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• I, Jacob Shujui Hsu, declare the following conflicts of interest in the context of the 
subject of this presentation:

• Three courses
• NGS, bioinformatics and genomic medicine (Genom7009)
• Principle of Statistical Genetics & Genome Data Interpretation (MOLMED7017)
• Fantastic Genomic Biomarkers and Where to Find Them (Genom7019)

• Industrial-academic Cooperative Project (NSTC)
• Establishment of an analysis pipeline for tumor tissue whole genome mutation profile 

(Taiwan AI Labs, 110-2622-B-002-012)
• Utilizing FDA sequencing quality control materials to standardize tumor whole-genome 

mutation profile (Taiwan AI Labs, 111-2622-B-002-012, 112-2622-B-002 -012)
• Benchmarking Long-Read Whole Genome Sequencing Analysis Workflow to Improve 

Molecular Diagnosis of Genetic Diseases (Blossom Bio, 114-2622-B-002 -009)
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• Human Genome Reference(s)
• Variant identification

• Single Nucleotide Variant (SNV)
• Small Insertion/Deletion (INDEL)
• Structure Variant (SV)
• Others

• Variant Annotation(s) 
• Functional Consequence
• Predicted Effect
• Pathogenicity & Clinical implications

• State of the art human genome research

Learning Outcomes
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46,425,255 v.s. 30.73
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https://www.genome.gov/about-genomics/fact-sheets



Next Generation Sequencing (NGS)
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http://www.genomesop.com/somatic-mutations/

https://www.illumina.com/techniques/popular-applications/genotyping/whole-genome-genotyping.html

Genotyping SNP array

WGS TPMI

§ Genotyping region:
A locus in a linkage block

§ Depth: NA
§ Features: phenotype-

associated linkage blocks

§ Some known pathogenic
variants



WGS cost v.s. value 
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https://twitter.com/AlbertVilella/status/1612777491373899779

https://www.apple.com/shop/buy-iphone



Genome-wide association study (GWAS)

2025-11-05  
#3192268

7
NHGRI GWA Catalog www.genome.gov/GWAStudies

2017



The world’s most valuable resource is no longer oil, but data
(The Economist, 2017)
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Smadar Shilo et al., Nature Medicine (2020)



• Sanger: DNA is fragmented, then 
cloned to a plasmid vector
• High-resolution electrophoretic 

separation within one of 96 or 384 
capillaries in one run of a 
sequencing instrument.
• NGS, adaptors are ligated to 

fragmented genomic DNA, which 
turns to an array of millions of 
spatially immobilized PCR colonies
• A single microliter-scale reagent 

volume can be applied in parallel. 

• Nature Biotechnology  (2008)
• https://www.nature.com/articles/nbt1486

Next Generation Sequencing (NGS)
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https://www.nature.com/articles/nbt1486
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Josephine B. Oehler et al., (2023) Human Genomics

https://humgenomics.biomedcentral.com/articles/10.1186/s40246-023-00522-3


Germline short variant discovery –
Which human genome reference should be used? 
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https://gatk.broadinstitute.org/hc/en-us/articles/360035535932-Germline-short-variant-discovery-SNPs-Indels-



Whose DNA Makes Up the Reference Genome?
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https://www.genengnews.com/insights/incomplete-genomics-adding-new-sequences-to-the-reference-genome/

• Blood (female) and sperm (male) 
samples from many volunteers in 
Buffalo, NY

• >70% of the reference 
genome produced by the public HGP 
came from a single anonymous male 
donor from Buffalo, NY

• Human genome size (~3.23 x 109 bp)
• WGS data size (30X, 200Gb)
• Genetic Variations/Variants



• Main Builds (major)
• GRCh37 (Feb 27, 2009)
• GRCh38 (May 07,2014)

• Patches (minor)
• GRCh37.p13 (June 28,2013)
• GRCh38.p13 (March 01,2019)
• GRCh38.p14 (February 03, 2022)

• Contigs
• GRch39? Telemore-to-Telomere?
• Genome graphs?
• Personal Genome Assembly

Genome Reference Consortium
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https://www.ncbi.nlm.nih.gov/grc/human



Complete human 
genome ???

On March 31, 2022, the 
Telomere-to-Telomere 
(T2T) consortium 
announced that had filled 
in the remaining gaps and 
produced the first truly 
complete human genome 
sequence. 
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Nature collection 2021 Febuary
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https://bioinfo-diag.fr/wp-content/uploads/2019/10/BioinfoDiag_2019_EAY.pdf
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https://bioinfo-diag.fr/wp-content/uploads/2019/10/BioinfoDiag_2019_EAY.pdf



Human Genome Reference(s)
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https://gatk.broadinstitute.org/hc/en-us/articles/360035890711-GRCh37-hg19-b37-humanG1Kv37-

Human-Reference-Discrepancies

GATK reference type B37 HG19 GRCh37(GRC)

(.fasta) file/MD5
      human_g1k_v37                             
      human_g1k_v37_decoy ucsc.hg19

