary cancer risk syn
dromes, clinically recognizable genetic syndromes, endo
crine disorders, connective tissue disorders, immunologic 
disorders, ophthalmologic disorders, hearing or ear disor
ders, renal and urinary tract disorders, dermatologic disor
ders, hematologic disorders, cardiological disorders, pul
monary disorders, gastrointestinal disorders, vascular 
disorders, and critically ill patients—children aged 1 year 
or younger who were admitted to neonatal or pediatric 
intensive care units [NICUs or PICUs]). They also provided 
a detailed clinical summary, including indications for 
referral, pedigrees, therapeutic approach, and Human 
Phenotype Ontology (HPO) terms.13 We prioritized the 
genomic analysis of critically ill individuals, aiming to 
report their results within 21 days of receiving the samples 
at our laboratory processing units.

Sample collection, GS, and bioinformatics 
processing
Following enrollment, patients provided blood samples 
for genomic DNA automated extraction. The sequencing 
protocol is detailed elsewhere.9 Briefly, PCR-free GS was 
performed on Illumina NovaSeq 6000 equipment. Read 
mapping and variant calling were done using the 
GRCh38 build reference genome through DRAGEN 
v.3.6.3, v.3.8.4, or v.3.10. DRAGEN calls single-nucleotide 
variants (SNVs), small insertions or deletions (indels; 1–50 
base pairs), and copy-number/structural variants (CNVs/ 

SVs; more than 50 base pairs). Both nuclear and mito
chondrial DNA variants were investigated. Short tandem 
repeats (STRs) were investigated in the following genes: 
AFF2, AR, ARX, ATN1, ATXN1, ATXN2, ATXN3, ATXN7, 
ATXN8OS, ATXN10, C9orf72, CACNA1A, CBL, CNBP, 
CSTB, DIP2B, DMPK, FMR1, FOXL2, FXN, GIPC1, GLS, 
HOXA13, HOXD13, HTT, JPH3, LRP12, NIPA1, NOP56, 
NOTCH2NLC, PABPN1, PHOX2B, POLG, PPP2R2B, RFC1, 
RUNX2, SMN, SOX3, TBP, TBX1, TCF4, XYLT1, ZIC2, 
and ZIC3. ExpansionHunter14 and Broad Institute’s str- 
analysis scripts (https://github.com/broadinstitute/str- 
analysis) were used to estimate STR copy numbers. Pre- 
mutation and full mutation expansion calls were 
confirmed by visual inspection of BAM reads. If necessary, 
orthogonal validation of STR calls was conducted.

The VCF files have been made available for analysis on 
the Varstation platform (Genesis Genomics, São Paulo, 
Brazil),15 which annotates the VCF files using Ensembl’s 
Variant Effect Predictor (VEP)16 and AnnotSV.17,18

Variant interpretation, variant type, and reporting 
definitions
GS and interpretation were performed on probands only 
(singleton analysis). The clinical significance of the vari
ants was determined according to the American College 
of Medical Genetics and Genomics (ACMG) guide
lines19,20 and their modifications.21 Variants in actionable 
genes, as defined by the ACMG, were searched in individ
uals who provided consent.22 Each variant classification 
was completed independently by two specialists. Variant 
interpretation was restricted to genes cataloged in Online 
Mendelian Inheritance in Man (OMIM)23,24; it incorpo
rated phenotype-driven analyses using HPO terms, expert 
gene panels, and evidence from the scientific and medical 
literature.

We categorized the reports into positive, inconclusive, 
and negative. A positive result was defined by the presence 
of pathogenic/likely pathogenic variant(s) that fully or 
partially explained the patient’s phenotype. Inconclusive 
reports featured variant(s) that did not define a molecular 
diagnosis, such as a single pathogenic heterozygous 
variant for an autosomal-recessive (AR) disorder or a 
variant of uncertain significance (VUS), while negative re
ports had no variants deemed worth reporting. Each 
report contains a synopsis of the patient’s phenotype in 
investigation; a summary of any detected variants, 
genome coordinates, or Human Genome Variation Soci
ety (HGVS) nomenclature expressions25; and an interpre
tation of the variants in the context of the phenotype 
following ACMG guidelines as mentioned above. Usually, 
the experts indicate one or more OMIM terms23,24 to 
describe the phenotype.

GS-exclusive diagnoses
We calculated the number of positive reports involving 
variants best or only captured by GS. These included 
CNVs/SVs involving fewer than three exons, non-coding, 

2 Human Genetics and Genomics Advances 7, 100624, July 9, 2026

https://github.com/broadinstitute/str-analysis
https://github.com/broadinstitute/str-analysis


including deep intronic SNVs/small indels (25 nucleotides 
or more from the nearest exon), STR nucleotide expan
sions, and mitochondrial CNVs/SVs. We used an exome 
targets BED file (used by Hospital Israelita Albert Einstein 
exome sequencing [ES] workflows) to assess which SNVs/ 
small indels would not be covered by ES. CNV/SV coordi
nates were compared to the GENCODE v.4926 GFF3 file us
ing the GenomicRanges and GenomicFeatures packages, 
v.1.58, in R software v.4.4.1 to assess the number of over
lapping exons of each variant.

