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ABSTRACT

Large biobank-scale whole genome sequencing
(WGS) studies are rapidly identifying a multitude of
coding and non-coding variants. They provide an
unprecedented resource for illuminating the genetic
basis of human diseases. Variant functional anno-
tations play a critical role in WGS analysis, result
interpretation, and prioritization of disease- or trait-
associated causal variants. Existing functional an-
notation databases have limited scope to perform

online queries and functionally annotate the geno-
type data of large biobank-scale WGS studies. We
develop the Functional Annotation of Variants Online
Resources (FAVOR) to meet these pressing needs.
FAVOR provides a comprehensive multi-faceted vari-
ant functional annotation online portal that summa-
rizes and visualizes findings of all possible nine
billion single nucleotide variants (SNVs) across the
genome. It allows for rapid variant-, gene- and region-
level queries of variant functional annotations.

*To whom correspondence should be addressed. Tel: +1 617 432 2914; Fax: +1 617 432 5619; Email: hzhou@hsph.harvard.edu
Correspondence may also be addressed to Xihong Lin. Email: xlin@hsph.harvard.edu
†The authors wish it to be known that, in their opinion, the first two authors should be regarded as Joint First Authors.

C© The Author(s) 2022. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0001-9382-5674
https://orcid.org/0000-0001-8151-0106
https://orcid.org/0000-0003-1521-8945
https://orcid.org/0000-0003-2129-168X
https://orcid.org/0000-0001-7067-7752


Nucleic Acids Research, 2023, Vol. 51, Database issue D1301

FAVOR integrates variant functional information from
multiple sources to describe the functional charac-
teristics of variants and facilitates prioritizing plausi-
ble causal variants influencing human phenotypes.
Furthermore, we provide a scalable annotation tool,
FAVORannotator, to functionally annotate large-scale
WGS studies and efficiently store the genotype and
their variant functional annotation data in a single file
using the annotated Genomic Data Structure (aGDS)
format, making downstream analysis more conve-
nient. FAVOR and FAVORannotator are available at
https:// favor.genohub.org.

INTRODUCTION

A rapidly increasing number of large biobank-scale Whole
Genome/Exome Sequencing (WGS/WES) studies are be-
ing conducted. They provide rich opportunities for under-
standing the genetic bases of complex human diseases and
traits. Examples of large WGS/WES studies include the
Trans-Omics Precision Medicine Program (TOPMed) of
the National Heart, Lung and Blood Institute (NHLBI)
(1), the Genome Sequencing Program (GSP) of the Na-
tional Human Genome Research Institute (NHGRI), UK
biobank (2) and All of Us (3). These large WGS/WES
studies have identified hundreds of millions of coding and
non-coding genetic variants across the human genome from
hundreds of thousands of individuals and provided oppor-
tunities to evaluate their associations to diseases and traits.

Variant functional annotation provides functional infor-
mation from many different sources to elucidate the multi-
faceted functions of genetic variants. It empowers a wide
range of analyses of array-based Genome-Wide Associa-
tion Studies (GWAS) and large-scale WGS/WES studies
(4–14). A variety of functional annotations have been de-
veloped to measure multiple aspects of biological function-
ality of variants, including protein function (15–17), conser-
vation (18,19), epigenetics (20,21), spatial genomics (22,23),
network biology (24), mappability (25), local nucleotide di-
versity (26), gene location and sequence (27) and integra-
tive composite annotations (5,14,28–30). These annotations
have successfully prioritized plausible causal variants of un-
derlying GWAS signals to facilitate studying their func-
tional impact in experimental studies following GWAS find-
ings (10). They have also been used for identifying causal
variants in fine-mapping studies (4,8,11), estimating par-
titioned heritability (6), calculating polygenic risk scores
(PRSs) (7), and empowering rare variant (RV) association
analysis of WGS studies (9,12,13,31). For example, large-
scale WGS/WES studies (1,3,32) assess the associations be-
tween complex diseases/traits and coding and non-coding
rare variants across the genome. The recently developed
STAAR method incorporates multi-faceted variant func-
tional annotations to boost the power of rare variant as-
sociation tests in WGS/WES studies (12,13).