1b22b98cdeb4a9304cb5d48026a85128 1 chr1 chr1
a0d9851da00400dec1098a9255ac712e 2 chr2 chr2
23dccd106897542ad87d2765d28a19a1 4 chr4 chr4
1fa3474750af0948bdf97d5a0ee52e51 Y ---- ----
6743bd63b3ff2b5b8985d8933c53290a NC_007605 ---- ----
c68f52674c9fb33aef52dcf399755519 MT ---- chrM
fdfd811849cc2fadebc929bb925902e5 3 ---- --
1e86411d73e6f00a10590f976be01623 ---- chrY chrY
641e4338fa8d52a5b781bd2a2c08d3c3 ---- chr3 chr3
d2ed829b8a1628d16cbeee88e88e39eb ---- chrM ----



• A comprehensive assessment of somatic mutation detection in cancer 
using whole-genome sequencing, Nature Communications (2015)

Mapping rate & Contigs
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Mapping 
rate

Mapping 
time



Superstar genes

&

Information bias
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212 | Nature | Vol 590 | 11 February 2021



Human Pangenome Reference Consortium (HPRC)
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https://www.nytimes.com/2023/05/10/science/pangenome-human-dna-genetics.html



The reference genome hash tables
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https://sapac.support.illumina.com/sequencing/sequencing_software/dragen-bio-it-platform/product_files.html



Impact of genome build on RNA-seq 
interpretation and diagnostics
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Rachel A. Ungar et al., AJHG (2024)



FastP report example 
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https://github.com/OpenGene/fastp?tab=readme-ov-file#examples-of-report



• Align NGS short reads against reference genome

Read Mapping and Reference Genome
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Trends in Parasitology, May 2017, Vol. 33, No. 5 http://dx.doi.org/10.1016/j.pt.2017.01.009



• Align NGS short reads against reference genome

Read Mapping and Reference Genome
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Trends in Parasitology, May 2017, Vol. 33, No. 5 http://dx.doi.org/10.1016/j.pt.2017.01.009



• Sequencing Alignment Map (SAM), filename.sam
• Text format for human to read
• Very Large 

• Binary Alignment Map (BAM), filename.bam
• Binary format for computer to read
• View by Samtools (samtools view Filename.bam)
• Large

• Compressed Reference Alignment Map (CRAM), filename.cram
• 30%~60% smaller than BAM
• For long-term storage (with reference)

• Cost vs. Informative
• uBAM: unmapped BAM,  which holds unmapped read data (meta data)
• Aligned and un-aligned reads in SAMBAM/CRAM
• The Global Alliance for Genomics and Health (GA4GH)

Alignment Map (mapped reads)
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https://samtools.github.io/hts-specs/

https://learn.gencore.bio.nyu.edu/ngs-file-formats/sambam-format



Sequencing Alignment Map (SAM)
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https://gatkforums.broadinstitute.org/gatk/discussion/11014/sam-bam-cram-mapped-sequence-data-formats

https://warwick.ac.uk/fac/sci/statistics/staff/academic-research/nichols/presentations/ohbm2014/imggen/Nho-ImgGen-WGSeqPractical.pdf

The alignment map presents the information for each read against reference genome 
• Are these fragments aligned?
• What is the mapping quality?
• Is there any unmapped fragment?
• Other information such as duplication, read-pair, etc. 



SAM Format - CIGAR 
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From  The SAM/BAM Format Specification Working Group



SAM Format - CIGAR 
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From  The SAM/BAM Format Specification Working Group



• BAM is the compressed binary version of the Sequence 
Alignment/Map (SAM) format
• A compact and index-able representation of nucleotide sequence 

alignments.
• Indexed BAM is that only the portions of the files needed to display a 

particular region are transferred to UCSC.
• View by Samtools (samtools view Filename.bam)

BAM
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• Sequencing Alignment Map (SAM), filename.sam
• Text format for human to read
• Very Large 

• Binary Alignment Map (BAM), filename.bam
• Binary format for computer to read
• View by Samtools (samtools view Filename.bam)
• Large

• Compressed Reference Alignment Map (CRAM), filename.cram
• 30%~60% smaller than BAM
• For long-term storage (with reference)

• Cost vs. Informative
• uBAM: unmapped BAM,  which holds unmapped read data (meta data)
• Aligned and un-aligned reads in SAMBAM/CRAM
• The Global Alliance for Genomics and Health (GA4GH)

Alignment Map (mapped reads)
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https://samtools.github.io/hts-specs/

https://learn.gencore.bio.nyu.edu/ngs-file-formats/sambam-format



CRAM Format  
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Markus Hsi-Yang Fritz et al. Genome Res. 2011;21:734-740



• CRAM files are smaller by taking advantage of an additional external 
"reference sequence" file.
• It is an expectation that the checksum of the reference sequence used to 

create the CRAM will be in the CRAM header.
• CRAM is a fundamental part of the GA4GH suite of standards.                      
(Ewan Birney, Director of EMBL-EBI)