Ancestry and admixture
We aggregated GVCF files into a multisample VCF (msVCF) 
file through DRAGEN. The msVCF file was imported into 
Hail v.0.2.6127 in AWS Elastic MapReduce (EMR) clusters. 
Through Hail, we performed sample- and variant-level 
quality control by removing both samples and variants 
with a call rate < 85%, samples with a transition/transver
sion (Ti/Tv) ratio < 1.9, and any variants that did not pass 
DRAGEN’s default hard filters. Next, we estimated pairwise 
kinship coefficients and removed individuals using Hail’s 
maximal_independent_set method to ensure that there 
were no related individuals in the dataset. The resulting 
number of variants surpassed 116 million.

We performed phasing, pruning, and principal-compo
nent analysis (PCA) steps based on Nunes et al.,28 with mod
ifications made. Briefly, we merged the dataset with the 
jointly called GRCh38 VCF file with samples from the 
1000 Genomes Project,29 the Human Genome Diversity 
Project (HGDP),30 and the Simons Genome Diversity Project 
(SGDP)31 with bcftools v.1.21 and removed variants with a 
call rate < 95% and significant deviation from Hardy- 
Weinberg Equilibrium (p ≤ 10− 8), resulting in 22.7 million 
variants in common among all three datasets. This merged 
dataset was then pruned with PLINK v.1.932 to keep variants 
that are in approximate linkage equilibrium with each other 
by removing one of each pair of variants with an r2 > 0.2 in 
500,000 base-pair windows. The pruned dataset had 
2,580,344 autosomal variants. Next, we phased the dataset 
with SHAPEIT v.5.1.1,33 using the 1000 Genomes Project29

phased VCF as a scaffold and using recombination maps 
provided by the tool authors in their GitHub repository. In 
parallel, we performed a PCA to estimate the first 10 
ancestry-related principal components using the 
SNPRelate package v.1.40.0 in R software v.4.4.1 to assess 
population structure. The dataset contained K = 6 superpo
pulations: five reference superpopulations, AFR (African), 
AMR (Indigenous American), EAS (East Asian), EUR (Euro
pean), and SAS (Central/South Asian) and our sample 
(BRAZIL_BRGP).

We estimated global ancestry proportions and per
formed local ancestry inference (LAI) through FLARE 
tool v.0.5.234 using the 1000 Genomes Project VCF as 
reference, as well as the same recombination maps used 
during the phasing step. The output consisted of a VCF 
with 709,970 variants in common with the reference 
VCF, with ancestry annotation for each allele and a text 

file with global ancestry proportions. To simplify down
stream LAI analyses, the local ancestry assigned to the 
nearest variant was also assigned to any variant not con
tained in the FLARE VCF, adapted from Browning 
et al.34 (who assigned the immediately preceding position 
rather than the absolute nearest variant). We used the 
hap-ibd program v.1.035 to detect identity-by-descent 
(IBD) segments shared by patients. The program ped-sim 
was used to simulate IBD segments in relation to kinship 
degree. We simulated 8,000 individual pairs for each de
gree between third and seventeenth with the recombina
tion map refined by Bhérer et al.36 and the crossing-over 
model by Campbell et al.37 The simulated output served 
as input for fitting a logistic regression model of kinship 
degree in relation to shared IBD segments in cM.

Consanguinity
We used DRAGEN’s roh.bed files to quantify the number 
of runs of homozygosity (NROH) with lengths ≥1 million 
base pairs (MB), the sum of all NROH lengths (SROH), and 
the frequency of ROH (FROH) across the genome of each 
sample through scripts for R software v.4.4.1. We used 
Matalonga et al.’s38 SROH thresholds to summarize evi
dence for recent consanguinity: no consanguinity, SROH 
≤ 22 MB; probable non-consanguinity, SROH > 22 MB 
and SROH < 79 MB; probable consanguinity, SROH ≥ 79 
MB and SROH ≤ 123 MB; and consanguinity, 
SROH > 123 MB.

RNA-seq
We prospectively collected RNA from all enrolled individ
uals, aiming to sequence approximately 1,000 transcrip
tomes for the RNA sequencing (RNA-seq) subproject. We 
extracted whole RNA from peripheral blood mononuclear 
cells (PBMCs). We prepared TS libraries with KAPA mRNA 
HyperPrep (Roche, Basel, Switzerland) or Stranded Total 
RNA Prep Ligation with Ribo-Zero Plus (Illumina, San 
Diego, California, USA) kits according to the manufac
turer’s instructions. RNA-seq was performed on Illumina’s 
NextSeq 6000 platform. The sequencing reads were map
ped to the reference genome (GRCh38 build) with 
DRAGEN v.3.8.4 with the following parameter values: 
COUNT_MODE = “IntersectionStrict,” STRAND = “no,” 
COUNT_OVERLAPS = true, and PAIRED_END = true.

If the GS result was inconclusive with identification of a 
variant with potential to alter splicing (e.g., synonymous 
variants or variants in a non-coding region) or was nega
tive, the evidence was reevaluated on TS.

