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1. Setup Docker/Ubuntu
2. Initialize Tools
3. Download Reference Genome & Reads
4. Decode the secret message

1. Estimate coverage, check read quality
2. Check kmer distribution
3. Assemble the reads with spades
4. Align to reference with MUMmer
5. Extract foreign sequence
6. dna-encode.pl -d

https://github.com/schatzlab/appliedgenomics2020/blob/mas
ter/assignments/assignment2/README.md

Assignment 2: Genome Assembly
Due Wednesday Feb 12 @ 11:59pm



Part 1: Recap



de Bruijn Graph Construction

• Gk = (V,E)
• V = Length-k sub-fragments
• E = Directed edges between consecutive sub-fragments

• Sub-fragments overlap by k-1 words

– Overlaps between fragments are implicitly computed

It was the best 

was the best of
It was the best 

Sub-fragment k=4 Directed edges (overlap by k-1)

de Bruijn, 1946
Idury et al., 1995

Pevzner et al., 2001

It was the best of

was the best of times

Fragments |f|=5

was the best of

was the best of the best of times
the best of times



Pop Quiz 2
Assemble these reads using a de Bruijn graph approach (k=3):

ACGA
ACGT
ATAC
CGAC
CGTA
GACG
GTAT
TACG

ATACGACGTAT

ACG
CGA

CGT

TAC
ATA GAC

GTA
TAT

Note: there is no edge from ATA to TAT



Unitigging / Unipathing

• After simplification and correction, compress graph 
down to its non-branching initial contigs
– Aka “unitigs”, “unipaths”

Why do contigs end?

(1) End of chromosome! J, (2) lack of coverage, (3) errors, 
(4) heterozygosity and (5) repeats



Contig N50
Def: 50% of the genome is in contigs as large as the N50 value

Example: 1 Mbp genome

N50 size = 3 kbp
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50%
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N50 size = 30 kbp
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Part 2: The human genome



The scale of DNA in our body is staggering.
● A typical human is comprised of  roughly 40 trillion human cells

(excluding trillions of bacterial cells in our gut)

● If stretched out, each haploid genome would be roughly 2 meters.
● So, each cell has 4 meters of DNA.
● 40 trillion * 4 meters = 160 trillion meters.
● 160 trillion meters / 1609.34 = 99,750,623,441 miles
● 99,750,623,441 / 92,960,000 = 1,073.05 trips to the sun.

A typical cell replicates about 100 times 



The first genetic map

The Linear Arrangement of Six Sex-Linked Factors in Drosophila as shown by their mode of Association
Sturtevant, A. H. (1913) Journal of Experimental Zoology, 14: 43-59

Mendel’s Second Law (The Law of Independent 
Assortment) states alleles of one gene sort into 
gametes independently of the alleles of another 
gene: Pr(smooth/wrinkle) is independent of 
Pr(yellow/green)

Morgan and Sturtevant noticed that the probability 
of having one trait given another was not always 
50/50– those traits are genetically linked http://www.caltech.edu/news/first-genetic-linkage-map-38798

Sturtevant realized the probabilities of co-occurrences could be explained if those 
alleles were arranged on a linear fashion: traits that are most commonly observed 
together must be locates closest together



Chromosome Giemsa banding (G-banding)
● Heterochromatic regions, which tend to be rich with adenine 

and thymine (AT-rich) DNA and relatively gene-poor, stain more 
darkly with Giemsa and result in G-banding

● Less condensed ("open") chromatin, which tends to be (GC-
rich) and more transcriptionally active, incorporates less 
Giemsa stain, resulting in light bands in G-banding.

● Cytogenetic bands are labeled p1, p2, p3,   q1, q2, q3, etc., 
counting from the centromere out toward the telomeres. At 
higher resolutions, sub-bands can be seen within the bands.

● For example, the locus for the CFTR (cystic fibrosis) gene is 
7q31.2, which indicates it is on chromosome 7, q arm, region 
3, band 1, and sub-band 2. (Say 7,q,3,1 dot 2)

https://en.wikipedia.org/wiki/G_banding, https://ghr.nlm.nih.gov/chromosome/1#ideogram

https://en.wikipedia.org/wiki/G_banding


The human karyotype

Parental haploid 
copy 1
Parental haploid 
copy 2

Male



Bacterial Artificial Chromosomes (BACs)

https://www.genome.gov/genetics-glossary/Bacterial-Artificial-Chromosome

• A BAC is an engineered DNA 
molecule used to clone DNA 
sequences in bacterial cells (for 
example, E. coli). 

• BACs are often used in connection 
with DNA sequencing. 

• Segments of an sample’s DNA, 
ranging from 100,000 to about 
300,000 base pairs, can be inserted 
into BACs. 

• The BACs, with their inserted DNA, 
are then taken up by bacterial cells. 

• As the bacterial cells grow and 
divide, they amplify the BAC DNA, 
which can then be isolated and used 
in sequencing DNA.

https://www.genome.gov/genetics-glossary/Bacterial-Artificial-Chromosome


History of the Human Genome Project



The reference human genome

“Without a doubt, this is the most important, most wondrous map 
ever produced by humankind.”

