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https://www.genome.gov/human-genome-project



Shotgun 
Sequencing

https://www.genome.gov/genetics-glossary





Assembly and alignment

Raphael BJ (2012) Chapter 6: Structural Variation and Medical Genomics. PLoS Comput Biol 8(12): e1002821. 
https://doi.org/10.1371/journal.pcbi.1002821

https://thejigstore.co.nz/



Short read and long read

https://www.cd-genomics.com/resource-pacbio-oxford-nanopore-comparison.html
https://www.pacb.com/blog/sequencing-101-comparing-long-read-sequencing-technologies/

https://www.cd-genomics.com/resource-pacbio-oxford-nanopore-comparison.html


Technology Selection Based on Research Objectives

https://www.cd-genomics.com/resource-pacbio-oxford-nanopore-comparison.html



Library preparation



Illumina flow cell

https://www.youtube.com/watch?v=pfZp5Vgsbw0&t=14s

Sequencing by Synthesis



Depth and coverage

Radhika Khetani, H3ABioNet Data Management workshop, 2014



Design



Re-sequencing: variation detection

Nat Rev Genet. 2010 Oct; 11(10): 685-96.



Mapping reads to reference is simple in principle…



Insert 的作用與意義

1. 幫助比對與定位
• 雙端定序可以提供「兩個位置」的比對資訊
• 如果 Read 1 和 Read 2 都能準確比對到參考基因組，且距

離合理 → 增加比對可信度
2. 偵測結構變異（Structural Variants）
• 如果 insert size 明顯偏大或偏小 → 可能是有 插入、缺失、

倒位、融合等結構變異
• 例如：正常 insert 是 300 bp，但某對 reads 間距變成

1000 bp → 可能是插入了外來序列
3. 過濾錯誤比對
• 如果 Read 1 和 Read 2 比對到不同染色體，或方向不對 → 

可能是 chimeric read 或污染
• Insert size 可以用來判斷是否合理
4. 估算文庫品質
• Insert size 的分布可以反映文庫製備是否均勻
• 太短或太長都可能影響定序效率與分析準確度



Release name Date of release Equivalent UCSC version

GRCh39 Indefinitely postponed[29] -

T2T-CHM13 January 2022 hs1

GRCh38 Dec 2013 hg38

GRCh37 Feb 2009 hg19

NCBI Build 36.1 Mar 2006 hg18

NCBI Build 35 May 2004 hg17

NCBI Build 34 Jul 2003 hg16

Human reference genome

https://en.wikipedia.org/wiki/Reference_genome
https://www.ncbi.nlm.nih.gov/grc/human

Donors were recruited by advertisement in The Buffalo News, on Sunday, March 23, 1997. As a result of how the 
DNA samples were processed, about 80 percent of the reference genome came from eight people and one male, 
designated RP11, accounts for 66 percent of the total. The ABO blood group system differs among humans, but the 
human reference genome contains only an O allele, although the others are annotated. 

https://en.wikipedia.org/wiki/Reference_genome#cite_note-:1-29
https://en.wikipedia.org/wiki/Reference_genome


GRCh38/hg38

https://www.illumina.com/science/genomics-research/articles/dragen-demystifying-reference-genomes.html

• Unlocalized sequences: known to belong on a specific chromosome but with unknown order or orientation.
• Unplaced sequences: chromosome of origin unknown.
• Alternate contig sequences can be novel to highly diverged or nearly identical to corresponding primary 

assembly sequence.
Note. 
• In b37 where chromosomes are called "1" to "22", "X", "Y" and "MT")
• human genome" refers to the approximately 3 billion (3*109) base pairs in a single copy (haploid) of the human genome. 



Simons Genome Diversity Project

https://www.simonsfoundation.org/simons-genome-diversity-project/

260 genomes from 127 populations at least 30x coverage using Illumina technology.