The BAM files were processed by the DROP tool 
v.1.1.1.39 We executed all three DROP modules: 
OUTRIDER (aberrant expression),40 FRASER (aberrant 
splicing),41 and MAE (monoallelic expression). The last 
one required VCF files obtained via the GS for the same pa
tients, which were imported into DROP accordingly.

We are currently using the DROP tool39 to guide the re
assessment of negative/inconclusive reports based on 
candidate genes with aberrant expression or splicing.
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Long-read GS
We sequenced selected samples with inconclusive or 
negative reports with Oxford Nanopore Technologies’ 
(ONT) long-read technology (Oxford Science Park, Oxford 
OX4 4GA, UK).

Inclusion criteria for ONT long-read sequencing 
followed three arms. The first arm consists of a pheno
type-driven and bioinformatics-supported prioritization 
strategy focused on samples with suspected disorders asso
ciated with STR expansions, such as spinocerebellar 
ataxias, myotonic dystrophies, and RFC1-related dis
ease.42 Thus, samples with candidate phenotypes were as
sessed by ExpansionHunter,14 and those flagged as 
harboring potential repeat expansions were sent for 
orthogonal validation using ONT long-read sequencing. 
This approach was especially relevant in cases involving 
(1) large expansions exceeding the reliable sizing capacity 
of short-read data or (2) loci with complex repeat architec
ture and high GC content.

The second arm involves samples with suspected vari
ants in regions highly homologous to pseudogenes (e.g., 
IKBKG).43 The third arm contains samples with a diag
nostic hypothesis or phenotypes with specific candidate 
genes.

Therefore, we determined that samples included in any 
of the arms were good candidates for long-read 
sequencing, given long-read sequencing’s suitability for 
resolving large and complex variants, as well as alterations 
located in regions that are technically challenging to 
assess using short-read sequencing. This strategy was spe
cifically implemented to increase the overall diagnostic 
yield and enhance variant detection in cases that re
mained unsolved after short-read GS.

Briefly, we performed sequencing with the SQK-LSK114 
or Native Barcoding 24 v.14 kits. The library input was 
1 μg genomic DNA in a final volume of 48 μL per sample. 
We did not fragment the DNA to ensure long fragments. 
The ends of the DNA strands were enzymatically repaired 
so that adapter sequences (and molecular barcodes if 
needed) could be ligated with kit-specific DNA ligases 
following the manufacturer’s instructions. Clean-up steps 
were performed with the help of magnetic beads and 
80% ethanol elution steps. The prepared libraries were 
loaded into PromethION 24 flow cells. The base-calling 
process was performed using MinKNOW software 
v.23.07.12 with default settings on a PromethION A100 
processing unit, based on the electric current perturba
tions caused by DNA reads passing through the molecu
lar pores.

ClinVar submissions
We submitted selected pathogenic variants, likely path
ogenic variants, or VUSs (excluding secondary findings) 
to the ClinVar database via their submission portal us
ing the spreadsheet templates. We assessed the esti
mated local ancestry of each submission annotated 
with the “novelty” tag. The local ancestry of each 

variant was assigned the same ancestry as the closest lo
cus, since the LAI was performed with a pruned dataset. 
Next, we calculated the haplotype frequency of each lo
cus, stratified by ancestry. Our interpretations may be 
found with the submitter “Laboratorio de Genetica e Di
agnostico Molecular (Hospital Israelita Albert Einstein), 
LABO-HIAE,” ID 508506 (https://www.ncbi.nlm.nih. 
gov/clinvar/submitters/508506/).

Results

Patients
We enrolled 10,305 patients from 21 centers nationwide. 
The median age was 12 years (interquartile range [IQR] =
4–31, minimum = 0, maximum = 92), with variations 
across disease cohorts (Tables S1 and S2). Female partici
pants comprised the majority of the overall sample 
(53.4%), with the highest proportion observed in the he
reditary cancer risk syndromes cohort (86.3%) due to a 
history of breast cancer. Male participants made up 
46.6% of the sample and predominated in the largest 
cohort (neurologic disorders: 56.8%). Most individuals 
did not undergo genetic testing before enrollment. We 
searched our PhenoTips database and found that just 
15.1% (1,561/10,305) of enrolled individuals had docu
mentation of one or more prior genetic tests. The tests 
included karyotyping (1,207/10,305 = 11.7%), targeted 
gene panels (259/10,305 = 2.5%), microarrays (246/ 
10,305 = 2.4%), MLPA (240/10,305 = 2.3%), and single- 
target molecular genotyping tests, including Sanger 
sequencing (236/10,305 = 2.3%), ES (143/10,305 =

1.4%), methylation assays (25/10,305 = 0.2%), and FISH 
(15/10,305 = 0.1%).

Diagnostic yield
Among the enrolled patients, 9,448 have already received 
GS results. The overall diagnostic yield is 35.6% (3,366/ 
9,448). Inconclusive reports accounted for 32.0% (3,024/ 
9,448), while negative reports constituted 32.4% (3,058/ 
9,448). The diagnostic yield varied according to disorder 
cohorts, ranging from 20.4% in the immunologic disor
ders (280/1,373) cohort to 73.4% in the dermatologic dis
orders cohort (91/124). Among critically ill patients, the 
diagnostic yield was 32.9% (72/219). Table 1 displays the 
number of enrolled patients and their respective diag
nostic yields.