Bill Clinton
June 26, 2000



The reference human genome

“Without a doubt, this is the most important, most wondrous map 
ever produced by humankind.”

Bill Clinton
June 26, 2000



Initial sequencing and analysis of the human genome
International Human Genome Sequencing Consortium
Nature 409, pp 860–921 (2001)

The Sequence of the Human Genome
Venter et al.
Science 291. pp 1304-1351 (2001)



Two Human Genomes?

Initial sequencing and analysis of the human genome
International Human Genome Sequencing Consortium
Nature 409, pp 860–921 (2001)

The Sequence of the Human Genome
Venter et al.
Science 291. pp 1304-1351 (2001)

(Figure from Baker (2012) Nature Methods)



Who is the reference human?

Pieter de Jong, RPCI



Who is the reference human?

Pieter de Jong, RPCI



Who is the reference human?

Pieter de Jong, RPCI
A Draft Sequence of the Neandertal Genome
Green et al (2010) Science. DOI: 10.1126/science.1188021
Supplemental Note 16 (pg 145-146)



Who is the reference human?





The human genome - basic stats

http://uswest.ensembl.org/Homo_sapiens/Location/Genome

● 3.096 billion base pairs (haploid)
● 20,454 protein coding genes
● 226,950 coding transcripts 

(isoforms of a gene that each 
encode a distinct protein product)



Solely 2% of the human genome encodes proteins.

https://genome.ucsc.edu



Half of the human genome is comprised of repeats

http://www.nature.com/nrg/journal/v10/n10/pdf/nrg2640.pdf

Retrotransposons use a "copy/paste" mechanism
DNA transposons use a "cut/paste" mechanism

McClintock's 
"jumping
genes" in 
maize



Half of the human genome is comprised of repeats

http://www.nature.com/nrg/journal/v10/n10/pdf/nrg2640.pdf

Repetitive DNA not driven by retrotransposition (e.g., ATATATATATATATATAT…)



GC content varies dramatically in the 
genome

http://www.nature.com/nrg/journal/v10/n10/pdf/nrg2640.pdf

Region from chromosome 1

G
C 

co
nt

en
t

Each point is 20kb

Each point is 2kb

Each point is 200 bp

Why are there no points 
here?



The human reference genome continues to change.

● Ongoing efforts to fill "gaps" and properly/thoroughly represent complex 
structures and loci in the genome (e.g., Major Histocompatibility Complex)

● Each improvement leads to a new genome "build". Currently on build 38.
● Experimental and computational methods provide new genome 

annotations
○ New gene models, transcription factor binding sites, and loci where 

human individuals differ (i.e., polymorphisms)
● Therefore, the human reference genome is by no means "complete"!
● How does the same genome yield such phenotypic diversity across tissue 

types?
● How does the genome evolve within an individual (tissues) and among a 

population?



Genomics Arsenal in the Year 2020

Sample Preparation Sequencing Chromosome Mapping



10X Genomics Linked Reads



10X Genomics Linked Reads

(Zheng et al, 2016)

1. High molecular weight DNA is 
diluted and isolated within oil 
emulsion droplets

1. Within each droplet, short 
fragments are randomly 
amplified and tagged with 
barcode sequences for 
standard Illumina sequencing

1. Reads sharing the same 
barcode can then be localized 
to the same original template 
molecule

1. The resulting “linked reads” can 
be used for phasing variants or 
identifying SVs

https://www.youtube.com/watch?v=nk2kXM59LRM

https://www.youtube.com/watch%3Fv=nk2kXM59LRM


Haplotype Phasing

Piercing the dark matter: bioinformatics of long-range sequencing and mapping
Sedlazeck et al. (2018) Nature Reviews Genetics. 19:329



Uncertain Future for 10X



PacBio Single Molecule Real Time Sequencing
(SMRT-sequencing)



PacBio: SMRT Sequencing

Time

In
te

ns
ity

http://www.youtube.com/watch?v=v8p4ph2MAvI

Imaging of florescent phospholinked labeled nucleotides as they are incorporated 
by a polymerase anchored to a Zero-Mode Waveguide (ZMW).

http://www.youtube.com/watch%3Fv=v8p4ph2MAvI


Single Molecule Sequences



“Corrective Lens” for Sequencing



“Corrective Lens” for Sequencing

If you are starting with 16% error, how much can we improve?