CRAM & uBAM
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https://genome.ucsc.edu/goldenPath/help/cram.html

https://www.ga4gh.org/cram/

https://genome.ucsc.edu/goldenPath/help/cram.html


Genetic variant calls
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https://www.pacb.com/applications/whole-genome-sequencing/variant-detection/

SNVs
1 bp

Indels
< 50 bp

Structural Variant
> 50 bp

Types of Variant



• GATK Best Practices: Variant Calling
• HaplotypeCaller
• Mutect2
• Variant Calling Format (VCF/GVCF)

• GATK Best Practices: Quality Control
• Variant-level
• Subject-level

Learning Outcomes
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Variant Discovery: Seqeuncing Error
PCR error/Sequencing error/True Variant?
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https://www.takarabio.com/about/bioview-blog/tips-and-troubleshooting/using-umts-in-ngs-experiments

True Variant

Sequencing 
Error?

PCR Error?



• To assign a genotype for each genetic locus (position)
• To determine/validate whether a genetic variant is ture or not
• To determine TRUE genetic variant from artifacts
• It’s difficult to distinguish by viewing bam files
• Issues: (experiment/analytic aspects)

• PCR artifacts
• Mismatches in PCR cycles
• PCR duplicates

• Sequencing Errors
• erroueous calls (random?)

• Mapping Errors
• often happens in low-complexity regions

Variant Discovery
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https://www.um.edu.mt/__data/assets/pdf_file/0009/289422/VariantCalling.pdf



• PCR error
• Sequencing error
• Homopolymers
• Mapping error
• Reference error
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Mapping Error & Local Realignment
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DePristo MA, et al. A framework for variation discovery and genotyping using next-generation DNA sequencing data. Nat Genet. 2011 May;43(5):491-8. PMID: 21478889 

A A G C C T T T T T T T T T G A

1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7
Before

After

A A G C C _ T T T T T T T T T G A

1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7



Variant Discovery: Seqeuncing Error
PCR error/Sequencing error/True Variant?
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https://www.takarabio.com/about/bioview-blog/tips-and-troubleshooting/using-umts-in-ngs-experiments
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https://www.youtube.com/watch?v=E_G8z_2gTYM

James T. Robinson et al. Cancer Res 2017;77:e31-e34
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https://www.youtube.com/watch?v=E_G8z_2gTYM

James T. Robinson et al. Cancer Res 2017;77:e31-e34

Color by 
read strand

Mapping 
quality

&
read with 
del + SNV

E746_R748del and
A750P
↓

EGFR–
L747_A750delinP

746 750

right right 
&

left left



HaplotypeCaller (individual/cohort)
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From https://software.broadinstitute.org/gatk/



• To identify regions of the genomes 
in which the samples being analyzed 
show substantial evidence of 
variation relative to the reference. 
• Sliding window along the 

reference (50~300bp)
• Count mismatches, indels and 

soft-clips
• Trim and continue with Active 

Regions over threshold

• From 
https://software.broadinstitute.
org/gatk/

Identify Active Regions
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From https://software.broadinstitute.org/gatk/



• For each Active Region, the 
program builds a De Bruijn-like 
graph to reassemble the Active 
Region and identifies what are the 
possible haplotypes present in the 
data. 
• The program then realigns each 

haplotype against the reference 
haplotype using the Smith-
Waterman algorithm in order to 
identify potentially variant sites.

Re-assembly of the active region
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From https://software.broadinstitute.org/gatk/



• For each ActiveRegion, the program performs a pairwise alignment of 
each read against each haplotype using the PairHMM algorithm. 
• This outputs a score for each read-haplotype pairing, expressing the 

likelihood of observing that read given that haplotype. 

Likelihoods of the haplotypes
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From https://software.broadinstitute.org/gatk/



• For each potentially variant site, 
the program applies Bayes’ rule, 
using the likelihoods of alleles 
given the read data to calculate 
the posterior likelihoods of each 
genotype per sample given the 
read data observed for that 
sample. 
• The most likely genotype is then 

assigned to the sample.

Assign sample genotypes
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From https://software.broadinstitute.org/gatk/

1st base

3rd base



HaplotypeCaller (in a nutshell)
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From GATK workshop



Deep Variant (2017~)
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https://opensource.googleblog.com/2017/12/deepvariant-highly-accurate-genomes.html

• DeepVariant transforms variant 
calling task into an image 
classification problem.

• Colors represent sequence/genotype
annotations

• A: a true SNP
• B: a deletion on one chromosome, 
• C: a deletion on both chromosomes, 
• D: a false variant caused by errors.