The overall diagnostic yield presented here includes 
cases resolved with the aid of RNA-seq and long-read GS, 
as these methods complemented the evidence provided 
by the primary GS test in a small proportion of cases 
(see transcriptomics: preliminary findings and long-read 
sequencing: preliminary findings).

Reported variants and phenotypes
The most common monogenic phenotype among indi
viduals with positive results in each cohort is shown in 
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Table 2. The most prevalent phenotypes associated with 
structural chromosomal abnormalities were 22q11.2 dele
tion syndrome (1.4%, 48/3,366), 16p11.2 deletion syn
drome (0.42%, 14/3,366), 22q11.2 duplication syndrome 
(0.39%, 13/3,366), 15q11.2–q13.1 deletion (Prader-Willi 
syndrome/Angelman syndrome; 0.36%, 12/3,366), and 
7q11.23 deletion (Williams-Beuren syndrome; 0.30%, 
10/3,366). We also detected 17 cases of chromosome an
euploidies (three cases of Klinefelter syndrome, three cases 
of XYY syndrome, two cases of Turner syndrome, two 
cases of X trisomy, two cases of mosaic trisomy 9, two 
cases of trisomy 18, one case of trisomy 13, one case of 
mosaic trisomy 14, and one case of trisomy 21), and two 
cases of segmental loss of heterozygosity (one case of 
Prader-Willi syndrome and one case of Silver-Russell 
syndrome).

We submitted variant interpretations (excluding sec
ondary findings) to the ClinVar database. The submissions 
included a total of 3,201 interpretations: 592 (18.5%) 
pathogenic variants, 739 (23.1%) likely pathogenic vari
ants, and 1,870 (58.4%) VUSs. Not all reported variants 
have been uploaded to ClinVar yet, as we periodically 

curate and prepare these submissions in batches. The up
loaded interpretations were distributed across 1,352 
unique genes, which are associated with diseases exhibit
ing the following modes of inheritance: AR, 38.2%; auto
somal dominant (AD), 37.4%; AD and AR, 15.4%; 
X-linked (XL), 8.2%; and other modes of inheri
tance, 0.8%.

GS-exclusive diagnoses
Among the 3,366 individuals with positive reports, GS 
yielded exclusive diagnoses for 155 (4.6%) by providing 
information regarding variants less likely to be detected 
by other methodologies, such as ES.

The advantage of GS varied according to disorder co
horts, ranging from 1.6% in the connective tissue disor
ders cohort to 13.6% in the neuromuscular disorders 
cohort. The critically ill cohort accounted for 1.4% of 
GS-exclusive diagnoses. Table 1 also summarizes the pro
portion of GS-exclusive diagnoses per cohort.

Upon analyzing the 586 positive reports involving 
CNVs/SVs, we observed a notable proportion of short 
CNVs/SVs (those encompassing fewer than three exons): 

Table 1. Enrollment, diagnostic yield, and proportion of GS-exclusive reports across cohorts evaluated in the Brazilian Rare Genomes 
Project

Disorder cohort Enrolled, n
Proportion of total sample size, 
%

Diagnostic yield, % (positive 
reports/all reports)

GS-exclusive reports, % (GS- 
exclusive/positive reports)

Neurologic disorders 3,561 34.56 37.1 (1,171/3,160) 6.9 (81/1,171)

Neuromuscular disorders 305 2.96 32.8 (88/268) 13.6 (12/88)

Neurocutaneous disorders 155 1.5 70.9 (105/148) 2.9 (3/105)

Inborn errors of metabolism 416 4.04 45.4 (183/394) 4.9 (9/183)

Skeletal disorders 398 3.86 57.8 (207/358) 2.4 (5/207)

Hereditary cancer risk 
syndromes

1,720 16.69 25 (424/1,667) 2.4 (10/424)

Clinically recognizable 
genetic syndromes

633 6.14 50.3 (298/592) 3.4 (10/298)

Endocrine disorders 332 3.22 35.7 (109/305) 3.7 (4/109)

Connective tissue disorders 163 1.58 41.5 (63/147) 1.6 (1/63)

Immunologic disorders 1,484 14.4 20.4 (280/1,373) 2.9 (8/280)

Ophthalmologic disorders 184 1.79 48.5 (79/163) 5.1 (4/79)

Hearing or ear disorders 45 0.44 48.8 (21/43) 9.5 (2/21)

Renal and urinary tract 
disorders

142 1.38 46.5 (53/114) 0.0 (0/53)

Dermatologic disorders 133 1.29 73.4 (91/124) 2.2 (2/91)

Hematologic disorders 132 1.28 37.5 (46/120) 4.3 (2/46)

Cardiological disorders 110 1.07 29.2 (29/96) 0.0 (0/29)

Pulmonary disorders 61 0.59 40.7 (24/59) 0.0 (0/24)

Gastrointestinal disorders 107 1.04 23.2 (22/95) 9.1 (2/22)

Vascular disorders 5 0.05 33.3 (1/3) 0.0 (0/1)

Critically ill patients 219 2.13 32.4 (72/219) 1.4 (1/72)

Overall 10,305 100 35.6 (3,366/9,448) 4.6 (155/3,366)
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14.5% (85/586). Among these, 22.3% (19/85) were located 
on the X chromosome, contributing to a modest increase 
in the diagnostic yield of XL neurodevelopmental disor
ders (e.g., AFF2 and ZC4H2), immunodeficiencies (e.g., 
BTK and XIAP), and inborn errors of metabolism 
(e.g., IDS).