There is a pressing need to develop a comprehensive
whole genome variant functional annotation database and
browser for online queries to facilitate analysis and interpre-
tation of GWAS and WGS/WES studies, as well as software
that functionally annotates any GWAS and WGS/WES

study for downstream statistical genetic analysis. Although
there are several well-established variant functional annota-
tion databases, such as CADD (5,33), VEP (34), Annovar
(35), WGSA (36), SnpEff (37), and recently developed func-
tional databases VarSome (38) and VannoPortal (39), there
are several limitations. First, these resources have limited
online query capabilities, and do not provide user-friendly
variant function annotation browsers that summarize and
visualize multi-faceted functional annotations of a single
variant and/or multiple variants in a gene or a region. For
example, WGSA does not provide an online browser for
querying variant functional annotations. VEP provides a
browser with only a few annotations. CADD allows for
querying a single variant or variants in a region but dis-
plays the annotation results in a large table that is difficult
to navigate. The recently developed tool VannoPortal has
several attractive features, including a responsive and inter-
active web interface with rich functional annotations, but it
currently only supports single variant query. Most of these
resources do not allow for gene- and region-level variant an-
notations and have limited capacities in summarizing and
visualizing query results.

Second, these databases miss some annotations that are
useful for WGS analysis and result interpretation. For ex-
ample, the commonly used databases, e.g. CADD (5,33),
VEP (34), Annovar (35), WGSA (36), SnpEff (37), do
not provide overall and ancestry-specific allele frequencies
(AFs) from large WGS studies such as gnomAD (40) and
TOPMed (1), and are lack of ClinVar information (41).
The recently developed databases VarSome and VannoPor-
tal provide ClinVar information and use the older version
of gnomAD (v2). These resources do not provide functional
category-specific annotation Principal Components (aPCs)
(12), cCREs (42), Nuclear Diversity (26) and Recombinant
Rate (26), which are important for WGS analysis.

Third, there is a lack of scalable and easy-to-use tools
that satisfy the need of functionally annotating large-
scale WGS/WES studies. Existing functional annotation
databases and tools are not scalable for functionally an-
notating a massive number of variants in large-scale
WGS/WES studies. Moreover, few of the currently avail-
able functional annotation tools can provide organized out-
put in a format that is both storage efficient and ready to
be used in downstream statistical genetic analyses, such as
fine-mapping (4,11), heritability (6), rare variant associa-
tion tests (12,13). There is a pressing community need to
develop a convenient and comprehensive functional anno-
tation tool that annotates any WGS study dataset at scale
and generates a functionally annotated genotype file in an
organized and compressed format, that can be readily inte-
grated into the downstream analysis.

We developed Functional Annotation of Variants Online
Resources (FAVOR), a comprehensive whole genome vari-
ant annotation database and a variant browser that pro-
vides hundreds of functional annotation scores from a vari-
ety of biological functional dimensions for all possible 9 bil-
lion Single Nucleotide Variants (SNVs) and observed short
insertions/deletions (indels). FAVOR provides a fast, con-
venient, and user-friendly web interface that features online
single variant, gene- and region-level variant queries. Search
results are well-organized and conveniently visualized, ac-
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cording to their major functional categories. FAVOR dis-
tinguishes itself from the limitations of existing tools by
providing functional annotation information that can be
easily viewed through multiple functional category-based
blocks and tables directly on its web interface. On top of
that, FAVOR automatically generates dynamic summaries
of search results by identifying important functional scores
of the queried variant. These FAVOR unique features grant
users immediate and intuitive insight into the search results
while still maintaining users’ access to the comprehensive
display of multi-faceted functional scores. We have provided
a comparison between FAVOR with the existing annotation
databases (Supplementary Table S1).