• Multi-Nucleotides Variant (MNV, delIns)
• Multi-allelic variant (left-aligned)
• MT variant
• XY chromosomes
• Repeat expansion

Complex variant(s)
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James T. Robinson et al. Cancer Res 2017;77:e31-e34

https://genome.sph.umich.edu/wiki/Variant_Normalization

E746_R748del and
A750P
↓

EGFR–
L747_A750delinP

746 750



• GT : The genotype of this sample at this site (A/A, homozygous)
• AD : Allele depth (0,18)
• DP : Depth of coverage (18)
• GQ : Quality of the assigned genotype (54, 10^(-5.4)~3.98x10-6)
• PL : Normalized Phred-scaled likelihoods of the possible genotypes

• (0/0,0/1,1/1), the probability that the genotype is not correct
• PL(0/0) = 676
• PL(0/1) = 54
• PL(1/1) = 0

VCF (Variant Call Format)
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Calculation of PL and GQ by HaplotypeCaller and GenotypeGVCFs

M 282 G A [CLIPPED] GT:AD:DP:GQ:PL 1/1:0,18:18:54:676,54,0
#CHR POS ID REF ALT QUAL FILTER INFO FORMAT NA12778



VCF records the variants

ALL other regions are reference 
homozygous variants ?
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Breadth of coverage at 3x or 5x (bp)
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WEScover: selection between clinical whole exome sequencing and gene panel testing. BMC Bioinformatics (2021)

Only A region within Exon2 has
depth of coverage > 3X



2025-11-05  
#3192268

54

Jason M. Rizzo, and Michael J. Buck Cancer Prev Res 2012;5:887-900

reference allele
or

missing genotype?
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https://genohub.com/exome-sequencing-library-preparation/
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ExAC: 30.5~60 Mb (2016)
gnomAD: ~ 30.2 Mb (2020) (non-repetitive)

UKB: ~33.5 Mb (2021) (non-repetitive+flanking regions)

Performance comparison of four commercial human whole-exome capture platforms (2015)
Lek et al. Nature (2016)
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UCSC Genome Browser (Exome Probesets), CYP2D6



Bedtools intersect
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https://bedtools.readthedocs.io/en/latest/content/tools/intersect.html



GVCF and Joint-Call VCF
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https://gatk.broadinstitute.org/hc/en-us/articles/360035531812?page=1#comment_360012883712



• Sample #1 or Sample #N alone:
• weak evidence for variant
• may miss calling the variant

• Both samples seen together:
• unlikely to be artifact
• call the variant more confidently

Joint Calling
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From GATK workshop 2018 @ Taipei



VCF example (QUAL/GQ/HQ)
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https://samtools.github.io/hts-specs/VCFv4.3.pdf

Header

Variant 
information

Genotype 
information



VCF example (joint calling)
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https://samtools.github.io/hts-specs/VCFv4.3.pdf

Header

Variant 
information

Genotype 
information



VCF example (Quality/RefHom)
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https://samtools.github.io/hts-specs/VCFv4.3.pdf

Header

Variant Quality Genotype Quality



VCF for a family (FORMAT/INFO)
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Caller specific FORMAT and INFO 

Filter variants by FORMAT & INFO columns 



• Variant statistics
• what the sequence context is like around the variant site
• how many reads covered it
• how many reads covered each allele
• what proportion of reads were in forward vs reverse orientation

• Known variants
• Hapmap
• 1000G
• Omni
• dbSNP

QC(GATK) – Call-set refinement (VQSR)
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Genotypes
vs.

Inheritance Modes
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Methods: Inheritance modes

MotherFather

Child



• A pedigree is a structured description of the familial relationships 
between samples. The PED files used as input for GATK tools are 
based on PLINK pedigree files.

• Family ID
• Individual ID
• Paternal ID
• Maternal ID
• Sex (1=male; 2=female; other=unknown)
• Phenotype

• 0 missing
• 1 unaffected
• 2 affected

Pedigree format (PED)
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https://gatk.broadinstitute.org/hc/en-us/articles/360035531972

FID IID PID MID Gender Phe
F7009 NTU0001 NTU0002 NTU0003 1 2
F7009 NTU0002 . . 1 1
F7009 NTU0003 . . 2 1
F7009 NTU0004 NTU0002 NTU0003 2 1

NTU0002 NTU0003

NTU0001 NTU0004



Co-segregation (Inheritance mode)
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De novo mutation
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Germline and Somatic DNA Variant
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https://www.trendsmap.com/twitter/tweet/1300312361467863046 Ursula et al. - Medscape

https://www.trendsmap.com/twitter/tweet/1300312361467863046


Mutect2 (variable ploidy assumption)
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GATK Somatic Best Practice



SNV/INDEL Benchmarking 
& 

Other variant types 
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Variants Discovery (GATK)
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A
B
C
D
E

Samtools_O
Samtools_B
Samtools_E
Unifygenotyper
Haplotyper



• National Institute of Standards and Technology
• Benchmark human genomes (n=7, hs37d5)

• NA12878/HG001
• A trio of Ashkenazi Jewish ancestry
• A trio of chinese ancestry

Genome in a Bottle (GIAB)
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https://www.nist.gov/programs-projects/genome-bottle



Actual 

Positive Negative

Positive
TP

(Ture Positive)
FP

(False Positive)

Negative
FN

(False Negative)
TN

(Ture Negative)