Our GS protocol provided positive reports involving 
STR expansions for 54 patients, mainly associated with 
neurological conditions (50 cases, 92.6%), except for 
HOXA13 and HOXD13 (two cases each). Genes with the 
most detected STR expansion variants detected included 
the following: FMR1, 14 cases; ATXN8OS, eight cases; 
ATXN1, ATXN3, DMPK, and HTT, three cases each; ARX, 
FGF14, FXN, and PABPN1, two cases each; and ATN1, 
ATXN2, C9orf72, CNBP, JPH3, PHOX2B, PPP2R2B, and 
RFC1, one case each. STR expansion cases accounted for 
1.6% of all positive cases.

Additionally, 10 probands received a positive report due 
to rare mitochondrial CNVs/SVs in the mitochondrial 
genome. GS provided very high mitochondrial read 
coverage, with a median coverage of 3,875× (IQR =
3,062.2×–4,785.8×, minimum = 1,118.8×, maximum =
12,934.5×), facilitating the identification of these SVs.

The remaining six patients had SNVs and small indels in 
deep intronic regions. Table 3 displays the reported 
events, stratified by variant type.

Regarding the 136 enrolled individuals with prior 
inconclusive/negative ES testing, 109 had their genomes 
analyzed. We observed that GS provided a conclusive 
diagnosis for 11.0% (12/109) of them, from the following 
cohorts: neurologic disorders (7/74, 9.5%), inborn errors 
of metabolism (3/10, 30.0%), immunologic disorders (1/ 
6, 16.7%), and clinically recognizable genetic syndromes 
(1/2, 50.0%). In three of the affected individuals (3/109, 

Table 2. Most prevalent monogenic conditions per disorder cohort in the Brazilian Rare Genomes Project

Disorder cohort Gene OMIM gene ID Phenotype Mode of inheritance
Prevalence, % (gene reports/ 
positive reports)

Neurologic disorders ANKRD11 611192 KBG syndrome AD 1.9 (22/1,171)

Neuromuscular disorders LAMA2 156225 LAMA2-related muscular 
dystrophy

AR 4.5 (4/88)

Neurocutaneous disorders NF1 613113 neurofibromatosis type 1 AD 62.9 (66/105)

Inborn errors of metabolism CBS 236200 homocystinuria B6- 
responsive and 
nonresponsive types

AR 3.8 (7/183)

Skeletal disorders COL1A2 120160 COL1A2-osteogenesis 
imperfecta related

AD 14.5 (30/207)

Hereditary cancer risk 
syndromes

BRCA1 113705 BRCA1-associated hereditary 
breast and ovarian cancer

AD 28.1 (119/424)

Clinically recognizable 
genetic syndromes

PTPN11 176876 PTPN11-related RASopathy AD 7.0 (21/298)

Endocrine disorders WFS1 606201 WFS1-related disorder AR/AD 6.4 (7/109)

Connective tissue disorders FBN1 134797 Marfan syndrome AD 38.1 (24/63)

Immunologic disorders BTK 300300 agammaglobulinemia 
X-linked type 1

XL 6.8 (19/280)

Ophthalmologic disorders CYP1B1 601771 CYP1B1-ophthalmological 
related disorder

AR 13.9 (11/79)

Hearing or ear disorders GJB2 220290 deafness autosomal recessive 
type 1A

AR 14.3 (3/21)

Renal and urinary tract 
disorders

COL4A5 303630 Alport syndrome X-linked 
type 1

XL 18.9 (10/53)

Dermatologic disorders COL7A1 120120 epidermolysis bullosa AR 47.3 (43/91)

Hematologic disorders ELANE 130130 ELANE-neutropenia related AD 6.5 (3/46)

Cardiological disorders KCNH2 152427 long QT syndrome type 2 AD 6.9 (2/29)

Pulmonary disorders CCDC39 613798 primary ciliary dyskinesia 
type 14

AR 16.7 (4/24)

Gastrointestinal disorders CFTR 602421 cystic fibrosis AR 9.1 (2/22)

Vascular disorders RASA1 139150 capillary malformation- 
arteriovenous malformation 
type 1

AD 100.0 (1/1)

Critically ill patients COL2A1 120140 COL2A1-related disorder AD 4.2 (3/72)
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2.8%), the probable reason for ES failure was identifiable: 
two had small CNVs/SVs spanning fewer than three exons 
(WWOX and CEP120) and one had an intronic variant in 
F12. The basis for the prior negative ES results in the re
maining affected individuals could not be ascertained, as 
those analyses had been conducted by external labora
tories, and detailed methodological information was 
unavailable.