Telomere-to-Telomere (T2T) consortium

https://www.science.org/doi/10.1126/science.abj6987



https://research.google/blog/building-better-pangenomes-to-improve-the-equity-of-genomics/



human “pangenome” reference

https://www.nih.gov/news-events/news-releases/scientists-release-new-human-pangenome-reference

亦可將這些額外的序列直接作為 Alternate 序列記錄下來。GRCh38 中大量的 ALT 
序列即是。但如它們原本應該是在某條染色體上，特定位置的資訊就沒被記下。



Variant discovery from a pan-genome reference.

https://www.nature.com/articles/s41576-020-0210-7



Evolution of the DRAGEN

The pangenome reference in DRAGEN v4.3 
is made up of 128 population samples from 
26 ancestries around the world.

https://sapac.illumina.com/science/genomics-research/articles/second-gen-multigenome-mapping.html



https://sapac.illumina.com/science/genomics-research/articles/second-gen-multigenome-mapping.html



Fold80 = 平均深度 / 80%區域覆蓋的深度，Fold80小，覆蓋均一性好，大部分區域的覆蓋深度比較接近。
OxoQ = −10⋅log10(氧化錯誤率)





https://zh.wikipedia.org/zh-tw/%E5%96%80%E9%82%81%E6%8B%89

Chimeric read 指的是一條 read，同時對參考基因體的兩個不同位置或不同染色體有高相似度比對



The industry-standard GATK Best Practices

https://gatk.broadinstitute.org/hc/en-us



The most famous family in genomics.

https://catalog.coriell.org/0/Sections/Collections/NIGMS/CEPHFamiliesDetail.aspx?PgId=441&fam=1463&
https://github.com/genome-in-a-bottle

NA12878 was sequenced 
at a depth of 300x



FastQ (Reads) Format

• 1st line is the sequence header which starts with an ‘@’ (not a ‘>’!).
• 2nd line is the sequence.
• 3rd line starts with ‘+’ and can have the same sequence identifier appended (but usually doesn’t anymore).
• 4th line are the quality scores

@K00236:146:HLJ5WBBXX:1:1101:0:23614 1:N:0:NTTACT+TAAGAC
NATGGTCTCCATCTCCTGACCTCGTGATCCACCCGCCTCGGCCTCCCAAAATGCTGGGATTACAGGCGTGAGCCACCGTGCCCGGCCTGTTTTTTTTTTCTTTT
TAACCCTTGCCTTGCCTGTTACCTTTCTTCGAGTAAATACATACATA
+
#AAA<AJFAAJFF-FFFAJA<7JFJJJJJJFJJJJJFFFJJJFFJJJJF<-<JJAAJ<FJ7FFJJFFFF-A<JJFJF7-AFJJ<AJJ7<77<F--7-F7FF7-AFJJAJ7<A-AAFA-FF-
JAFJJ7A77FFA-7A7<7FF-AFJAF--77

K00236 the unique instrument name

146 the run id

HLJ5WBBXX the flowcell id

1 flowcell lane

1101 tile number within the flowcell lane

0 'x'-coordinate of the cluster within the tile

23614 'y'-coordinate of the cluster within the tile

1 the member of a pair, 1 or 2 (paired-end or mate-pair reads only)

N Y if the read is filtered, N otherwise

0 0 when none of the control bits are on

NTTACT+TAAGAC index sequence



Phred 
Quality 
Score 
Encoding

https://learn.gencore.bio.nyu.edu
/

Why is ASCII code used to record quality scores??



FastQC

通常定序結果的3'端品質會比較差

平均 Q >= 30



• Per tile sequence quality 顯示 fail 或者 warning，表明某個
lane 或某個 run 中出現出現了部分故障，從而影響一些
特定的區域。

• Per sequence quality scores 可用來看是否有特別低品質的
定序序列。經過 quality trimming 後可能會偏差，或是看
不出 error batch?



• Per base sequence content 每一位置的ATCG含量。前處理
經過隨機片段化成短序列，故位置的含量應是平均的。
已有學者發現RNA-Seq接近5‘端的鹼基含量特別容易出現
明顯差異。

• Per sequence GC content GC含量的分布，藍色為整體 GC 
含量平均值所繪製的理論分布，紅色為實際計算個別序
列 GC 含量。若紅色分布線偏離藍色分布線且出現一個
或多個突起的峰值，則可推論樣本當中有序列過度表現
或含有不屬於定序物種的序列存在。(人類基因體約 40%)





