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The rich ethnolinguistic and sociocultural 
differences that exist in India offers a unique 
opportunity to study human diversity. With 
the whole genomes of 10,000 healthy and 
unrelated Indians from 83 populations, the 
GenomeIndia project captures the genetic 
diversity of one of the highly underrepresented 
populations in the global genomics landscape.

India, the most populous nation in the world with 1.44 billion people 
from over 4,600 distinct endogamous groups, represents an invaluable 
source of ethnolinguistic, sociocultural and genetic diversity. Decipher-
ing the genetic makeup of human populations helps in understand-
ing their ancestry, evolutionary history, admixture patterns, disease 
susceptibility and drug response. To this end, world over, genomics 
consortia have been established. Nevertheless, the global genomic 
landscape is predominantly Euro-centric1; although some projects 
have documented worldwide genetic diversity by discovering DNA 
sequence variation in several human populations, for example the 1000 
Genomes project2, followed by others across the world, recent inclu-
sions being at biobank scale3–7. Unfortunately, India has been severely 
underrepresented in these global studies. To address this lacuna, a few 
studies have been initiated to understand the human genetic diversity 
of Asia (GenomeAsia)8 and India (IndiGen and LASI-DAD)9,10.

India experienced several waves of migration11,12 with evidence of 
population expansion during the Paleolithic and Neolithic periods. The 
demographic history of India is also unique, with exposure to different 
environments and widespread admixture, followed by formation of 
numerous endogamous groups13. Many of the contemporary Indian 
populations have originated from a few founding groups and have 
maintained distinct identities through centuries of endogamy. These 

endogamous groups13,14, apart from sharing genetic similarities, pos-
sess unique variations, including distinct disease-causing mutations 
with amplified frequencies within specific groups.

Overview of the project
In light of the above, the GenomeIndia national consortium was con-
stituted in late 2017, comprising 20 institutions, with the Centre for 
Brain Research (CBR) at the Indian Institute of Science in Bangalore 
as the coordinating center. The GenomeIndia project was launched 
in January 2020, with funding from the Department of Biotechnology, 
Ministry of Science and Technology, Government of India.

The GenomeIndia Project is the largest, as well as the most com-
prehensive and well-designed study of India’s genetic diversity. Com-
pared with previous studies, the sampling strategy of GenomeIndia is 
extensive, nuanced and balanced, with respect to ethnic, socio-cultural, 
geographic, biogeographic and linguistic diversity of India. An empha-
sis on isolated populations from all corners of the country provided a 
robust representation of India’s genetic landscape. Blood samples and 
associated phenotype data were collected from over 20,000 individu-
als, representing 83 population groups. These comprised 30 tribal and 
53 non-tribal populations spread across India (Fig. 1). The tribal popula-
tions tend to be smaller groups (<1 million), some of which are isolated 
and restricted to certain geographical regions. Our sampling strategy 
was engineered at balancing between sampling from many populations 
and comprehensive sampling from fewer populations, yet with appro-
priate representation of population diversity. With approximately 100 
samples per group, we aimed to estimate relatively rare alleles (at least 
1% minor allele frequencies, MAFs), which are important to understand 
complex diseases. We focused on genetic diversity by sampling unre-
lated individuals, limiting the inclusion of first- and second-degree 
relatives, and emphasized trios (parent–child pairs), thereby ensuring 
accurate estimation of allele frequencies across groups. In addition, 
samples are available in the established biobank along with blood 
biochemistry, and anthropological, and socio-economic data for each 
participant, setting it apart from earlier studies. The objective was to 
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chosen for WGS (Fig. 2a). In total, DNA samples from 10,074 individuals 
were subjected to WGS. The four primary sequencing centers (CBR, 
CSIR-CCMB, CSIR-IGIB and BRIC-NIBMG) and one satellite sequencing 
center (GBRC) performed WGS, following uniform protocols in bench-
marking and analysis, to ensure consistency and reliability. Subsequent 
quality checks were performed at the four primary sequencing centers 
(Fig. 2c). Variant quality was benchmarked with Genome in a Bottle 
(GIAB) samples, showing recall above 0.97, precision above 0.99, and an 
F1 score above 0.98 for single nucleotide variants (SNVs) and insertions 
and deletions (indels) for all sequencing centers. Five DNA samples, 
comprising one trio and two unrelated samples from the same popula-
tion group, were sequenced and analyzed in a pairwise manner between 
two institutes. This process was repeated cyclically and cross-validated 
across four primary sequencing centers and achieved precision and 
recall of 0.99 and 0.97, respectively. The high concordance of genotype 
calls examined across sequencing centers suggests negligible batch 
effects. As the sequencing was conducted in five different centers, to 
eliminate any remaining possible batch effects, despite the above pre-
cautionary measures, we used additional tests on individual gVCF files 
before they were considered for joint genotyping (Fig. 2c). Our current 
genetic variant call-set is derived from 9,772 individuals — 4,696 male 
participants and 5,076 female participants.