Ancestry
We observed a remarkable variation regarding ancestry 
backgrounds in our sample, as expected. Individuals had 
a significant proportion of EUR background (median =
60%, IQR = 48.5%–71.8%), followed by AFR contribution 
(median = 23.4%, IQR = 12.6%–35.9%).

The PCA results confirm the admixture. The Brazilian 
samples do not tightly cluster around the reference sam
ples; instead, they behave like a gradient (Figure 1A). 
Most samples cluster around EUR, AFR, and AMR samples, 
with a few outliers clustering around EAS samples.

We observed slight variations according to Brazilian 
states, reflecting unique regional demographic histories. 
For example, Northeastern states have higher AFR contri
bution than Southern states (Figures 1B–1D).

Local ancestry
Local ancestry and IBD
To illustrate the utility of integrating IBD analysis and LAI, 
we report the investigation of a COL7A1 pathogenic 
variant associated with a cluster of AR epidermolysis bul
losa dystrophica in the state of Bahia, Northeast Brazil.

The variant in question, c.5047C>T (GenBank: NM_ 
000094.4) (p.Arg1683Ter), was found in 13 unrelated indi
viduals recruited by the same center in Bahia and was 
found in 10 heterozygous individuals with EUR back
ground in the gnomAD database44 (variant ID 

3-48580586-G-A). Therefore, we hypothesized that it 
had a common origin and remained in the population 
via the founder effect.

We observed that all 13 homozygous individuals 
shared IBD regions around the consensus interval 
chr3:3516233–114543403, which overlaps the variant lo
cus (chr3:48580586). Furthermore, all 26 haplotypes were 
assigned EUR local ancestry. The median IBD segment 
length shared between them was 37.7 cM (n = 13 pairs, 
IQR = 20.7–55.2, minimum = 6.5, maximum = 79.2). In 
contrast, samples without the COL7A1 variant shared 
shorter IBD segments (n = 1,176 pairs, median = 6.4 cM, 
IQR = 3.6–11.6, minimum = 2.0, maximum = 81.6, 
adjusted Kruskal-Wallis test p < 0.0001). According to 
the results of the ped-sim simulation, these observations 
are consistent with a third- or fourth-degree relationship. 
Therefore, the results seem to support the hypothesis that 
the variant is embedded in a EUR ancestry segment and, 
perhaps, spread among the gene pool of Bahia popula
tions following population bottlenecks and/or random 
genetic drift.
Local ancestry of ClinVar alleles
We successfully estimated local ancestry for 1,346 of 3,201 
(42.0%) loci submitted to the ClinVar database. Most of 
these loci (961/1,346) contained singleton variants (de
tected in a single individual in the BRGP dataset). When 
evaluating the ancestry assigned to each locus, we 
observed that overall, the local inference mirrored the 
global estimates: the EUR component dominated, being 
assigned 61.5% (IQR = 61%–62.1%) of the times across 
all haplotypes, followed by AFR (median 25.8%, IQR =
25.3%–26.2%) and AMR (median 11.8%, IQR = 11.4%– 
12.2%). The singleton loci did not statistically differ 
from the overall trend (Wilcoxon-Mann-Whitney test p 
values: EUR = 0.7, AFR = 0.52, and AMR = 0.59).

Consanguinity
The median SROH in the BRGP sample was relatively 
low (6.3 MB, IQR = 3.3–11.8 MB), meaning that only a 
relevant minority of patients presented strong 
evidence of recent consanguinity, with few patients pre
senting extreme SROH values. In fact, according to 
Matalonga et al.’s38 SROH thresholds, just 193 (2.0%) in
dividuals were probably consanguineous, and 670 
(7.1%) were consanguineous. Thus, at most 9.1% of indi
viduals from our sample present evidence of recent 
consanguinity.

Transcriptomics: Preliminary findings
We sequenced 1,026 transcriptomes. Currently, 48 of 
them have been analyzed. The DROP tool results aided 
the reinterpretation of five reports following the upgrade 
of their ACMG classification criteria, in light of evidence 
from the detection of aberrant expression or visualization 
of aberrant splicing events. They represent 0.1% (5/3,366) 
of all positive cases. Table S3 presents a summary of cases 
solved with the help of RNA-seq analysis.

Table 3. Events in positive reports, stratified if they are GS- 
exclusive findings and variant type

Variant type

GS-exclusive finding?

No, n (% of total) Yes, n (% of total)

SNV 1,977 (54.39) 2 (0.06)

Small indel 955 (26.27) 4 (0.11)

CNV/SV 492 (13.54) 85 (2.34)

SNV (mitochondrial) 30 (0.83) 0 (0.00)

Chromosome aneuploidy 17 (0.47) 0 (0.00)

Small indel (mitochondrial) 7 (0.19) 0 (0.00)

Segmental loss of heterozygosity 
(LOH)a

2 (0.06) 0 (0.00)

CNV/SV (mitochondrial) 0 (0.00) 10 (0.28)

STR expansion 0 (0.00) 54 (1.49)