We have also developed FAVORannotator, a tool
that functionally annotates the genotype data of any
WGS/WES study at scale using the FAVOR database
(GRCh38 build) and stores the genotype data and their
aligned functional annotation data in an annotated Ge-
nomic Data Structure (aGDS) file. The proposed aGDS
data format extends the Genomic Data Structure (GDS)
format (43), by storing the genotype data and the corre-
sponding functional annotation data in a single file, mak-
ing downstream integrative analysis of variants with their
functional annotations more efficient and convenient. The
GDS format is highly storage-efficient, with a compression
rate of a thousand times compared with the VCF format.
FAVORannotator is scalable and computationally efficient
for functionally annotating large biobank-scale WGS/WES
studies, for example, it completes the functional annotation
of 1 billion variants of 184 878 multi-ethnic WGS samples
in 38 CPU hours and storing those data in an aGDS file of
size 488 GB. FAVORannotator automatically exports an-
notation results into aGDS format and achieves high stor-
age efficiency (use CCDG Freeze 2 and TOPMed Freeze 8
datasets as examples, see Supplementary Table S2).

FAVOR DATABASE

The FAVOR relational functional annotation database pro-
vides comprehensive multi-faceted variant functional anno-
tations of all possible 9 billion SNVs in the whole genome
by integrating data from multiple different sources, includ-
ing CADD v1.5 (5,33), GENCODE v31 (44), Annovar (35),
WGSA (36), ClinVar (41), ENCODE (42), SnpEff (37),
1000 Genome (45), TOPMed Bravo Freeze 8 (1), gnomAD
v3 (40) and other individual studies (25,28,46–49). The pre-
processing stage assigns the functional annotation values to
each variant by using the variant as the primary key of the
relational database.

The FAVOR database is built using the PostgreSQL rela-
tional DBMS (Database Management System) for storing
and retrieving variant annotation data and using a multi-
table design that supports efficient integration of different
types of scores. Specifically, it stores 160 functional an-
notation values for all possible 8,892,915,237 SNVs, and
79,997,898 observed indels in 20 TB of space. These func-
tional annotations are organized into 12 major types, in-
cluding Variant Category, Allele Frequencies (AFs), Clin-
Var, Integrative Scores, Protein Functions, Conservation,
Epigenetics, Chromatin States, Local Nucleotide Diversity,
Mutation Density, Mappability and Proximity (Supplemen-

tary Table S3). The FAVOR database can be downloaded
from the FAVOR website.

FAVOR ONLINE PORTAL

The online FAVOR portal facilitates fast and convenient
online functional annotation query using an R shiny app
(Figure 1). It allows users to search for a single variant
(either in position format or rsID), multiple variants in a
gene or genomic region (either in position format or gene
name), or batches of tens of thousands of variants. The vari-
ant functional annotation results are displayed in tabular
overviews in a summary tab (Figure 2), a full tables tab (Fig-
ure 3), and visualized using histograms (Figure 4).

The FAVOR web interface is exceptionally nimble. Single
Variant Search (both variant position and rsID) renders re-
sults on the webpage immediately, while Gene-based and
Region-based Variant Search takes just a few seconds to
display results, and Batch annotation directly generates the
annotation results for up to 10 000 variants allowing for a
range of input file formats. This fast response speed is the
product of its backend database indices and table design.
The indices employ a diverse set of data structures, each tai-
lored toward specific functionalities. The table design relies
upon an original primary key (a combined string that con-
sists of variant chromosome position and reference and al-
ternative allele, e.g. 19-44908822-C-T) that efficiently relates
the tables with regard to both computation and storage.
This implementation enables the fast query of 160 annota-
tions for all 9 billion SNVs at the variant, gene and region
levels. Single Variant Search organizes functional annota-
tion results in blocks defined by annotation types (Figure 3
and Supplementary Table S3), and Gene-based and Region-
based Variant Search results display in large tables (Supple-
mentary Table S4), all the query results display on web in-
terface can be downloaded from the “Download query re-
sults” button at the bottom.

Compared with the other existing variant functional an-
notation online portals, FAVOR provides more comprehen-
sive query options (Supplementary Table S5) including Sin-
gle Variant, Gene-based and Region-based Searches, and
Batch annotation. For the variant-level query, FAVOR has a
similar query speed compared to CADD and is much faster
than the other functional annotation online portals. FA-
VOR provides gene/region-level variant functional annota-
tions, which are lacking in other portals. FAVOR is a little
slower in batch annotation, as it provides much more func-
tional annotations compared to the other portals that allow
for batch annotation (Supplementary Table S5).