Consensus Accuracy and Coverage

Coverage can overcome random errors
• Dashed: error model from binomial sampling; solid: observed accuracy 
• For same reason, CCS is extremely accurate when using 5+ subreads

coverage



“HiFi” Circular Consensus Reads
High-quality reads produced by 
sequencing the same molecule multiple 
times

Higher accuracy for low-coverage 
sequences like somatic variants or 
lowly expressed transcripts in RNA-
seq, more interpretable alignments, 
faster assembly

Limits read length, used to be very 
expensive but more manageable now

Accurate circular consensus long-read sequencing improves variant detection 
and assembly of a human genome
Wenger et al (2019) Nature Biotechnology doi:10.1038/s41587-019-0217-9



Methylation Detection
• Methylation - an epigenetic modification that can 

have a variety of effects, such as gene repression

• Can detect methylation from raw PacBio signal





PACB



Oxford Nanopore Technologies (ONT)



Nanopore Sequencing

Sequences DNA/RNA by measuring changes in ionic 
current as nucleotide strand passes through a pore

nanoporetech.com/applications/dna-nanopore-sequencinghttps://www.youtube.com/watch?v=CE4dW64x3Ts

https://www.youtube.com/watch%3Fv=CE4dW64x3Ts


Nanopore Basecalling
Raw Signal

Translation of raw signal 
into basepairs



Nanopore Basecalling
Raw Signal

Events

Translation of raw signal 
into basepairs

Early basecallers began by 
estimating k-mer boundaries 
using “events”, which were 
then input to an HMM

Modern basecalers use 
neural networks directly 
on raw signal



Nanopore Basecalling
Raw Signal

Events

0
TCCA
AGCA
GTCT
GATT

1
CCAT
TGGC
ATTA
ATTG

2
CATG
TTAC
ACGT
GTCT

3
TACA
TCCA
GACG
ACGG

DNA Base-Calling from a Nanopore Using a Viterbi Algorithm 
Timp et al. (2012) Biophysical Journal

Possible k-mers

ONT releases k-mer models 
with expected current 
distribution of every k-mer 

(Based on probability of event matches)



Nanopore Basecalling
Raw Signal

Events

0
TCCA
AGCA
GTCT
GATT

1
CCAT
TGGC
ATTA
ATTG

2
CATG
TTAC
ACGT
GTCT

3
TACA
TCCA
GACG
ACGG

DNA Base-Calling from a Nanopore Using a Viterbi Algorithm 
Timp et al. (2012) Biophysical Journal

Possible k-mers

Certain k-mers can be 
eliminated based on possible 
transitions



Nanopore Basecalling
Raw Signal

Events

0
TCCA
AGCA
GTCT
GATT

1
CCAT
TGGC
ATTA
ATTG

2
CATG
TTAC
ACGT
GTCT

3
TACA
TCCA
GACG
ACGG

GATTACA

Possible k-mers

“DNA Base-Calling from a Nanopore Using a Viterbi Algorithm”
Timp et al. (2012) Biophysical Journal

Final sequence determined by 
most probable k-mers



From squiggle to basepair: computational approaches for improving nanopore sequencing read accuracy
Rang et al (2018) Genome Biology. https://doi.org/10.1186/s13059-018-1462-9

Basecaller/Pore Timeline
Development of both pore chemistry and basecalling 
algorithms is responsible for improvement in accuracy



New Pore Chemistries

Standard pore 
chemistry

“R9”

ONT is developing alternate pore 
chemistries to improve accuracy, 
particularly for homopolymers

From 2018 London Calling Keynote
https://vimeo.com/272526835

https://vimeo.com/272526835


DNA Modification Detection
Like PacBio, ONT can detect methylation from raw signal
• Or any other modification that changes ionic current

Piercing the dark matter: bioinformatics of long-range sequencing and mapping
Sedlazeck et al. (2018) Nature Reviews Genetics. 19:329



Direct RNA-seq

Standard RNA sequencing (RNA-
seq) requires creation of 
complementary DNA (cDNA)

ONT recently introduced direct 
RNA sequencing 

Allows detection of RNA 
modifications, and potentially 
secondary structure

Nanopore native RNA sequencing of a human poly(A) transcriptome
Workman et al. Nature Methods. 16:1297–1305







Recent Long Read Assemblies

Third-generation sequencing and the future of genomics
Lee et al (2016) bioRxiv
doi: http://dx.doi.org/10.1101/048603

Assemblytics: a web analytics tool for the detection of variants
from an assembly
Nattestad & Schatz (2016) Bioinformatics.
doi: 10.1093/bioinformatics/btw369

Insertions

Repeat Expansion

Tandem ExpansionTandem Contraction

Repeat Contraction

Deletions

Structural Variants in CHM1 



First Telomere-to-Telomere Human Chromosome

Telomere-to-telomere assembly of a complete human X chromosome
Miga et al. (2019) bioRxiv. https://doi.org/10.1101/735928



Assembly Summary

Assembly quality depends on 
1. Coverage: low coverage is mathematically hopeless
2. Repeat composition: high repeat content is challenging
3. Read length: longer reads help resolve repeats
4. Error rate: errors reduce coverage, obscure true overlaps

• Assembly is a hierarchical, starting from individual reads, build high 
confidence contigs/unitigs, incorporate the mates to build scaffolds 
– Extensive error correction is the key to getting the best assembly possible 

from a given data set

• Watch out for collapsed repeats & other misassemblies
– Globally/Locally reassemble data from scratch with better parameters & 

stitch the 2 assemblies together



Next Steps
1. Reflect on the magic and power of DNA J

2. Check out the course webpage

3. Register on Piazza & GradeScope

4. Work on HW2