All variants 3,480 (95.74) 155 (4.26)

aFindings suggestive of uniparental disomy, confirmed by complementary 
testing.
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Long-read sequencing: Preliminary findings
We resequenced 294 genomes from selected patients with 
inconclusive/negative reports through the ONT long-read 
platform. Currently, 136 of them (belonging to the first 
and second arms mentioned earlier) have been analyzed, 
and 32 (23.5%) were solved with the help of long-read 
sequencing. The majority involved 23 cases of STR vari
ants that were better visualized with long-read data, fol
lowed by seven cases of 11.7 kbp pathogenic deletions be
tween exons 4 and 10 of the IKBKG gene, which has 
homology to a pseudogene, leading to ambiguity in 
short-read analysis. The remaining two cases were a likely 
pathogenic homozygous 2.5 kbp tandem duplication of 
exons 4 and 5 of the PPT1 gene in a patient with neuronal 

ceroid lipofuscinosis type 1 (MIM: 256730) and an indi
vidual harboring a deletion within filaggrin (FLG)—a 
gene that contains a highly polymorphic region with large 
tandem repeats. The 32 new reports amounted to 1.0% of 
all positive reports. Table S4 summarizes the results ob
tained through long-read GS, and Figures S5–S8 illustrate 
the read alignments of selected events.

Discussion

The BRGP is currently the largest initiative in Brazil 
focused on diagnosing rare diseases and hereditary cancer 
risk syndromes. With over 9,400 reports released, the 

Figure 1. Ancestry analysis of BRGP individuals 
(A) Principal-component analysis (PCA) plot with reference populations from the 1000 Genomes Project,29 the Human Genome Di
versity Project (HGDP),30 and the Simons Genome Diversity Project (SGDP)31 representing the ancestry backgrounds in the individuals 
recruited by the Brazilian Rare Genomes Project (BRGP). PC, principal component. The PCA was performed with approximately 2.5 
million bi-allelic autosomal variants. 
(B–D) Mean proportions of (B) European, (C) African, and (D) Indigenous American ancestry stratified by the patients’ Brazilian state of origin.
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project assists individuals and their families across the 
country in understanding their genetic conditions.

Approximately 85% of enrolled patients have not un
dergone prior genetic testing, unlike the participants in 
Genomic England’s 100,000 Genomes Project,45 where 
many patients had previous ES or other tests before GS. 
The BRGP observed a diagnostic yield of 35.6%, broadly 
consistent with other large-scale GS studies. Genomics En
gland, for instance, reported a yield of 33% among pa
tients without prior testing.

However, despite similar aggregate yields, we observed 
marked differences at the cohort level. Interestingly, 
perhaps due to differences in genetic background, the 
phenotypic profile of our recruited individuals seems to 
be remarkably different from that of Genomic England’s 
100,000 Genomes. Dermatologic disorders, for example, 
reached a diagnostic yield of 73.4% in our study, 
compared with approximately 10% in Genomics England. 
Three factors likely account for this disparity. First, the se
lection of diseases evaluated in our cohort features charac
teristic, clinically recognizable phenotypes and well-estab
lished molecular monogenic bases: hereditary ichthyoses, 
ectodermal dysplasias, epidermolysis bullosa, and inconti
nentia pigmenti, whereas they diagnosed a diverse set of 
diseases, including ones with possibly multigenic causes 
(e.g., erythropoietic protoporphyria and erythrokerato
dermas45). Second, COL7A1 pathogenic or likely patho
genic variants comprised 47.3% (43/91) of positive cases 
in this cohort, driven by a geographically concentrated 
cluster of epidermolysis bullosa in Bahia. Third, prior 
testing was rare in the BRGP sample and exceptionally 
rare in this group, meaning that GS captured cases that 
would typically have been resolved by standard first-tier 
testing. Therefore, the combination of selection bias for 
conditions, geographic clustering, and the lack of prior 
testing (which meant our study captured cases that would 
normally have been resolved by standard tier-one testing) 
likely inflated our observed yield.

We observed that GS captured variants that were 
missed by ES in 2.8% of individuals with previously 
inconclusive or negative ES reports. Other studies have 
reported GS yields of 7.0%,46 14.5%,47 16.3%,48 and 
42%49 among ES-tested patients. These figures are higher 
than our estimate, most likely attributable to our small 
sample size of previously tested patients, given the gener
ally low rate of prior genetic testing. Nevertheless, our 
findings further reinforce the superior sensitivity of GS 
over ES.

A meta-analysis of 37 studies involving more than 
20,000 children who underwent GS suggested an 
overall diagnostic yield of 41% (95% confidence interval 
[CI] = 34%–48%),50 while other studies found yields as 
high as 68.3%,51 depending on the population and disor
der cohort.