Single Variant Search

For Single Variant Search, users can input a variant posi-
tion (in hg38 build) or an rsID. The retrieved functional an-
notation results are displayed in three tabs: Summary, Full
Table, Figures. The Summary Tab gives an overview of the
biological functionality of a variant by providing the filtered
annotations that flag the variant as plausibly functional, for
example, Polyphen scores equal to 1 (probably damaging),
SIFT score equals to 0 (deleterious), or ClinVar Significance
is Pathogenic, and the integrative scores greater than 10 on
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Figure 1. FAVOR web interface. This online portal provides a convenient web interface allowing for variant-, gene-, and region-level annotation queries.
The home page displays the supported query methods, and examples of the expected input.

the PHRED scale (in the top 10% of the genome). By select-
ing and presenting the most informative functional annota-
tion of a queried variant in the summary tab avoids over-
whelming users with a large amount of information.

The Full Tables tab displays all functional annotation
scores––organized into 17 blocks of annotation groups
(Figure 4). These blocks are Basic, ClinVar, Variant Cat-
egory, Overall Allele Frequencies (AFs), Ancestry-Specific
AF, Gender AF, Integrative Score, Protein Function, Con-
servation, Epigenetics, Transcription Factors, Chromatin
States, Local Nucleotide Diversity, Mutation Density, Ma-
pability and Proximity Table.

Different groups of functional annotation depict the vari-
ants from multiple functional perspectives. For example,
ClinVar reports the relationships between genetic variants
and phenotypes (41). FAVOR provides critical informa-
tion from ClinVar, including Clinical Significance, Disease
Name, Review Status, Disease Database ID, and Gene Re-
ported related to the variants. Variant Category annota-
tions provide the consequences of the genetic variants in the
context of gene, categorical regulatory information, and the
relative location of the variant with the closest gene (Supple-
mentary Table S3).

FAVOR integrates multiple AFs of observed variants
from multiple variant databases, including the overall
AFs, from 1000 Genome (45), TOPMed Bravo Freeze
8 (1) and gnomAD (40), and ancestry-specific AFs and
gender-specific AFs from 1000 Genome (45) and gno-
mAD (40). FAVOR provides multiple integrative scores for
both coding and non-coding variants, including CADD
v1.5 (5,33), LINSIGHT (50), FATHMM-XF (29), Fun-
Seq (47), Aloft (28) and annotation Principal Components
(aPCs) (12). The aPCs summarize multiple aspects of vari-
ant function by calculating the first variant-specific PC
from the individual functional annotation scores in a func-
tional category (12). For example, aPC-conservation is the

first PC of the eight individual standardized conservation
scores.

Furthermore, FAVOR displays category-specific individ-
ual functional annotations that represent multiple biolog-
ical functionalities of each variant in a given functional
category (Supplementary Table S3). For example, protein
function scores describe various impact scores of the vari-
ant’s damages to protein function. Conservation scores
summarize the conservation functional annotation of the
variants (both within and between species). Epigenetics
scores summarize the signals of the open chromatin mark-
ers, close chromatin markers, and transcription markers.
FAVOR also provides individual annotation scores of lo-
cal nucleotide diversity, mutation density and mappability
(e.g. using the unconverted genome Umap and the bisulfite-
converted genome Bismap) (Supplementary Table S3). Re-
sults can be visualized using histograms in the Figures tab
(Figure. 4).

Region/Gene-based Search

For Region/Gene-based Search, users input either a gene
name (official symbol), or region (starting and ending po-
sitions using the hg38 build). FAVOR will instantaneously
output the functional annotation summary results of the
variants in the gene or the region, as well as variant-specific
annotations in a range of annotation categories. The fast
display of the retrieved results of the Region/Gene-based
Search is enabled through indexing and efficient multi-table
database management.