• Per base N content 各位置為N的百分比，用於評估在哪個
位置以後可能不適合後續分析，需要進行序列裁切
(trimming)。



• duplicate sequences重複序列出現的比例。藍色線為所有
序列中重複序列重複次數的分布，紅色線為刪去重複序
列後的序列數量作為分母除重複序列筆數的分布。提醒
定序資料是否有過度表現的序列影響整體資料的變異度
(diversity)。

• overrepresented sequences重複出現且佔整體定序資料
0.1%的序列，被列為過度表現序列。

• Adapter Content 定序資料內的adapter有哪些。



https://www.majordifferences.com/2016/05/difference-between-pairwise-and-multiple-sequence-alignment.html



BWA MEM 

ACGTTAGA…

Li H. et al. (2009). Bioinformatics, 25:1754-60.

• BWA = Burrows Wheeler Aligner (uses BW transform to compress data)
• MEM = Maximal Exact Match (how alignment “seeds” are chosen)
• Performs local alignment (rather than end-over-end)
• Can clip ends of reads, if they do not match
• Can split a read into pieces, mapping each separately 
• Performs gapped alignment
• Utilizes PE reads to improve mapping
• Reports only one alignment for each read
• If ambiguous, one of the equivalent best locations is chosen at random
• Ambiguously mapped reads are reported with low Mapping Quality

$ bwa mem -t 4 -R '@RG\tID:foo_lane\tPL:illumina\tLB:library\tSM:sample_name'
/path/to/human.fasta read_1.fq.gz read_2.fq.gz | samtools view -S -b - > align.bam



Soft-clipped reads vs. improperly aligned 
reads at a structural variant breakpoint. 

All four reads are sampled from the variant sequence and span the breakpoint, but only the top two are 
properly soft-clipped. The bottom two reads are aligned with mismatches and skips because the portion 
that should be soft-clipped is only a few bases long and the global alignment is used instead. Inaccurate 
soft-clipping can lead to false negatives for split-read based SV prediction algorithms and also lowers the 
accuracy of SHEAR’s heterogeneity estimation algorithm.

alignment matches mismatches

soft-clipped

https://pmc.ncbi.nlm.nih.gov/articles/PMC4007568/



When trimming may not be necessary

• Applications like RNA-seq: For some applications, 
such as differential gene expression analysis using 
tools like Sailfish, a quasi-mapping approach is 
robust enough to handle low-quality and adapter-
contaminated reads without the need for trimming.

• Short, high-quality reads: If the quality of the reads is 
already very high, trimming may not provide any 
benefit and could potentially remove useful data.

• Ancient DNA sequencing: In this case, degradation is 
a key feature of the DNA. Trimming would remove 
the very information you are trying to analyze.

When trimming might be harmful

• De novo assembly: Some studies have shown that 
excessive trimming can be harmful to de novo 
assembly and transcriptome characterization, 
potentially removing reads that could be used for 
assembly.

• Variable read length: If you trim a variable amount 
from each read based on its quality, you can create 
regions of low coverage in your data, which can 
negatively impact downstream analysis. 



RNAseq reads mapped across splice junc)ons need special handling



Mapped seq. files in sam format

Reference genome information

Read group information

Program infromation



flag



CIGAR string



TAGs



Mark duplicates



Recalibrate Base Quality Score

分析錯誤模式：工具會掃描整個 BAM 檔（定序結
果），找出哪些品質分數、鹼基組合、定序位置
（cycle）容易出錯。例如：發現「AA 後面接的鹼基」
錯誤率偏高→ 那就調低這類情況的品質分數。

建立錯誤模型：利用已知的變異資料（例如 dbSNP）
來排除真正的生物變異，只針對「機器錯誤」來建模。

重新調整品質分數：根據模型，對每個鹼基的品質分
數進行加減調整，產生新的 BAM 檔





Germline vs. SomaKc Variant Discovery



Joint analysis empowers discovery at 
difficult sites



Matched Tumor/Normal samples from the 
same individual



Filter variants by hard-filtering
gatk VariantFiltration \

-V snps.vcf.gz \
-filter "QD < 2.0" --filter-name "QD2" \
-filter "QUAL < 30.0" --filter-name "QUAL30" \
-filter "SOR > 3.0" --filter-name "SOR3" \
-filter "FS > 60.0" --filter-name "FS60" \
-filter "MQ < 40.0" --filter-name "MQ40" \
-filter "MQRankSum < -12.5" --filter-name "MQRankSum-12.5" \
-filter "ReadPosRankSum < -8.0" --filter-name "ReadPosRankSum-8" \
-O snps_filtered.vcf.gz

https://gatk.broadinstitute.org/hc/en-us/articles/360035890471-Hard-filtering-germline-short-variants