The 100,000 Genomes Project indicated that 14% of di
agnostics represented additional gains by GS compared to 
other diagnostic tests, as GS may capture variants that are 

usually undetectable by ES. Indeed, some previously nega
tive or inconclusive ES cases in this cohort were solved by 
GS. A study of primary immunodeficiency patients identi
fied 69 variants, including eight SVs not covered by ES.52

The Broad Center for Mendelian Genomics reported that 
8.2% of their findings involved variants ascertainable 
only through GS.53 We obtained an overall estimate of 
4.6%, which was driven by the following variant types 
in order of their contribution: short CNVs/SVs, STR ex
pansions, mitochondrial SVs, and deep intronic variants. 
Although STR expansions can be detected through ES, pre
vious studies54–57 demonstrate that the performance of 
STR detection is variable and dependent on factors such 
as capture kit design, insert size, and genomic context, 
with some loci exhibiting very low genotyping rates or 
even a complete lack of coverage. Furthermore, the ability 
to detect these expansions may be compromised in GC- 
rich regions. In contrast, GS provides more uniform 
coverage across coding and non-coding regions, enabling 
the comprehensive and reliable detection of STR expan
sions. Therefore, while exome-based approaches may 
contribute to the identification of repeat expansion disor
ders, GS remains the superior strategy for their systematic 
detection and for maximizing diagnostic yield.

Two approaches can be used to identify the cohorts that 
benefited the most from GS. The first approach relies 
on the overall diagnostic yield, while the second evaluates 
the absolute number of GS-exclusive diagnoses among the 
positive reports. Although the dermatologic disorders and 
neurocutaneous disorders cohorts exhibited the highest 
diagnostic yields, their smaller sample sizes and low 
genetic diversity (most cases were driven by COL7A1 and 
NF1 variants, respectively) likely resulted in inflated esti
mates. Furthermore, the skeletal disorders and clinically 
recognizable genetic syndromes cohorts demonstrated 
high diagnostic yields because their inclusion criteria 
likely favored the recruitment of individuals with pheno
types highly suggestive of the targeted conditions. 
Regarding the second approach, the neurologic disorders 
cohort yielded the highest absolute number of GS-exclu
sive findings, significantly exceeding all other cohorts. 
This high diagnostic success was driven by STR expansions 
and short CNVs/SVs, including XL conditions, which also 
explains the observed overrepresentation of male individ
uals in this group.

We have implemented a priority GS processing work
flow to expedite reporting for critically ill neonates in 
NICUs/PICUs, with a diagnostic yield of 32.4%, reflecting 
international settings that range between 21% and 
46%.58–61

Our efforts contribute to the scientific community by 
depositing over 3,200 interpretations in ClinVar, 
providing data for clinical interpretations globally. This 
aligns with current movements to increase representa
tion from diverse populations in genomic databases.62,63

Most samples cluster around the EUR, AFR, and AMR 
samples, with a few outliers clustering around the EAS 
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samples, possibly due to recent Asian ancestry, compat
ible with Asian migration influx from the early 20th cen
tury. The global ancestry estimates varied across Brazil
ian regions. The same phenomenon was observed 
by Nunes et al.28 in their analyses. In fact, our 
analyses closely resemble their results. Despite our 
global and local ancestry analysis differing from theirs, 
the similar results showed that ours was robust and 
captured the same ancestry signal that makes up Brazil
ian genomes.

LAI in admixed populations such as ours may help 
explain the clustering of rare disease cases within specific 
geographical regions, such as the epidermolysis bullosa 
(MIM: 226600) cases from Bahia driven by a recurrent 
COL7A1 pathogenic variant.

To reassess inconclusive or negative reports, we evalu
ated TS data from over 1,000 patients and long-read 
sequencing data from over 200 patients. Previous studies 
indicate RNA-seq-based diagnostic yields between 3%64

and 16%.65 Long-read sequencing has been successfully 
used for the diagnosis of diseases complicated by pseudo
genes, such as incontinentia pigmenti, which were missed 
by conventional testing.66 We provided diagnoses for 
seven patients with a common deletion in the IKBKG 
gene. We also provided diagnoses for over 20 patients 
with complex CNV/SV events or STR expansions that 
were inconclusive during short-read analyses. Therefore, 
long-read sequencing can complement the results from 
short-read sequencing. In our experience, it represents 
1.0% of all positive reports, a small but welcome 
contribution.

It is possible that some individuals in our sample carry 
multiple distinct monogenic diseases simultaneously; 
however, this complex matter is beyond the scope of the 
present study and warrants further investigation in future 
studies.

In conclusion, the BRGP showcases that GS is an essen
tial tool for diagnosing rare diseases and hereditary cancer 
risk syndromes. GS improves diagnostic yield by capturing 
variants missed by traditional tests. TS identifies aberrant 
expression and splicing events, aiding in the reinterpreta
tion of existing reports. This method has resolved a few 
cases of patients with specific genomic findings. Together, 
GS and TS enhance diagnostic accuracy, uncover genetic 
conditions, and support research and clinical practice. 
Moreover, long-read sequencing can complement the lim
itations of short-read sequencing, offering a modest in
crease in diagnostic yield.

Data code and availability

The raw data supporting the findings of this study cannot 
be publicly shared due to legal restrictions. These data 
may become available at a future date, pending future res
olutions by the Brazilian Ministry of Health. Interpreta
tions of pathogenic and likely pathogenic variants are peri

odically submitted to the ClinVar database under 
the submitter Laboratorio de Genetica e Diagnostico Mo
lecular (Hospital Israelita Albert Einstein), LABO-HIAE, ID 
508506 (https://www.ncbi.nlm.nih.gov/clinvar/submitters/ 
508506/).
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