The Region/Gene-based Search summary tab provides
the summary statistics of the variants in a region or a
gene using several key summary tables and histograms, in-
cluding Allele Frequency Distribution, GENCODE Cat-
egory, ClinVar Clinical Significance, Functional Conse-
quences and High Integrative Functional Scores (Figure 5).
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Figure 2. Single Variant Query Summary. The Single Variant Query Summary tab shows a dynamic overview of the filtered annotations with evidence for
plausible functional consequences. For example, the annotations are displayed if Polyphen scores equal to 1 (probably damaging), SIFT score equals to 0
(deleterious), ClinVar Significance is Pathogenic, and the integrative scores that are greater than 10 on the PHRED scale.

Figure 3. Single Variant Query Functional Annotation Tabulation. The Full Tables tab in the FAVOR Single Variant Query organizes functional annotation
results in blocks defined by annotation types.



Nucleic Acids Research, 2023, Vol. 51, Database issue D1305

Figure 4. Single Variant Query Functional Annotation Visualization. The Figures tab in the FAVOR Single Variant Online Query displays a visualization
of the functional annotation results of a queried variant in the histogram.

In the Region/Gene-based individual variant annotation
table, 32 commonly used annotations (Supplementary Ta-
ble S4) are displayed for each variant in the gene/region.
The variants can be sorted by their values in any column.
It also has a convenient search feature that allows users
to filter the variants in the region/gene based on specified
features and keywords. For example, typing ‘pathogenic’ in
the search box above the displaying table provides only the
pathogenic variants of the region/gene.

Batch annotation

Batch annotation provides functional annotations of a list
of variants submitted by users in a file. It supports multiple
file formats as input, including CSV, TSV, VCF, XLS and
RDS. Multiple formats and IDs of variants are also sup-
ported. For example, each row of a text file can specify
a variant’s chromosome, position, reference, and alterna-
tive allele value (e.g. 1-10253-CTA-C), or a variant’s chro-

mosome and position values (e.g. 1-10253), or rsIDs (e.g.
rs868413313). Users can upload the variants list using the
above file formats on the FAVOR batch annotation page.
Batch annotation files are currently limited to 10,000 vari-
ants in the interest of online wait time. It takes a few minutes
to annotate 1000 variants. The annotation results contain-
ing 160 annotations of the variants in the submitted variant
list are available for download. FAVORannotator, discussed
below, can be used to handle functional annotations of a
larger number of variants, e.g. hundreds of millions of vari-
ants in a WGS/WES study.

ANNOTATED GENOMIC DATA STRUCTURE (AGDS)

Variant Call Format (VCF) (51) has been frequently used
for storing variant call data of sequencing studies. How-
ever, VCF is text-based and thus inefficient with regard to
storage, particularly for large-scale WGS data of hundreds
of thousands to millions of subjects that have hundreds
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Figure 5. Region/Gene-based Query Summary tab. The Summary tab of the Region/Gene-based Query shows the multi-faceted functional annotation
summary statistics of the variants in a gene or a region.

of millions to billions of variants. The recently developed
Genomic Data Structure (GDS) format (43) provides a
storage-efficient format to store WGS data. The storage effi-
ciency is even more prominent when the sample size is large,
for example, the annotated TOPMed Freeze 8 (n = 140 306
samples) genotype data shows a better file compression rate
compared with the annotated GSP CCDG Freeze 2 (n = 60
545 samples) genotype data. The GDS format has a com-

pression rate of 1000 times compared to the VCF format in
large WGS studies. However, it does not incorporate variant
functional annotations.

We developed the annotated Genomic Data Structure
(aGDS) format (Figure 6), that extends the GDS format
by integrating both genotypes in a WGS study and variant
functional annotations in a single file. There are three main
advantages of the aGDS format. First, it provides fast query
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Figure 6. Features of the annotated Genomic Data Structure (aGDS) format. This figure shows the features of the aGDS format and the process of creating
aGDS files by combining functional annotations with genotype data.

and simultaneous retrieval of genotype and matched func-
tional annotation data defined by flexible filtering criteria.
Second, it is convenient to integrate an aGDS file into func-
tionally informed downstream analysis pipelines, such as
STAARpipeline for rare variant association analysis. Third,
it is also highly storage-efficient for genotype and their func-
tional annotation data. An aGDS file containing TOPMed
Freeze 8 WGS data, including both genotype and their func-
tional annotations of 140,306 samples, only takes 478 GB,
that is three orders of magnitude smaller compared to VCF
files (Supplementary Table S2).