P
re

d
ic

te
d

Precision
𝑻𝑷

(𝑻𝑷 + 𝑭𝑷)

𝑻𝑷
(𝑻𝑷 + 𝑭𝑵)

Recall

(Sensitivity)
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Variant calling accuracy (confusion matrix) 

P
re

ci
si

o
n

Recall
• DRAGEN
• Sentieon
• Haplotypecaller
• CLC
• Mutect2
• Varscan

.
(parameters)

• NA12878 (NIST v3.3.2)

𝟐×𝐏𝐫𝐞𝐜𝐢𝐬𝐢𝐨𝐧×𝐑𝐞𝐜𝐚𝐥𝐥
(𝐏𝐫𝐞𝐜𝐢𝐬𝐢𝐨𝐧 + 𝐑𝐞𝐜𝐚𝐥𝐥)F1 =

From Lynn Pang (Jacob Lab NTU)



PrecisionFDA V2 (GRCh38)
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https://precision.fda.gov/challenges/10/results

• Benchmark -> MHC -> Difficult

• MULTI -> PACBIO -> Illumina >
ONT

• Algorithms matter !!!



PrecisionFDA V2 (GRCh38)
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https://precision.fda.gov/challenges/10/view/results



Deletion can be determine by coverage
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AJHG, Volume 100, Issue 1, 5 January 2017, Pages 75-90



Algorithms to detect SV
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Whole-genome CNV analysis: advances in computational approaches. Front Genet. 2015



Algorithms to detect SV (cont'd) 
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(2015) Frontiers in Bioengineering and Biotechnology



DRAGEN targeted callers and performance 
summary
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Sairam Behera et al,. Nature Biotech (2025)



Spinal Muscular dystrophy SMN1/SMN2
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Susan et al. Mol Genet Genomic Med 2022x

Lin, Liling et al,. NPJ Genomic Medicine (2025)

Carrier frequency of SMA in TWB cohort 
= 23/1480 
= 1.6% (1/64)



• 5.1 % of α-thalassemia carrier rate

Estimation of α-thalassemia carrier rate in Taiwan
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Slide modified from Chen, Pinxuan & Lee, Chieh-Yu (Unpublished) 

GENE Disease
Alpha-

Thalassemia 
type

CHROM:POS LENGTH IMPACT # of HET # of HOM AF
Carrier frequency

TWB Westemeyer
et al.

HBA1/HBA2 Alpha-
Thalassemia

--THAI chr16:149861 -33449 HIGH 2 0 0.00068

0.04939 0.083333

--FIL chr16:151659 -30617 HIGH 4 0 0.00135

--SEA chr16:165393 -19307 HIGH 60 0 0.02027

-⍺4.2 chr16:170204 -4412 HIGH 1 0 0.00034

-⍺3.7 chr16:173557 -3799 HIGH 8 1 0.00338



Prevalence of NOTCH2NLC and FMR1 Repeat Expansions in Atypical 
Parkinsonism Compared to Asymptomatic Elderly Individuals
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Chen et al, Movement Disorder (2025)
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Top right : mtDNA PhyloTree (MITOMAP)
Top left: Chou et al. (2025 ) iScience
Bottom left: gnomAD, Laricchia, K. M.,et al. (2022). Genome Research

A
Asia

European

B
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Advantages of Long-Read Seqeuncing
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Front. Genet., 07 May 2019 | https://doi.org/10.3389/fgene.2019.00426



Variant Filtering

• Genotype/Variant QC

• Overall coverage

• On-target coverage

• Sequence & Mapping 
Quality

• Sample QC

• Gender check

• Relatedness check

• Population stratification

88
2025-11-05  
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QC(plink) – Gender/Relatedness/Population check
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Number of Subjects
Caseness

Controls Cases

Country
S 500 50
I 500 950

• Ethnicity predicts cases
• So does any genetic difference between 

country S and I
• Population Stratification is the confounding 

(association) of disease with ethnicity
• Any markers which correlates with ethnicity will 

also correlate with disease status

Modified from Desmond’s slides



Taiwan Biobank (TWB)
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Chen et al., Human Molecular Genetics, (2016)
Feng et al., Cell Genomics (2022)
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PCA (PLINK)
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TWB + 1kGP PCA

Slide courtesy of Ting-Hsuan Chou



TWB + 1kGP PCA

Slide courtesy of Ting-Hsuan Chou
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Slide courtesy of Ting-Hsuan Chou

Population Description Population Code Super Population
Chinese Dai in Xishuangbanna, China CDX EAS
Han Chinese in Bejing, China CHB (106) EAS
Japanese in Tokyo, Japan JPT EAS
Kinh in Ho Chi Minh City, Vietnam KHV EAS
Southern Han Chinese, China CHS (105) EAS
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CDX
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Holo

Holo/Hakka

Holo/Southern Chinese

Holo/Northern Chinese

Holo/Undefined Chinese

Hakka

Hakka/Southern Chinese

Hakka/Northern Chinese

Hakka/Undefined Chinese

Southern Chinese

Southern Chinese/Northern Chinese

Southern Chinese/Undefined Chinese

Northern Chinese

CHB

Northern Han

CHS

SNV: 76,651 variants; individual: 
TWB1492+1kGP_eas (1492+504=1996)