Data handling and processing
To fasttrack a project of this magnitude, we distributed uniform proto-
cols for raw data quality control, alignment and variant calling across 
the four primary sequencing centers (Fig. 1). In a first for the nation, 
each of these centers processed approximately 2,500 samples (total-
ing over 1 petabyte of raw data per center) from fastq to single-sample 
gVCF. Overall, this process consumed upwards of 0.7 million CPU hours 
and 4.5 petabytes of storage at the centers. These data are housed at a 
dedicated server at the Indian Biological Data Centre (IBDC), Regional 
Centre for Biotechnology (RCB), Faridabad, India.

Preliminary findings after joint genotyping
The total number of raw genetic variants obtained were approximately 
180 million, comprising biallelic SNVs and short indels, constituting 
biallelic singletons, doubletons and a small proportion of multi-allelic 
variants over autosomes, sex chromosomes and mitochondrial 
genome. After another round of quality checks for variants and geno-
types at the sample level, after joint genotyping, 9,772 samples were 
retained for further consideration. This resulted in around 130 million 
autosomal variants. Excluding singletons and doubletons, as expected, 
most variants (65%) are ultra-rare, with a MAF of less than 0.1% in the 
overall population. Together, the identified genetic variants decode 
extensive genetic diversity that has been hitherto uncaptured in the 
Indian population.

create a compendium of genomic variations, with regard to common 
and rare variants to gain insights into the genetic diversity, draw phar-
macogenetic inferences, and construct a reference haplotype panel to 
facilitate imputation and therefore genotype–phenotype association 
studies for the Indian population.

Enrolment of subjects and sample collection
The GenomeIndia consortium followed the Helsinki Declaration for 
research protocols, sample collection, and ethical conduct, which 
was adapted across all the sampling centers (Fig. 1) and approved by 
their respective institutional human ethics committees. The spread 
of the language families in India overlaps with geography, and lan-
guage is also an established proxy for genetic diversity in the Indian 
population12,13. We thus ensured that the four large major language fami-
lies of Indo-European, Dravidian, Austro-Asiatic and Tibeto-Burman are 
appropriately represented in our sampling (Fig. 1), while accounting 
for the size of these ethnolinguistic groups. Moreover, within a broad 
geographic region, we sampled populations that belong to the distinct 
bio-geographies. To ensure that we do not miss out on the large array 
of rare variants in each population group, we sequenced a median of 
159 unrelated individuals from each non-tribal group and 75 from each 
tribal group. We also included 3–6 trios in each group, for haplotype 
phasing and imputation, inference of de novo variations, and to assess 
the quality of called variants.