The GDS format is designed to host large genotype data
and can achieve extremely highly efficient random access of
compressed data through independently compressed data
blocks. It stores genotypes in a 2-bit array with ploidy, sam-
ple, and variant dimensions. An index vector associated
with genotypes is used to indicate the number of bits (43).
An aGDS file uses SeqArray to build functional annota-
tion data in an GDS file. Variable-length annotation vectors
are organized in an array. Functional annotation build-in
and retrieval are available for efficient random access (43).
Lempel-Ziv Markov chain (LZMA) or zlib are the lossless
compression algorithms supported by aGDS. LZMA offers
a higher compression ratio, but requires more memory al-
location and run time (43). Functional annotation data are
recorded alongside genotype data in a highly compressed
format that significantly reduces storage consumption. Fast
random access of the compressed functional annotation of
selected variant sets can be efficiently performed, making
aGDS attractive to host functionally annotated large-scale
WGS/WES data for convenient downstream analysis.

Several existing WGS association analysis tools support
the aGDS format, e.g. STAAR (12) and STAARpipeline.
Several other tools support the GDS format, e.g. GENESIS
(56), SeqArray (43), SeqVarTools and SNPRelate (57). As
aGDS files are fully compatible with the tools supporting
GDS files, the analytic tools that support the GDS format
can be extended to support the aGDS format.

FAVORANNOTATOR

FAVORannotator is an open-source tool that uses the
FAVOR database to functionally annotate and efficiently
store genotype and variant functional annotation data of a

WGS/WES study in an aGDS file, making downstream as-
sociation analysis convenient (Figure 7). FAVORannotator
only requires genotype data or a variant list as input and au-
tomatically annotates the genotype data or the variant list,
generating an aGDS file as an output. An aGDS file with
both genotypes and their functional annotations facilitates
rare variant association analysis using individual-level data,
e.g. using STAAR (12), while an aGDS file with only a vari-
ant list and their functional annotations facilitates rare vari-
ant meta-analysis using WGS summary statistics.

Time and memory resources for annotating a large num-
ber of variants using FAVORannotator are very attrac-
tive, especially for large-scale WGS/WES datasets, such as
TOPMed, GSP and UK Biobank. For example, FAVORan-
notator produces an annotated genotype file in the aGDS
format for n = 184 878 whole genome samples with 1 bil-
lion variants of the TOPMed Freeze 10a WGS data in 38
hours, and for n = 60 545 whole genome samples of 450
million variants of the GSP-CCDG Freeze 2 WGS data
within 30 CPU hours. FAVORannotator has also been im-
plemented as a workflow in the cloud-based platforms, in-
cluding DNAnexus (UK Biobank), AnVIL (NHGRI) and
BioData Catalyst (NHLBI) (Figure 8) (52). FAVORanno-
tator’s efficiency keeps cloud computing costs low. For ex-
ample, it costs ∼$25 to annotate the TOPMed Freeze 10a
WGS data by chromosome in parallel, e.g. in 3 CPU hours
for chromosome 1.

Users can add customized functional annotations to an
aGDS file by adding new columns to the FAVOR database
using either the CSV or SQL format and then running FA-
VORannotator.

Both speed and storage efficiency of annotation results
are crucial for downstream analysis. As existing functional
annotation databases and tools, such as Annovar (35) and
VEP (34), store variant annotation results in text tables
(TSV, CSV), they are much less efficient in query speed and
storage than FAVORannotator which uses the aGDS for-
mat (Supplementary Table S6). Several variant functional
annotation tools, such as SnpEff (37), Vcfanno (55) and
VarNote (54), use the VCF format. As VCF stores the same
annotation variable names repeatedly for a large number of
times in the INFO column, it is much less storage-efficient
compared with aGDS (Supplementary Table S6). FAVO-
Rannotator, SnpEff (37), Vcfanno (55) and VarNote (54)
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Figure 7. Graphical representation of the features of FAVOR batch annotation and FAVORannotator. For small-scale annotation (up to 10 000 variants),
batch annotation can be used for online annotation at the FAVOR website. For large-scale annotation, e.g. hundreds of millions of variants in a Whole
Genome/Exome Sequencing (WGS/WES) study, FAVORannotator can be used for annotation in a local cluster or a cloud platform, e.g. Amazon Web
Services (AWS) and Google Cloud Platform (GCP). FAVORannotator uses the FAVOR backend database, which is available in the SQL or CSV formats,
and outputs an aGDS file that integrates genotype and annotation data in a single file.