• Major allele freqeuncy
• Minor allele frequency (MAF)

• Disease prevalence/incidence rate
• Evolution
• Selection
• Migration 

Minor Allele Frquency (population)

2025-11-05  #3192268
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https://www.americansentinel.edu/blog/2014/07/30/industry-trends-what-is-population-health-management/
Slide courtesy of Yu-Tong Chen 

https://www.americansentinel.edu/blog/2014/07/30/industry-trends-what-is-population-health-management/


• Minor Allele Frequency (MAF) is the frequency at which the second most 
common allele in a given population. If there are two alleles, with 
frequencies of 0.51, 0.49
• MAF will be reported as 0.49.

• If there are three alleles, with frequencies of 0.51, 0.48, 0.01
• MAF will be reported as 0.48 and 0.01 (each)

• For example, References SNP page for rs222 reports:
• “MAF/MinorAlleleCount:G=0.249/542”.

• This means that for rs222, minor allele is ‘G’ and has a frequency of 24.9% in the 

1000Genome phase 1 population and that 'G' is observed 542 times in the sample 

population of 1088 people (or 2176 chromosomes).

• MAF is limited by the sample size

Minor Allele Frequency (population)

2025-11-05  #3192268
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https://www.ncbi.nlm.nih.gov/snp/rs222
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https://gnomad.broadinstitute.org/stats#diversity

Figure Courtesy of Dr. Konrad Karczewski

Sample sizes & Variant counts

https://gnomad.broadinstitute.org/stats


NM_004004.6(GJB2):c.109G>A (p.Val37Ile)
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https://gnomad.broadinstitute.org/variant/13-20189473-C-T?dataset=gnomad_r4

https://gnomad.broadinstitute.org/variant/13-20189473-C-T?dataset=gnomad_r4
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https://gnomad.broadinstitute.org/faq

Why Taiwan Biobank? 

https://gnomad.broadinstitute.org/faq
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SNV

Indel

J.S.Hsu,D.-C.Wu, et al. Journal of Advanced Research (2024), IF=11.4
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https://genomes.tw/#/

Pei-Lung Chen Chien-Yu Chen Tien-Hao Chang



Genomic Profile of Taiwan 
Population WGS
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J.S.Hsu,D.-C.Wu, et al. Journal of Advanced Research (2024), IF=11.4



The reference genome hash tables
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https://sapac.support.illumina.com/sequencing/sequencing_software/dragen-bio-it-platform/product_files.html



• Oxford Dictionary:
• a note or notes added to a book or text giving explanations or comments; the 

act of adding these notes

• Variant Refinement/Filtering (genotype annotation)
• Genotype level (###FORMAT)
• Variant level (###INFO)
• Subject level (Co-segregation/Inheritance mode) 

• Variant Annotation
• Genome information (refGene/knownGene/ensGene)
• Minor allele frequency (ExAC/gnomAD/TWB/others) 
• Functional annotation (Knowledge-based/Data-driven/Both) 
• Variant effect prediction (SpliceAI/PrimateAI/others)

Annotation
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Ensembl Variant Effect Predictor (VEP)
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https://asia.ensembl.org/info/genome/variation/prediction/predicted_data.html
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https://asia.ensembl.org/info/genome/variation/prediction/predicted_data.html



Gene Feature (Annotation)
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Non-
synonymous

http://grass.cgs.hku.hk/limx/kggseq/doc10/UserManual.html#QualityControl



RNA Transcripts in two databases
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https://www.ncbi.nlm.nih.gov/refseq/MANE/

NCBI

Ensembl

MANE



Matched Annotation from NCBI and EMBL-EBI (MANE)
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A joint NCBI and EMBL-EBI transcript set for clinical genomics and research. Nature volume 604, pages310–315 (2022) 

Low expression

No conservation

Low expression

conservation

MANE ->

MANE ->



• Human Genome Organization (HUGO) that sets the standards for 
human gene nomenclature. The HGNC approves a unique and 
meaningful name for every known human gene
• The work of the HGNC is supported by National Human Genome 

Research Institute (NHGRI)
• Approved Gene Symbol
• BRCA1 (RNF53,BRCC1,PPP1R53,FANCS)

HUGO Gene Nomenclature Committee (HGNC)
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http://varnomen.hgvs.org/bg-material/simple/



• Human Genome Variation Society (HGVS):
• NC_ a genomic reference sequence based on a chromosome

• NC_000023.10:g.32407761G>A (Feb.2009: h19, GRCh37)
• NC_000023.11:g.32389644G>A (Dec.2013: hg38, GRCh38)

• NG_ a genomic reference sequence based on a Gene or Genomic region
• NG_012232.1:g.954966C>T

• LRG_ a genomic reference sequence, based on a Gene or Genomic region (clinical)
• LRG_199:g.954966C>T