A total of 20,459 self-declared healthy adults (>18 years) without 
any diagnosed monogenic diseases or chromosomal abnormalities 
consented to participate in the study (Fig. 2a). Informed written consent, 
in English and/or their native language, was obtained from all partici-
pants. The consenting individuals underwent detailed anthropometric 
assessments, such as height, weight, hip circumference, waist circum-
ference and blood pressure, after assigning 12-digit IDs as part of the 
de-identification process. Blood samples (10 ml each) were collected 
from these individuals belonging to 83 populations, which inhabit over 
100 distinct geographical locations (Fig. 1). Aliquots of samples were 
subjected to complete blood counts, as well as biochemical investiga-
tions that encompass glucose measures, lipid profiles, and liver and 
kidney function tests (Fig. 2b). This repository of samples with associ-
ated biomedical information distinguishes GenomeIndia from other 
population-scale projects. An important feature of this project is thus 
the biobank of over 20,000 samples that are available for future research.

Genotyping and WGS
Initially, 13,242 samples were genotyped on genome-wide SNP array to 
identify the subset used for whole-genome sequencing (WGS), primarily 
by checking for relatedness within a specific population. To maximize 
diversity, in addition to the selected trios, individuals in a popula-
tion group who are unrelated to each other beyond first cousins were 

Fig. 1 | Participating centers and populations sampled in the GenomeIndia 
project. The background colors of the map represent the distribution of the 
four major language families. Locations, language families and social groups 
associated with the samples collected are depicted on the map. Map source: 
https://surveyofindia.gov.in/pages/downloads, downloaded in December 2024. 
Twenty participating institutes across the nation, along with their responsibilities 
highlighted by a color code, are as follows. AIIMS-J, All India Institute of Medical 
Sciences, Jodhpur; BRIC-CDFD, Centre for DNA Fingerprinting and Diagnostics; 
BRIC-IBSD, Institute of Bioresources and Sustainable Development; BRIC-
ILS, Institute of Life Sciences; BRIC-NIBMG, National Institute of Biomedical 
Genomics; BRIC-RGCB, Rajiv Gandhi Centre for Biotechnology; CBR, Centre 

for Brain Research (coordinating center); CSIR-CCMB, Centre for Cellular and 
Molecular Biology; CSIR-IGIB, Institute of Genomics and Integrative Biology; 
GBRC, Gujarat Biotechnology Research Centre (A Satellite Sequencing Centre); 
IISER-Pune, Indian Institute of Science Education and Research, Pune; IIITA, 
Indian Institute of Information Technology, Allahabad; IISc, Indian Institute 
of Science; IITD, Indian Institute of Technology, Delhi; IITJ, Indian Institute 
of Technology, Jodhpur; IITM, Indian Institute of Technology, Madras; MZU, 
Mizoram University; NCBS, National Centre for Biological Sciences; NIMHANS, 
National Institute of Mental Health and Neurosciences; SKIMS, Sher-i-Kashmir 
Institute of Medical Science.
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The future ahead
Capacity-building and sharing digital public data. The successful 
execution of the GenomeIndia project has helped us to develop a robust 
ethical and legal framework to collect and govern the use of genomic 
data. A highlight of this project is the creation of digital public data, 
which will be available at IBDC and accessible for approved research in 
the foreseeable future. Similarly, the biobank containing over 20,000 

samples will be a rich resource for multidisciplinary research. The 
project witnessed a synergy among 20 institutions with rigorous and 
uniform practices for consent, sampling, large-scale data generation 
and analysis. The capacity built in informatics infrastructure has pro-
vided a sustainable strategy that can form the basis for future genom-
ics consortia in India, and contribute to South Asian specific genetic 
variations in global databases.
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Fig. 2 | Sample processing workflow and quality checks. a, Volunteer recruitment, 
sample collection and processing workflow in the GenomeIndia project.  
b, Phenotype data collected from participants in the GenomeIndia project. Details 
included anthropometry, and various blood tests to study their hematological 
parameters, glucose and lipid metabolism markers, kidney and liver function 
indices. BP, blood pressure; DLC, differential leukocyte count; SGOT, serum 
glutamic oxaloacetic transaminase; SGPT, serum glutamic pyruvic transaminase. 