Figure 8. Cloud-Native FAVORannotator Workflow. The interface of the FAVORannotator Workflow on Terra.bio.
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store annotations alongside genotype data, and are con-
venient for downstream analysis. Supplementary Table S6
shows the aGDS format based FAVORannotator is much
more storage-efficient than the existing tools export anno-
tation results in text table or annotated VCF, such as An-
novar, CADD, VarNote and Vcfanno, and is hence more
efficient for downstream analysis.

DISCUSSION

FAVOR offers a comprehensive solution for the applica-
tion of whole genome variant functional annotations, in-
cluding open access and downloadable database, a user-
friendly browser, and a tool FAVORannotator, to anno-
tate large-scale WGS/WES data. The FAVOR database is
a large relational data structure of multi-faceted functional
annotations of all possible 9 billion SNVs and 80 million
observed indels in the human genome. It is built using a
storage-efficient postgreSQL database with indexed and re-
lational tables, that provide fast query speeds. The FAVOR
web interface provides fast variant-, gene-, region-level on-
line multi-faceted functional annotations, as well as batch
annotation. It emphasizes responsiveness while providing
dynamic display and visualization features, and uses com-
bined approaches, including visualizations, block organiza-
tions by categories, and convenient search and sorting func-
tions, to provide a fast and convenient summary of the ma-
jor functional impact of variants.

The FAVORannotator software enables researchers to
use the FAVOR database to efficiently functionally anno-
tate large WGS/WES studies at scale, and build a highly
compressed and well-organized aGDS file. An aGDS file
includes both genotype data and their annotations and can
be easily integrated into downstream analysis pipelines. To-
gether, FAVOR and FAVORannotator provide a valuable
tool to facilitate downstream analysis and interpretation of
WES/WGS studies and array based GWAS studies.

Although several compression methods are available for
storing WGS data, such as gzip (vcf.gz), Bgzip or BCF
(53), they are subject to two major limitations. First, they
are not efficient for storing large-scale WGS data. Second,
they are difficult to read while compressed. For instance, al-
though the BCF format is more storage-efficient than the
VCF format, the compression rate is 100 times. In contrast,
the GDS format has a compression rate of 1000 times. Fur-
thermore, both VCF and BCF formats do not store vari-
ant annotations efficiently nor support retrieval of annota-
tions efficiently. The aGDS format resolves both limitations
successfully. FAVORannotator is currently developed as a
standalone annotation tool optimized for fast query per-
formance using the FAVOR database. Users who would like
to do functional annotation directly from commonly used
public functional annotation databases can use general-
purposed functional annotation tools and aligners, such as
BCFTools (53), VarNote (54) and Vcfanno (55). These tools
produce annotated VCF files, which are often quite large
for biobank-size WGS studies. FAVORannotator can then
be used to convert annotated VCF files generated by these
annotations aligners to more storage-efficient aGDS files.
It is of future research interest to extend FAVORannotator
to be a general-purpose aligner that can perform efficient

functional annotation directly using public functional an-
notation databases. It is also of future interest to port the
FAVOR database to be used by general-purpose functional
annotation tools, such as BCFTools, VarNote and Vcfanno.

In summary, FAVOR and FAVORannotator provide an
intuitive and indispensable infrastructure for facilitating
downstream analysis and result interpretation of large-scale
WES/WGS studies. FAVOR currently provides non-tissue
specific epigenetic functional annotations for non-coding
variants. It is of future interest to integrate tissue and cell-
type specific epigenetic functional annotations in FAVOR.
As functional annotations continue to grow in depth and
breadth, we will continue to improve and expand FAVOR
by integrating more and state-of-art annotations and sup-
porting more analytical scenarios.
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