參數名稱 意義 建議過濾門檻

QD (QualByDepth) 將變異的信心分數（QUAL）除以有效覆蓋深度，避免深度過高造成品質膨脹 QD < 2.0

FS (FisherStrand) 使用 Fisher's Exact Test 評估是否有定序方向偏差（strand bias） FS > 60.0

SOR (StrandOddsRatio) 另一種 strand bias 評估方式，對高覆蓋資料更穩定 SOR > 3.0

MQ (RMSMappingQuality) 所有 Reads比對品質的均方根值，反映整體比對可信度 MQ < 40.0

MQRankSum 比較支持參考與變異等位基因的 Reads比對品質差異 MQRankSum < -12.5

ReadPosRankSum 比較參考與變異等位基因在 Reads中的位置差異，偏向讀段末端可能是錯誤 ReadPosRankSum < -8.0



Filter variants by Variant Quality Score Recalibration (VQSR)



Basic idea

what good variants look like



How?

• VQSR 要做的事是：根據變異的註解特徵（如 QD、FS、MQ 
等），判斷它是「真實」還是「錯誤」。

• Gaussian Mixture Model 是一種統計模型，它假設資料是由
多個高斯分布（鐘型曲線）混合而成。

• GATK 使用已知的高品質變異（如 HapMap、Omni）來訓練
GMM，建立「真實變異」的分布模型。同時也建立一個「錯誤
變異」的模型，通常是從資料中推估。

• VQSLOD = log10(真實機率 / 錯誤機率)

https://gatk.broadinstitute.org/hc/en-us/articles/360035531612-Variant-Quality-Score-Recalibration-VQSR

• Transversion（Tv）：不同類鹼基間的突變（例如 A↔C、G↔T 等）
• Transition（Ti）：同類鹼基間的突變（例如 A↔G 或 C↔T）
• WGS 2.0 ~ 2.2



Prior – Phred-scaled estimate of data accuracy
Training –該資料是否作為模型訓練的資料集，用於訓練VQSR模型
Truth -該資料是否作為驗證模型訓練的真集數據，這個數據同時還是VQSR訓練bad model時
自動進行參數選擇的重要資料.
Known –該資料是否作為已知變異資料集，用於對變異資料的標注

Omni，這個資料來源自Illumina的Omni基因型晶片，大概2.5百萬個位點。也可以考慮將
其設定為 truth=truth，true=false是較為保守的做法。





VCF



VQSR output VCF (vs. Hard Filter)



1. 樣本數不足 → 模型不穩定。WES 的 variants 數量太少，也不利建立有效的model

• VQSR 需要大量變異資料來建立穩定的高斯混合模型。

• 若樣本太少（例如 <30 個 exome 或 <1 個 WGS），模型可能無法有效分群，導致過濾失準。

2. 註解分布不符合高斯假設

• VQSR 假設所有註解（如 MQ、QD、FS）呈現高斯分布，但某些註解（如 MQ）實際上偏斜或離散，可能使模型
失真。

• 解法：可嘗試排除某些註解（例如不使用 MQ）來穩定模型。

3. 訓練資料設定錯誤

• 若使用的 truth/training resource（如 Omni、HapMap）標記錯誤（例如 truth=false 應為 truth=true），會
導致模型學習錯誤的變異特徵。

• 這會讓 VQSLOD 分數失準，過濾結果偏離預期。

4. Tranche 分層失效或難以解讀

• 有時 tranche plot 中 Ti/Tv 比值不隨 sensitivity 單調下降，代表模型無法清楚區分真實與錯誤變異。

• 這可能是資料品質不佳、模型過度擬合或訓練集不適合。

5. Indel 模型更容易失敗

• Indel 的註解分布比 SNP 更複雜，模型更容易不穩。

• 建議 SNP 與 Indel 分開訓練與過濾。

VQSR problems





Annotation