c, Quality checks (QCs) undertaken to ensure uniformity and reliability across 
the sequencing centers. Top, four (GIAB) cell lines were sequenced at each center 
and compared with the Genome in a Bottle (GIAB) truth set provided by National 
Institute of Standards and Technology (NIST). Bottom, five DNA samples (1 trio, 2 
unrelated) from a randomly chosen population group were selected and sent to 
another sequencing center in a cyclical manner. The variants for each of these five 
samples were compared for concordance. Pr, precision; re, recall.
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Identifying genetic diversity and uniqueness in Indian context. A 
direct outcome of the GenomeIndia data is decoding extensive genetic 
diversity from Indian populations that has been uncaptured until 
now. However, these data will also propel several ongoing and future 
compelling research questions and hypotheses. These questions 
include understanding the contribution of genetic variations to drug 
metabolism and modulation of drug responses, delving into patterns 
of natural selection that act on the genes and regulatory regions of the 
genome, as well as deciphering the unique regions of tandem repeats 
and transposable elements in the Indian population. The identified 
variants will enable us to create a larger set of benign innocuous vari-
ants that can be eliminated from candidate variant lists in clinical cases. 
Models that assess polygenic score (PGS) — an estimate of individual 
level genetic risk for susceptibility to a disease based on their genetic 
makeup — currently rely on allele frequencies of Euro-centric data and 
hence suffer from accuracy and portability issues in Indian population. 
The population-specific linkage disequilibrium structure unraveled by 
GenomeIndia data will enable training of better PGS models applicable 
to Indians, and perhaps South Asians in general. Overall, such research, 
which is being addressed by several working groups, will help to deepen 
our understanding of the genetic basis of different diseases. This will 
help to address health disparities that arise owing to a combination of 
sociocultural and environmental variations in various Indian popula-
tion groups. Analysis towards these goals is ongoing, and we are actively 
preparing a detailed manuscript based on the results obtained so far 
and further insights anticipated in the near future.

Genome-wide arrays for South Asian ancestry. Our preliminary 
data indicate that imputing genotypes from Indian or South Asian 
ancestry, leveraging the reference haplotype panel constructed with 
rare and common variants obtained from GenomeIndia, will yield 
higher imputation power and accuracy, as well as allelic concordance 
compared with other widely used worldwide datasets, such as the HRC 
(Haplotype Reference Consortium) and TOPMed (Trans-Omics for 
Precision Medicine). This is owing to the benefits of ancestry-matched 
genomic linkage disequilibrium patterns, especially for rare and 
low-frequency variants in the Indian population. We are embark-
ing on designing a genotype array for the Indian population, which 
we expect will notably improve on the recently developed SARGAM 
(South Asian Research Genotyping Array for Medicine)15 array. Our 
focus is on the array content being tailored for individuals of Indian 
ancestry and will be centered around the discovery of common and 
rare genetic variants that is possible owing to the nuanced sampling 
in the GenomeIndia project. We foresee that this effort will success-
fully capture genetic variation across diverse population groups and 
facilitate future large-scale genetic association studies in the country. 
Importantly, many of these common variants are rare or non-existent 
in global variant databases, thereby highlighting the utility of this 
variant resource for clinical diagnostics and related applications in 
Indian and South Asian populations.

Concluding remarks
The GenomeIndia project is poised to provide valuable resources to 
advance medical genetics, enabling further clinical research. In-depth 
analysis of 9,772 diverse genomes along with the blood biochemistry 
and anthropometry data will improve disease diagnostics, predict 
the genetic basis of drug responses, and kickstart precision medicine 
efforts in India. This reference dataset could aid in the diagnostic 
process of rare diseases, potentially saving time and money, helping 

patients to circumvent an arduous road to healthcare. The findings 
from the project are also expected to inspire future functional stud-
ies that aim to determine the possible roles of population-specific 
genetic variants in various diseases and aiding in interventional and 
translational research in India.
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