• transcript (RNA, nucleotide)
• NM_ a reference sequence based on a protein coding RNA (mRNA)

• NM_004006.2:c.4375C>T
• NR_ a reference sequence based on a non-protein coding RNA

• NR_002196.1:c.601G>T
• protein (amino acid)

• NP_ a reference sequence based on a protein (amino acid) sequence
• NP_003997.1:p.Arg1459* (p.Arg1459Ter)
• () indicate uncertainties and predicted consequences

Sequence Variant Nomenclature (HGVS)

2025-11-05  
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http://varnomen.hgvs.org/bg-material/simple/



• Type of Variants
• Substitution: NM_00XXXX.X: c.4375C>T 
• Deletion: NM_00XXXX.X: c.4375_4379del

• NM_00XXXX.X: c.4375_4379delCGATT.

• Duplication: NM_00XXXX.X: c.4375_4385dup 
• c.4375_4385dupCGATTATTCCA

• Insertion: NM_00XXXX.X: c.4375_4376insACCT
• Intronic: NG_012232.1(NM_004006.2):c.93+1G>T
• Multi-nucleotide: NM_004006.2:c.145_147delinsTGG

• two substitutions replacing codon CGC (position c.145 to c.147) by TGG

Sequence Variant Nomenclature (HGVS)
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http://varnomen.hgvs.org/bg-material/simple/



• NC_000023.9:g.32290917C>T, 

• NC_000023.10:g.32380996C>T, 

• NC_000023.11:g.32362879C>T, 

• NG_012232.1:g.981731G>A, 

• LRG_199:g.981731G>A

• LRG_199t1:c.5234G>A

• NM_004006.2:c.5234G>A, NM_004009.3:c.5222G>A, NM_000109.3:c.5210G>A, 
NM_004007.2:c.4865G>A, NM_004010.3:c.4865G>A, NM_004011.3:c.1211G>A, 
NM_004012.3:c.1202G>A

Sequence Variant Nomenclature (Aliases)
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http://varnomen.hgvs.org/bg-material/simple/



Haplotype & Phasing
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https://hgvs-nomenclature.org/stable/recommendations/DNA/alleles/

g.[variant1;variant2]

g.[variant1];[variant2]

g.variant1(;)variant2unknown
phase



Toward Streamlined Variant Interpretation: Discordant Genetic Interpretation 
Across Variant Annotations for ClinVar Pathogenic Variants 
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Yu-An Chen et al., Human Genomics (2025)



• Standards/guidelines for the interpretation of sequence variants

• Why guideline? We need a consensus. 

• It was developed primarily as an educational resource for clinical laboratory 
geneticists with quality laboratory services. The recommendation describes a 
process for classifying variants into five categories based types of variant evidence. 

• For Mendelian disorder only

• Not for the interpretation of

• cancer somatic variation, pharmacogenomic (PGx) variants

• variants associated with multigenic non-Mendelian complex disorders

• In the beginning, the guideline was intended to interpret known clinical relevant 
variants, it was NOT for research purpose on disease mapping.

ACMG guideline(s)
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RICHARDS et al. Genetics in Medicine (2015) 
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RICHARDS et al. Genetics in Medicine (2015) 



2025-11-05  
#3192268

118

BA1/BS1: MAF is too
high for disorder

PM2: 
Absent in population 
databases

or 

BS2: observation in 
controls inconsistent
with disease 
penetrance

RICHARDS et al. Genetics in Medicine (2015) 
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The aim of ClinVar
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http://www.iccg.org/about-the-iccg/our-aim/
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Modified from Dr. Melissa Landrum’s slide (ClinVar)

Interpretation
• Significance
• Review status * 

• submitter/criteria provided/etc.
• Accession.version *

Allele summary
• Gene
• Variant type
• Genomic location
• HGVS expressions*
• Molecular consequence*
• Links*
• Frequency*

Phenotype summary
• Names
• Links*
• Age of onset *
• Prevalence *

* May be provided by NCBI
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Slide from Wendy Rubinstein, MD, PhD (NIH)
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https://clinicalgenome.org/start/

https://clinicalgenome.org/site/assets/files/1147/clinvar-clingen-final-1.jpg
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https://varsome.com/variant/hg19/GJB2%3AV37I?annotation-mode=germline
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https://clinicalgenome.org/working-groups/sequence-variant-interpretation/

•BA1: Updated Recommendation for the ACMG/AMP Stand Alone Pathogenicity Criterion for Variant Classification
•BA1 Exception List (July 2018)
•BA1 Exception List Nomination Form

•PVS1: Recommendations for Interpreting the Loss of Function PVS1 ACMG/AMP Variant Criteria
•ClinGen SVI PVS1 Decision Tree Editable

•PVS1, PS1, PP3, BP4, BP7: Application of the ACMG/AMP Framework to Capture Evidence Relevant to Predicted and Observed Impact 
on Splicing: Recommendations from the ClinGen SVI Splicing Subgroup

•ClinGen SVI Splicing Subgroup feedback form
•ClinGen SVI Splicing Subgroup - Response to feedback (March 2024)

•PS2/PM6: Recommendation for de novo PS2 and PM6 ACMG/AMP criteria (Version 1.1)
•PS3/BS3: Recommendations for application of the functional evidence PS3/BS3 criterion using the ACMG/AMP sequence variant 
interpretation framework

•SVI Functional Assay Documentation Worksheet
•PM2: Recommendation for Absence/Rarity Criterion PM2 (Version 1.0)
•PM3: Recommendation for in trans Criterion PM3 (Version 1.0)
•PP1/BS4, PP4: ClinGen guidance for use of the PP1/BS4 co-segregation and PP4 phenotype specificity criteria for sequence variant
pathogenicity classification
•PP3/BP4: Calibration of computational tools for missense variant pathogenicity classification and ClinGen recommendations for 
PP3/BP4
•PP5/BP6: Recommendation for reputable source PP5 and BP6 ACMG/AMP criteria



SHERLOC refinement  (2017)
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Nykamp et al., Genetic in Medicine (2017)
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RICHARDS et al. Genetics in Medicine (2015) 
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Ahmad N. Abou Tayoun et al., Hum Mutat. (2018)
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Ahmad N. Abou Tayoun et al., Hum Mutat. (2018)
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RICHARDS et al. Genetics in Medicine (2015) 



Missense
prediction (PP3)

1. Evolutinary conservation
2. Protein structure/function
3. Both 1. & 2. 
4. Alignment and the similarity 

between sequence homolog
5. 2. & 4.
6. multiple 1. 2. 3. 
7. Intergration, combination
- If all of the in silico programs 

tested agree on the prediction, 
then this evidence can be counted 
as supporting.

- If in silico predictions disagree, 
however, then this evidence 
should not be used in classifying a 
variant.
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RICHARDS et al. Genetics in Medicine (2015) 



Machine Learning Method
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MX Li et al., PLOS Genetics (2013) 



• Mutation rate and seqeunce evolution, sequence conservation metrics like 
GERP, phastCons, and phyloP
• Functional genomic data like DNase hypersensitivity and transcription 

factor binding
• Transcript information like distance to exon-intron boundaries and 

Expression levels in commonly studied cell lines
• Protein-level scores like Grantham, SIFT, and PolyPhen
• PHRED-like (-10*log10(rank/total)) scaled C-score: 

• C-score >= 10 indicates that it’s predicted to be the 10% most deleterious 
substitutions

• C-score >= 20 indicates that it’s predicted to be the 1% most deleterious 
substitutions

CADD-Combined Annotation Dependent Depletion
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https://cadd.gs.washington.edu/info

https://genomemedicine.biomedcentral.com/articles/10.1186/s13073-021-00835-9



PrimateAI

• Common missense variants in 
other primate species are 
largely clinically benign in 
human (deep neural network)

• The network takes human 
amino acid (AA) reference and 
alternate sequence (51 AAs) 
centered at the variant, the 
position weight matrix (PWM) 
conservation profiles 
calculated from 99 vertebrate 
species

• secondary structure and 
solvent accessibility
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Sundaram et al., Nature Genetics (2018) 

https://www.nature.com/ng
https://www.nature.com/articles/s41588-018-0167-z
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Vikas Pejaver et al & ClinGen Sequence Variant Interpretation Working Group AJHG (2022)



PrimateAI-3D
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The landscape of tolerated genetic variation in humans and primates

HONG GAO et al, Science 2023



Splice site and others
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RICHARDS et al. Genetics in Medicine (2015) 



SpliceAI

• SpliceAI, a 32-layer deep neural 
network, predicts splicing from a pre-
mRNA sequence 

• 75% of predicted cryptic splice 
variants validate on RNA-seq 

• Cryptic splicing may yield $10% of 
pathogenic variants in
neurodevelopmental disorders 

• Cryptic splice variants frequently give 
rise to alternative splicing 
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Jaganathan et al., 2019, Cell 



AlphaMissense
Google DeepMind, London, UK.
(i) Unsupervised protein language 

modeling to learn amino acid 
distributions conditioned on 
sequence context; 

(ii) Incorporating structural context 
by using an AlphaFold-derived 
system

(iii)Fine-tuning on weak labels from 
population frequency data, 
thereby avoiding bias from 
human-curated annotations.

(iv)MAVE benchmarked data
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Accurate proteome-wide missense variant effect prediction with AlphaMissense

JUN CHENG et al, Science (2023)



Cross-species intolerance to LoF ()
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Pilar Cacheiro et al., Nature Communications (2020)



• https://gnomad.broadinstitute.o
rg/help/pext

Proportion expressed across transcripts 
(pext) score
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Whole-genome sequencing of the UK Biobank

https://www.nature.com/articles/d41586-022-01984-6



Benchmarking ctDNA WES analysis workflow 
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Larry Lin et al., Jounral of Molecular Diagnostics (2025)
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